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Abstract Acute respiratory distress syndrome (ARDS) is the leading cause of respiratory failure with high

morbidity and mortality. Pulmonary surfactant (PS)-based complementary therapies have exhibited poten-

tial for ARDS healing and applied as an adjunctive therapy strategy. Coacervate (Coac) has the character-

istics of softness, deformability and excellent molecular enrichment properties, and has attracted

extensive attention in the biomedical field. Here PS and coacervate were combined for the potential ARDS

treatment. The Coac, fabricated from polyallylamine hydrochloride (PAH) and adenosine triphosphate

(ATP) by simple mixing, exhibited soft droplet property and high enrichment for dexamethasone sodium

phosphate (DSP). To avoid the fusion effect of membraneless coacervate and endow it with biological func-

tions of PS, liposomes with PS-biomimetic lipid components (PS-lipo) were further introduced to construct

PS-biomimetic membranized coacervate (DSP@PS-Coac). The DSP@PS-Coac demonstrated high lung

targeting effect and significant penetration efficiency after intravenous injection. Furthermore, PS-lipo re-

plenished the endogenous PS pool and facilitated the distribution of DSP in inflammatory cells in the lung.

In the ARDS mouse model, PS-Coac and DSP exerted synergetic anti-inflammatory functions, via reducing

the recruitment of inflammatory neutrophils and modulating macrophages into anti-inflammatory pheno-

type. The overall results confirmed that DSP@PS-Coac may provide a promising delivery option for the

treatment of ARDS.
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1. Introduction

Acute respiratory distress syndrome (ARDS) represents a clinical

entity characterized by widespread pulmonary inflammation and

edema, which typically leads to acute respiratory failure1. The

etiological factors of ARDS are multifaceted and can be triggered

by a variety of direct/indirect, intrapulmonary/extrapulmonary,

and infectious/non-infectious agents2. Currently, the treatment for

ARDS is still extremely challenging, with a mortality rate over

40%3. Current clinical treatments for ARDS primarily rely on

lung-protective ventilation and fluid management, while drug-

based therapies still require further development. Dexametha-

sone sodium phosphate (DSP), a glucocorticoid, is widely used as

an anti-inflammatory agent in clinical practice and demonstrates

significant therapeutic promise for the management of ARDS4.

DSP can inhibit multiple inflammatory signaling pathways,

modulate macrophages into an anti-inflammatory phenotype, and

reduce the secretion of inflammatory factors5. However, the poor

targeting of DSP in the body leads to serious side effects6,7, which

can cause adverse actions in multiple organs and systems8,

including neutrophilia in the blood system, osteoporosis, hyper-

glycemia, peptic ulcer or perforation, pancreatitis, and gastroin-

testinal bleeding. Currently, a series of drug delivery carriers

encapsulating DSP or dexamethasone, including liposomes,

nanoparticles, vesicles, lipid-vesicle fusion systems, cell

membrane-liposome fusion systems, and vesicle-nanoparticle

fusion systems, have been theoretically demonstrated to possess

potential for improving ARDS treatment7,9,10. However, due to

limitations such as complexities in preparation technology and

challenges in clinical trials, no related product has been approved

for clinical use to date. Current clinical treatments for ARDS

primarily rely on lung-protective ventilation and fluid manage-

ment11. Consequently, the development of novel DSP drug

delivery systems is crucial for the treatment of ARDS.

Coacervate is a kind of liquid droplet with a uniform spher-

ical structure through the liquid—liquid phase separation (LLPS)

process, and the driven forces mainly depend on various non-

covalent interactions such as electrostatic interactions, hydrogen

bond interactions, and π—π interactions. A large number of

studies have demonstrated that coacervates are the basis for the

formation of membraneless compartments within cells12,13. In

the field of synthetic biology, artificial organelles and cells with

complex structures and diverse functions are being constructed

in vitro by means of coacervate microdroplets14,15, which has

profound significance for understanding cellular functions, dis-

ease pathology, and the origin of life16,17. In recent years, co-

acervates have attracted widespread attention due to their unique

advantages18,19. Therapeutic agents can be spontaneously

enriched in coacervates through non-covalent interactions, which

enables efficient loading of diverse therapeutic agents, including

small molecules with different physicochemical properties, and

biomacromolecules such as nucleic acids and proteins20. Mean-

while, coacervates are usually formed by LLPS in an aqueous

environment without organic solvents during the drug loading

process, which can effectively retain the activity of drugs21. Due

to their unique drug-carrying capacity, soft and permeable

properties22, coacervate droplets are potentially feasible to be

used as DSP delivery carriers and can effectively penetrate into

the alveoli by emulating the physical properties of natural neu-

trophils. However, the membraneless characteristic of coacervate

droplets makes them vulnerable to external environmental con-

ditions, which usually leads to structural coalescence or

destruction23,24. In addition, coacervate droplets typically lack

lung-targeting properties, which also limits their application in

pulmonary therapy. Consequently, additional stabilization of

coacervate droplets is essential to withstand the complex delivery

environment in vivo and to ensure their efficient delivery to lung

lesion sites.

Pulmonary surfactant (PS) is a fundamental substance for

maintaining the normal structure and function of the lungs, and

is mainly synthesized by type II alveolar epithelial cells

(ATIIs). PS is mainly composed of about 90 wt% lipids and

10 wt% surfactant-associated proteins (SP). The most abundant

component of PS is saturated phosphatidyl dipalmitoyl phos-

phatidylcholine (DPPC) (∼40 wt%), followed by anionic lipid

component represented by phosphatidylglycerol (PG)

(7—15 wt%)25. During the development of ARDS, the PS

barrier is severely disrupted, including the decrease in its

production and secretion (mainly PC and PG), inactivation and

mutation, and leakage of PS components26,27. Abnormal sur-

factant function leads to alveolar collapse, gas exchange dis-

orders, and respiratory failure, which mainly contributes to

mortality in ARDS. Therefore, exogenous PS therapy provides

a new option for ARDS treatment. In clinical applications,

complementary therapy with exogenous PS significantly

improved survival in premature infants with ARDS28,29.

Firstly, administering exogenous PS can effectively replenish

the endogenous PS pool in vivo, restoring PS function and

preventing alveolar collapse. In addition, PS components

(mainly PC and PG) can exert innate immunomodulatory

functions to protect alveoli against exogenous pathogens and

particulate30. Inspired by this, drug carriers based on the main

phospholipid components of PS for the treatment of pulmonary

inflammatory diseases have been gradually explored31,32.

Owing to the superior surface diffusion properties of PS, it can

significantly enhance the distribution of drugs across the

epithelial lining of the entire respiratory tract33,34, thus

achieving better therapeutic effects. During the respiratory

cycle, about half of the exogenous PS components are reused

through the recycling mechanism of ATIIs, while the other half

is phagocytosed and degraded by alveolar macrophages

(AMs)35. The natural recycling pathway of PS can facilitate

further drug diffusion along the lung surface and target to lung

epithelial cells and macrophages36—38. In light of the properties

and functions of PS, their modification on the surface of

coacervate droplets as components targeting lung cells has the

potential to enhance the stability of coacervate droplets and

facilitate their pulmonary drug delivery39.

To acquire a stable carrier appropriate for pulmonary drug

delivery, we employed PS as a functional membrane stabilizer to
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modify the drug-containing coacervate droplets. Polyallylamine

hydrochloride (PAH) exhibits good biocompatibility and has been

widely used to construct various drug delivery systems (nano-

particles, hydrogels, microspheres, etc.) for the treatment of

multiple diseases40—44. Moreover, as a cationic polymer, it has the

capacity to form coacervates through electrostatic interactions

with negatively charged substances (polyacrylic acid, poly(uri-

dylic acid), etc.)45. Therefore, the coacervate microdroplets

(Coac) were first prepared by PAH and adenosine triphosphate

(ATP). Owing to the inherent molecular enrichment properties of

the Coac, the anti-inflammatory drug DSP could be spontaneously

and efficiently loaded into Coac (DSP@Coac). Next, we con-

structed biomimetic liposomes (PS-lipo) composed of the main

phospholipid components of PS (DPPC, DSPG, and DOPE-

PEG2000), and then modified them on the surface of Coac to

construct PS-biomimetic membranized Coac (PS-Coac) to avoid

the fusion effect of membraneless Coac and endow it with bio-

logical functions of PS. As expected, PS-Coac exhibited excellent

long-term stability as well as high drug encapsulation efficiency

for various molecules (including small molecules, bio-

macromolecules, and nanoparticles), as well as drug DSP

(DSP@PS-Coac). Similar to the soft and deformable neutrophils,

DSP@PS-Coac has the potential to penetrate the interstitial space

of inflamed tissues and showed preferable accumulation in the

lungs after intravenous injection. Moreover, DSP@PS-Coac could

be phagocytosed by macrophages and alveolar epithelial cells,

releasing drugs in response to the acidic inflammatory microen-

vironment, which further exerted the synergetic anti-inflammatory

functions of PS-Coac and DSP. In the ARDS mouse model,

DSP@PS-Coac significantly reduced the recruitment of inflam-

matory neutrophils in the lungs and exerted multiple anti-

inflammatory effects, including the inhibition of cytokine storm,

the relief of pulmonary vascular leakage, and the alleviation of

oxidative stress (Scheme 1). In conclusion, this novel PS bio-

mimetic membranized coacervate microdroplet-based drug

delivery system integrated the triple combinational functions of

coacervate microdroplets, drug and PS, providing an effective

treatment approach for ARDS.

2. Materials and methods

2.1. Materials and reagents

Poly (allylamine hydrochloride) (PAH, Mw: ∼15,000) was

purchased from Sigma—Aldrich (USA). Adenosine triphos-

phate (ATP) was brought from Macklin (Shanghai, China). 1,2-

Dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) was

provided with Ruixi Biological Technology (Xi’an, China).

1,2-Distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DSPG)

and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DOPE-PEG2000) were

obtained from AVT Pharmaceutical Technology (Shanghai,

China). Lipopolysaccharide (LPS, L2630) was purchased from

Sigma—Aldrich (USA). Dexamethasone 21-phosphate diso-

dium salt (DSP) was obtained from Aladdin (Shanghai, China).

4,6-Diamidino-2-phenylindole (DAPI), 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI),

3,3′-dioctadecyloxacarbocyanine perchlorate (DiO), 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DiD),

penicillin—streptomycin (100 ×), trypsin, 1-ethyl-3-[3-

(dimethylamino)propyl]-methylthiazolyldiphenyl-tetrazolium

bromide (MTT), and 2′,7′-dichlorodihydrofluorescein diacetate

(DCFH-DA) were obtained from Beyotime Biotechnology

(Shanghai, China). Fluorescein 5-isothiocyanate (FITC),

methylene blue, coumarin-6 (C6), rhodamine B (R-B), and

indocyanine green (ICG) were brought from Aladdin

(Shanghai, China). Doxorubicin hydrochloride was ordered

from Beijing Huafeng United Technology (Wenzhou, China).

FITC-bovine serum albumin (FITC-BSA) and tetrame-

thylrhodamine isothiocyanate-bovine serum albumin (TRITC-

BSA) were brought from Solarbio Science & Technology

(Beijing, China). Cytometric bead array (CBA) cytokines assay

kit was purchased from BD Biosciences (NJ, USA). The assay

kit of lactate dehydrogenase (LDH) was purchased from Jian-

cheng Bioengineering Institute (Nanjing, China). Antibodies

(FITC-conjugated anti-CD11b, PE-conjugated anti-Ly6G,

PerCP-Cy5.5-conjugated anti-CD45, APC-conjugated anti-F4/

80 and FITC-conjugated anti-F4/80 antibodies) for flow

cytometry analysis were obtained from Biolegend (CA, USA).

Fetal bovine serum (FBS) was obtained from PAN Biotech-

nology (China). DMEM medium was purchased from Gibco

(CA, USA).

2.2. Cell lines and animals

Murine macrophage cell line (RAW 264.7), human umbilical vein

endothelial cell line (HUVEC) and murine lung epithelial-12 cell

line (MLE-12) were purchased from the Cell Bank of Chinese

Academy of Science (China). HUVEC cells and MLE-12 cells

were cultured in DMEM medium supplemented with 10% fetal

bovine serum and 1% penicillium—streptomycin (v/v).

RAW264.7 cells were cultured in DMEM medium supplemented

with 10% fetal bovine serum unless required for specific experi-

ments. The incubator environment was maintained at 37 ◦C with

5% CO2. C57BL/6 mice (Male, 8—10 weeks) were purchased

from the Laboratory Animal Resources of Huazhong University of

Science and Technology (HUST). All animals were fed under

specific pathogen-free (SPF) environment, following the guide-

lines of Laboratory Animals Ethics of HUST. All animal experi-

ments were approved by the Institutional Animal Care and Use

Committee of HUST ([2024] IACUC Number 4239).

2.3. Preparation and characterization of PAH/ATP coacervate

microdroplets (Coac)

PAH/ATP coacervate microdroplets were prepared by mixing PAH

and ATP in saline solution (pH 7.0) at different mass ratios, and

the system changed from a clear solution to a milky-white turbid

solution. Typically, a positively charged PAH/ATP coacervate

microdroplets suspension (3 mg/mL) can be obtained by mixing

the same volume of 1 mg/mL PAH solution with 5 mg/mL ATP

solution and aging for 30 min at room temperature (25 ◦C).

2.4. The phase diagram of transmittance

The phase diagram was mapped by measuring the transmittance of

coacervate microdroplets formed with a mass ratio of PAH and

ATP ranging from 1:100 to 100:1. The concentrations of the two

component solutions ranged from 0.1 mg/mL to 10 mg/mL.

Specifically, we used an automatic microplate reader (Multiskan
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Mk3, Thermo Fisher, USA) to measure the absorbance (A) at

420 nm to calculate the transmittance (T). The transmittance was

normalized (Tnorm) by its maximum (Tmax) and minimum (Tmin)

values. All samples were prepared and measured at room tem-

perature (25 ◦C). The transmittance (Tnorm) was calculated

according to Eq. (1):

T (%) � 1/10A × 100

Tnorm � (T — Tmin) / (Tmax — Tmin) (1)

2.5. The particle size and zeta potential of Coac

The prepared coacervate microdroplets were diluted to an

appropriate concentration and dispersed in a colorimetric dish.

The hydrodynamic diameter and zeta potential of Coac were

measured by the dynamic light scattering (DLS) detector (Zeta

Plus 90, Brookhaven, USA) at 25 ◦C.

2.6. Fluorescence recovery after photobleaching (FRAP)

experiments

The doxorubicin hydrochloride (DOX) with spontaneous red

fluorescence was used as a model hydrophilic molecule and then

loaded into Coac. FRAP experiments were performed on the

Nikon AX confocal laser scanning microscope (CLSM) with

100 × Oil DIC N2 immersion objective. The emission signals

were acquired in the range of 570—580 nm. Images were recorded

in bidirectional scanning mode. Before photobleaching, 3 frames

of images (1 frame per second) were taken at normal laser in-

tensity. A 2.0 μm × 2.0 μm rectangular region of interest (ROI1)

inside the Coac was selected for photobleaching at maximum

ultra-strong laser intensity, while another region of equal size was

selected as a control (ROI2). The laser was then switched back to

Scheme 1 Schematic representation of the preparation of DSP@PS-Coac and the application in the ARDS treatment. (A) DSP@PS-Coac was

developed by modifying the surface of dexamethasone sodium phosphate-carrying coacervate microdroplets (DSP@Coac) with pulmonary

surfactant-biomimetic liposomes (PS-lipo). (B) After intravenous injection, DSP@PS-Coac could target the inflamed lung. Based on its soft

microdroplet properties and PS modification, DSP@PS-Coac could penetrate the interstitial space of lung tissue and the biological barrier on the

lung surface, replenish the endogenous PS pool, and be phagocytosed by AMs and ATIIs. The intracellularly released DSP could play an effective

anti-inflammatory role in the treatment of ARDS.
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normal intensity and the image recovery process was recorded for

60 s.

2.7. Molecular enrichment properties of Coac

DAPI, FITC, methylene blue and DOX were chosen as repre-

sentative hydrophilic molecules, C6 and DiD as representative

hydrophobic molecules, FITC-BSA as representative of biological

macromolecules, as well as poly(lactic-co-glycolic acid) nano-

particles (FITC-PLGA NPs) as representative of nanoparticles to

investigate the ability of the Coac to enrich guest molecules with

different physicochemical properties. Generally, 1 mg/mL saline

solutions of DAPI, FITC, methylene blue, DOX, C6, DiD, FITC-

BSA and FITC-PLGA NPs were prepared in advance. Then

500 μL of Coac was mixed with 1 μL of each of the above

fluorescent molecule solutions. The mixtures were incubated for

30 min and then loaded into homemade confocal petri dishes and

left for 10 min for CLSM observation.

2.8. Preparation of pulmonary surfactant-membranized Coac

(PS-Coac)

PS-biomimetic liposomes (PS-lipo) were prepared utilizing the

thin-film hydration method. Initially, DPPC and DOPE-PEG2000

were dissolved in chloroform solution, DSPG was dissolved in a

mixture of chloroform and methanol (1:1, v/v), and the above

solutions were homogeneously mixed at a certain molar ratio

(DPPC: DSPG: DOPE-PEG2000 � 5:5:1), and 0.1% DiI fluores-

cent probe was added for CLSM observation. Subsequently, it was

transferred to a round-bottomed flask and vaporized by the rotary

evaporator at 60 ◦C for 30 min to form a homogeneous film. An

appropriate volume of saline was then added for sonication and

dispersion for 5 min to allow sufficient shedding of lipid film.

Finally, the suspension was hydrated and incubated at 60 ◦C for

30 min, and then PS-lipo was obtained.

PS-Coac was prepared via positively charged coacervate

microdroplets mixed with negatively charged PS-lipo. Typically,

the PAH/ATP coacervate needed to be prepared in advance in

saline solution and was incubated for 30 min. Subsequently, PS-

lipo was added to the PAH/ATP coacervate microdroplet suspen-

sion to achieve a final weight ratio of 10% (PS-lipo: coacervate,

w/w). After incubation for 30 min at room temperature (25 ◦C), a

suspension of PS-Coac was obtained.

2.9. Size control behavior of membranized Coac via PS-lipo

Coac and PS-Coac were prepared separately and their time-

dependent size variations were monitored by flow cytometry

(FCM) at an interval of 5 min for 30 min. The dimensions of the

samples after 30 min were observed by CLSM.

In order to adjust the size of PS-Coac by controlling the

addition time of PS-lipo, the Coac was prepared as per the above

method. Subsequently, the Coac was incubated at room temper-

ature for 5, 15 and 30 min before the addition of PS-lipo. After

30 min of membranization, the size of PS-Coac was observed by

CLSM and the size distribution was quantified with Image J.

2.10. Stability of Coac and PS-Coac

The salt and pH stability of Coac and PS-Coac were investigated

by preparing Coac and PS-Coac at different salt concentrations

and different pH values. Specifically, to examine their salt

stability, we examined the turbidity values of Coac and PS-Coac

in 50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mmol/

L NaCl solutions, respectively. To examine their pH stability, the

Coac and PS-Coac suspensions were adjusted to the pH of 1—14

range with HCl (1 mol/L) or NaOH (1 mol/L). The same volume

of saline was used as a control (Ablank). The absorbance at 600 nm

(ACoac) of the above systems was detected by an automatic

microplate reader and the corresponding turbidity was calculated.

Unless otherwise stated, all assays were performed at room tem-

perature and three parallel repeats were set up. The turbidity was

calculated according to Eq. (2) 22:

A600 � ACoac — Ablank

Turbidity (%) � 100 — 100 × (100—A600) (2)

2.11. Drug loading and in vitro release of PS-Coac

Drug loading efficiency assay: to quantify the drug-carrying effi-

ciency of DSP in PS-Coac, the DSP solution was first mixed

thoroughly with PAH solution. Then the ATP solution was added

and mixed thoroughly with it and incubated for 30 min. Subse-

quently, it was encapsulated by adding PS-lipo as described above

and incubated again for 30 min to obtain DSP@PS-Coac. The

supernatant was collected after centrifugation, and the content of

DSP was detected indirectly by using high-performance liquid

chromatography (HPLC).

In vitro drug release profile: the in vitro release profiles of DSP

within different pH environments were determined by dialysis and

measured by HPLC. In brief, 2 mL of DSP@PS-Coac (molecular

weight cutoff, 3.5 kDa) was added into the dialysis bag, and the

external phase was 20 mL of saline at different pH (pH 7.4, 6.5

and 5.5, respectively). The samples were incubated in a thermo-

static shaker (THZ-C, Taicang Huada Experimental Instrument

Technology, China) at 37 ◦C with the speed set to 100 rpm. 3 mL

of released medium was collected for HPLC at preset time points

0, 1, 2, 4, 6, 8, 12, 24, 36 and 48 h. The remaining external phase

medium was discarded, while 20 mL of fresh saline was added at

each preset time point. Finally, we freeze-dried the released me-

dium and resuspended it with 300 μL saline, and collected the

supernatant after centrifugation. The DSP content was determined

by HPLC and the cumulative drug release rate was calculated.

HPLC conditions were set as follows: the column was Kromasil

100 - 5 C18 column (250 mm × 4.6 mm, 5 μm); the column

temperature was 20 ◦C; the mobile phase was 0.05% trifluoro-

acetic acid aqueous solution/acetonitrile (0—10 min, from 20/80 to

60/40); the flow rate of the mobile phase was at 1.0 mL/min and

the UV detection wavelength was at 240 nm.

2.12. Hemolysis assay

Firstly, fresh blood from healthy C57BL/6 mice anticoagulated

with sodium citrate was collected and centrifuged at 400×g for

10 min. The red blood cells were resuspended in saline and

washed until the supernatant was clarified. Subsequently, the

collected red blood cells were mixed with Coac and PS-Coac

solutions containing different concentrations (0.001, 0.01, 0.1, 1

and 3 mg/mL). At the same time, ultrapure water and physio-

logical saline were added to the red blood cells as positive and

negative controls. After incubating in a constant temperature
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shaker at 37 ◦C for 3 h, collected the supernatant by centrifuga-

tion. The supernatant was transferred into a 96-well plate and the

absorbance at 542 nm was measured by an automatic microplate

reader. The hemolysis rate was calculated according to Eq. (3) 46:

Hemoglobin release (%) � (Asample—Asaline)/(Awater—Asaline)

× 100 (3)

2.13. Investigation of cellular uptake of Coac and PS-Coac

RAW 264.7 cells were selected to represent alveolar macrophages,

and MLE-12 were selected to represent lung structural cells to

examine their uptake behavior. First, RAW 264.7 and MLE-

12 cells were inoculated in 12-well plates, and the inflammation

was induced by adding 100 ng/mL lipopolysaccharide (LPS).

When the cells grew to a suitable density, the medium was dis-

carded and the medium containing 25 μg/mL DiI@Coac (or DiI-

DSP@Coac) or DiI@PS-Coac (or DiI-DSP@PS-Coac) was added

for further co-incubation. After the incubation, the medium was

discarded and the cells were gently washed 2—3 times with saline.

The cells were fixed by 1 mL 4% paraformaldehyde and then

washed 2—3 times with saline. Subsequently, the nuclei were

stained by 1 μg/mL DAPI, and cellular uptake was observed by

CLSM. For quantitative analysis, cells were collected by centri-

fugation and resuspended in saline, followed by measuring the

intracellular fluorescence intensity using flow cytometry.

2.14. In vitro oxidative stress alleviation capacity of PS-Coac

under inflammatory conditions

Intracellular inflammation mediated reactive oxygen species

(ROS) production was detected by ROS probe

2′,7′-dichlorofluorescin diacetate (DCFH-DA). Specifically,

RAW264.7, MLE-12, or HUVEC cells were inoculated in 12-well

plates and cultured overnight under 100 ng/mL LPS stimulation.

Subsequently, free DSP (30 μg/mL), PS-Coac, and DSP@PS-

Coac (equivalent DSP: 30 μg/mL) were added to the fresh me-

dium and co-incubated for 12 h, respectively. The cells were

labeled with 20 μmol/L DCFH-DA for 30 min, and the free probe

was removed by washing three times. Finally, the intracellular

fluorescence intensity was detected by flow cytometry.

2.15. Establishment of murine ARDS model

Male C57BL/6 mice (weighing 20—22 g) at 6—8 weeks of age

were selected to construct the ARDS model by tracheal drip in-

jection of LPS (5 mg/kg). Firstly, the mice were deeply anes-

thetized by intraperitoneal injection of anesthetic tribromoethanol

(250 mg/kg) for 5—10 min until the mice were unresponsive to

gentle pinching of the tail end. Subsequently, they were fixed

vertically on the surgical plate, and the tongue was gently pulled

out to the right using forceps to place the laryngoscope and expose

the trachea. Finally, the tracheal nebulizing needle was slowly

inserted into the trachea to rapidly inject LPS (5 mg/kg) into the

trachea and the mice were continued to be suspended for 30 s to

allow the LPS to be distributed evenly into the lungs. The mice

were placed on a thermostatic electric blanket until sobering.

2.16. Investigation of the biodistribution of DSP@PS-Coac

The ARDS model mice were induced as the method described

above. The ARDS mice were divided into three groups and

injected intravenously with free ICG, ICG-loaded Coac

(ICG@Coac), and ICG-loaded PS-Coac (ICG@PS-Coac). The

dose of ICG was 0.75 mg/kg. The mice were euthanized at

predetermined time intervals (1, 3, 6, 24, and 48 h) and the

major organs (heart, liver, spleen, lung and kidney) were

collected to assess their biodistribution. The fluorescence of

each tissue and organ was scanned by an in vivo imaging system

(IVIS) and analyzed qualitatively and quantitatively by

software.

2.17. In vivo anti-inflammatory effects of DSP@PS-Coac

ARDS model mice were randomly divided into 5 groups and i.v.

injected with PBS, DSP, PS-Coac, and DSP@PS-Coac (DSP:

2 mg/kg) at 4 and 24 h after LPS induction. In addition, healthy

mice with an equal volume of PBS by tracheal drip were used as a

control group. All mice were euthanized 24 h after the last

administration and the trachea was exposed. A puncture needle

was inserted into the trachea, and then the lungs were rinsed three

times with 1 mL of ice-cooled hank’s balanced salt solution

(HBSS) to collect lung bronchoalveolar lavage fluids (BALF). The

collected BALF was centrifuged at 470×g for 5 min, and the

supernatant and cells were separated for subsequent tests.

Erythrocytes were removed by adding red blood cell lysis

buffer to the cell precipitates, and the remaining cells were

collected by centrifugation and resuspended in PBS. A portion of

the cells was taken to detect the total cell number in BALF by cell

counter. The remaining cells were blocked with CD16/32 anti-

bodies, and then labeled with FITC-CD11b, PE-Ly6G, PerCP-

Cy5.5-CD45 and APC-F4/80 antibodies for macrophages and

neutrophils, and incubated for 30 min at 4 ◦C, protected from

light. After being terminated with PBS and washed by centrifu-

gation, the macrophage and neutrophil percentage in the BALF

was analyzed by FCM.

The BALF supernatant was centrifuged at 470 × g for 10 min

and then frozen at − 20 ◦C. For total protein quantification, 10 μL

of sample was taken and lysed at room temperature with RIPA

lysis solution. Subsequently, the samples were centrifuged at

18,000 × g for 5 min, and the supernatant was extracted and

analyzed for the total protein content of BALF using the BCA kit.

In addition, the levels of pro-inflammatory cytokines (TNF-α,

IL-6, and IFN-γ) in the supernatant were detected using the CBA

cytokines assay kit according to the instructions.

2.18. Histological and immunofluorescence analysis of

DSP@PS-Coac treated lung tissue

ARDS model mice were treated with different drugs as described

above, and the lung tissues were isolated. The lung tissues were

fixed with paraformaldehyde and stored at 4 ◦C. After paraffin

embedding, H&E staining was used to observe the lung damage.

The phenotype of macrophages in lung tissue was analyzed by

immunofluorescence staining, in which M1 type macrophages

were labeled with inducible nitric oxide synthase (iNOS) antibody

and M2 type macrophages were labeled with Arginase-1 (Arg-1)

antibody. Cellular antibody expression was observed by CLSM

and quantified by Image J. To evaluate the infiltration of neutro-

phils in lung tissue, we chose myeloperoxidase (MPO) antibody
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for immunofluorescence staining. The level of MPO in lung tis-

sues was observed by CLSM and quantified by Image J. In

addition, to examine the level of oxidative stress in mouse lungs,

isolated mouse lung tissues were snap-frozen in liquid nitrogen for

5 min and placed at − 80 ◦C for storage, and cryosections were

prepared and stained for ROS immunofluorescence. The level of

ROS in lung tissues was observed by CLSM and quantified by

Image J.

2.19. Statistical analysis

All experiments were repeated at least three times. Error bars

indicate the standard deviation of the independent samples in the

experiment. Data were analyzed by GraphPad Prism 8.0 software.

A two-tailed unpaired Student’s t-test was used to analyze

between-group differences between two sample groups. For sta-

tistical analysis of experiments with three or more groups the

analysis of variance (ANOVA) was used. *P < 0.05, **P < 0.01,

***P < 0.001 and ns: not significant.

3. Results and discussion

3.1. Preparation and characterization of PAH/ATP-based

coacervate microdroplets

The coacervate microdroplets constructed in this study were

formed from two components, the cationic polyallylamine hy-

drochloride (PAH), and the anionic adenosine triphosphate (ATP).

PAH/ATP coacervate microdroplets (Coac) were prepared by

directly mixing the cationic polymer PAH and anionic ATP in the

saline solution, and the preparation process was illustrated in

Fig. 1A. To further investigate the factors influencing the forma-

tion of Coac, we examined the formation of Coac over a range of

polyelectrolyte mass concentration ratios (PAH: ATP,

1:100—100:1). The phase diagram of the two-component system

was plotted by measuring the transmittance of the Coac suspen-

sions at the absorbance of 420 nm (Fig. 1B). The results indicated

that both the concentration and the mass ratio of the two com-

ponents affected the formation of Coac, with the polymer mass

ratio being a crucial factor for the formation and morphology of

Coac. We measured the zeta potential of the system within the

PAH:ATP mass ratio range of 0.01—2.0 (Fig. 1B, points: a—i) to

identify the Coac that was closest to the charge neutrality for

subsequent characterization. The results showed that the system

was closest to charge neutrality with a weak positive charge when

the mass ratio of PAH to ATP was 0.2 (Fig. 1C, point d). The

hydrodynamic diameter of the Coac reached a maximum at this

ratio as shown by dynamic light scattering (Fig. 1D). This result

was further verified by optical microscopy images (Supporting

Information Fig. S1). Consequently, we selected the Coac with a

PAH concentration of 1 mg/mL, an ATP concentration of

5 mg/mL, and a mass ratio 0.2 for subsequent experiments. Under

the optical microscopy, the Coac exhibited a bright circular

droplet structure (Fig. 1E). Additionally, we also observed that

adjacent droplets would gradually fuse over time, resulting in a

gradual increase in droplet size (Fig. 1F and G), which was

consistent with the previous report47. It demonstrated that the

droplets formed by PAH and ATP were soft and deformable

droplets rather than traditional solid microspheres. Therefore,

when these microdroplets flowed through blood vessels, they

could deform under the influence of the shear force in the

bloodstream and pass through narrow vascular regions, thereby

reducing the risk of vessel blockage caused by rigid microspheres.

The liquid properties of the Coac were further investigated by

fluorescence recovery after photobleaching (FRAP) experiments.

We selected doxorubicin hydrochloride (DOX), a small molecule

drug with spontaneous red fluorescence, as the model molecule

and encapsulated it within Coac. First, by directly mixing DOX

with the Coac or PAH solutions, we demonstrated that DOX stably

existed in both systems without precipitation, which was attrib-

utable to the weakly acidic environment of PAH solution

(Supporting Information Fig. S2). Subsequently, we carried out

further observations with a confocal laser scanning microscope

(CLSM). The results showed that the red fluorescence could be

rapidly recovered within 1 min after quenching, proving that the

interior of the DOX-loaded Coac possessed a high degree of in-

ternal fluidity (Fig. 1H and I).

An important characteristic of coacervates is their ability to

effectively enrich a wide variety of guest molecules through non-

covalent interactions48,49. To gain a deeper understanding of this

property, we selected small molecule compounds, bio-

macromolecules, and nanoparticles as fluorescent models to

examine the enrichment of different molecules within the droplets

by CLSM (Fig. 2A). The results showed that all the tested mol-

ecules and nanoparticles can be effectively enriched inside Coac,

including hydrophilic DAPI, slightly soluble FITC, soluble

methylene blue, soluble DOX, slightly soluble C6, lipophilic DiD,

soluble macromolecular protein FITC-BSA, and nanoparticles

such as FITC-PLGA NPs. Meanwhile, we further investigated the

ability of Coac to co-encapsulate drug molecules of different

properties. Firstly, small molecule DAPI and macromolecular

protein FITC-BSA were selected to examine the ability of Coac to

co-load small molecules and biomacromolecules (Fig. 2B and C).

Then, hydrophilic DAPI and lipophilic DiI were selected to

examine the ability of Coac to co-load hydrophilic and hydro-

phobic molecules (Fig. 2D and E). In the sequential layer scanning

and sphere stacking images, we found that both sets of fluorescent

molecules inside the Coac achieved good co-localization. The

above results demonstrated that the coacervate microdroplets

possessed good drug loading and co-loading potential. Moreover,

since coacervate microdroplets are formed by LLPS dominated by

electrostatic interactions, the salt concentration in the environment

has an important impact on both the formation and stability of

coacervates. Therefore, we examined the turbidity change of Coac

within 1 h by incubating with NaCl solutions ranging from 0 to

1000 mmol/L, to determine whether the Coac could exist stably.

As shown in Fig. 2F, Coac was stable at physiological salt con-

centration (154 mmol/L), and it was also stable at even higher salt

concentrations (500 mmol/L). The above results were further

verified by observing the state of Coac at different salt concen-

trations under optical microscopy (Supporting Information

Fig. S3). However, we found that the turbidity of the system

gradually decreased with time during 60 min. The speculated

reason might be the instability caused by the fusion between

droplets, which was attributed to the membraneless characteristic

of coacervate microdroplets and might greatly hinder the in vivo

application of coacervate microdroplets. In addition, the concen-

tration of polyelectrolyte molecules is also an important factor

influencing the LLPS process, and below its critical saturation

concentration may lead to Coac depolymerization. Next, we

examined the dilution resistance of Coac by diluting it at different
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dilution factors and measuring the turbidity at 600 nm. The results

showed that about 20% of turbidity could still be detected in the

system after Coac was diluted 50 times, proving that Coac had

good dilution resistance (Fig. 2G).

3.2. Construction and evaluation of PS-Coac

Thermodynamically, membraneless coacervates are less stable and

have a tendency to grow continuously through merger or Ostwald

Figure 1 Construction and characterization of PAH/ATP-based coacervate microdroplets. (A) Schematic illustration of the formation of Coac

via LLPS between PAH solution and ATP solution with opposite charges. (B) Partial phase diagram of PAH/ATP liquid—liquid phase separation

based on transmittance measurements (Trans., 420 nm) recorded at different polyelectrolyte concentrations. (C) Zeta potential and (D) the average

hydrodynamic diameter of Coac formed at different polyelectrolyte weight ratios (0.01—2.0, w/w). Values are expressed as mean ± SD (n � 3).

(E) Optical microscopy image of Coac. Scale bar � 10 μm. (F) Images of Coac over time, where the fusion of Coac was shown in the red square.

Scale bar � 10 μm. (G) TEM image of Coac. Scale bar � 2 μm. (H) The representative time-lapse CLSM images before (left), during (middle),

and after (right) photobleaching in the FRAP experiment. ROI1 indicated the photo-bleached area and ROI2 indicated the control area. Scale

bar � 1 μm. (I) The time-dependent change curve of the fluorescence intensity recorded within 1 min.
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maturation50. It has been reported that both amphiphilic molecules

(fatty acids, phospholipids, etc.) and amphiphilic nano- or micro-

scale objects (liposomes, cell fragments, etc.) can form complete

membrane-like structures through the interfacial self-assembly

function on the surface of coacervates51. Therefore, in order to

overcome the instability of membraneless coacervate droplets and

endow them with specific biological functions at the same time,

thereby improving their potential for application as drug delivery

carriers in living organisms, we constructed negatively charged

pulmonary surfactant biomimetic liposomes (PS-lipo) based on

the main phospholipid components of pulmonary surfactant

(DPPC: DSPG: DOPE-PEG2000 � 5:5:1) for Coac biomimetic

Figure 2 The enrichment capacity and stability analysis of Coac. (A) CLSM images of Coac loaded with different fluorescent molecules such

as DAPI, FITC, methylene blue, adriamycin, C6, DiD, FITC-BSA and FTIC-PLGA NPs, respectively. Scale bar � 20 μm. (B) CLSM images of

Coac simultaneously loaded with the small molecule DAPI and the biomacromolecule FITC-BSA. Scale bar � 20 μm. The 3D reconstructed

images of a single microdroplet (upper right images). Scale bar � 5 μm. (C) The cross-sectional fluorescence quantification curve from the line

drawn in Fig. 2B. (D) CLSM images of Coac loaded with both the hydrophilic molecule DAPI and the hydrophobic molecule DiI. Scale

bar � 20 μm. The 3D reconstructed images of a single Coac (top right images). Scale bar � 5 μm. (E) The cross-sectional fluorescence

quantification curve from the line drawn in Fig. 2D. (F) Turbidity changes of Coac in different concentrations of NaCl solutions over 1 h. The

dashed line indicated the physiological salt concentration (154 mmol/L). Red arrows indicated the decrease in turbidity over the time. (G)

Turbidity changes of Coac after different dilution factors. Data are represented as mean ± SD (n � 3).
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modification (PS-Coac) (Fig. 3A). The constructed PS-lipo had

the particle size of approximately 100 nm with the PDI value of

less than 0.3, indicating good dispersibility and uniformity. PS-

lipo exhibited good stability within 7 days (Supporting

Information Fig. S4). After labeling PS-lipo with DiO and co-

incubating with Coac, CLSM images clearly revealed that the

green fluorescence formed a hollow circular structure on the

surface of Coac (Fig. 3B). By scanning individual droplets layer

by layer, we obtained 3D reconstructed image of PS-Coac. The

image showed that the PS-lipo was completely dispersed across

the Coac surface. Therefore, we successfully prepared PS-Coac

with a membrane-like structure. After being coated with PS-

lipo, the hydrodynamic size of Coac decreased, which may be

attributed to the membrane-like structure making the Coac more

condensed (Fig. 3C). Meanwhile, based on the negative charge of

DSPG in PS-Coac, the surface charge of PS-Coac also reversed

after being membrane-coated (Fig. 3D). It indicated that the

modification of PS-lipo on the surface of Coac mainly depended

on the interfacial self-assembly process mediated by the electro-

static interfacial interactions between them. Transmission electron

microscope (TEM) images showed that the PS-lipo had a bilayer

phospholipid structure (Fig. 3E, top). The PS-Coac was also

characterized by TEM and scanning electron microscope (SEM),

and the images showed that the surface of PS-Coac exhibited

wrinkled membrane structures (Fig. 3E, middle and bottom). It

was speculated that the reason might be the collapse of the surface

membrane structure caused by the dehydration inside the coac-

ervate microdroplets during the TEM and SEM sample prepara-

tion process.

To evaluate the membranization integrity of PS-lipo on Coac,

we first observed macroscopically the changes of Coac and PS-

Coac in glass bottles. The results showed that the PS-lipo could

effectively prevent the fusion and aggregation of Coac. After 3 h,

Coac gradually aggregated and fused on the sidewalls and bottom

of the glass bottle, and after 30 days it could not be re-dispersed by

vortexing. The sedimentation rate of PS-Coac was obviously

slowed down, and it was still easy to be re-dispersed by vortexing

after 30 days (Supporting Information Fig. S5). The morphology

and internal fluorescent molecules of PS-Coac re-dispersed after

30 days were observed to remain stable by CLSM (Supporting

Information Fig. S6). Subsequently, we used the statistical fea-

tures of flow cytometry to further evaluate the effect of membrane

coating. It was found that in the absence of PS-lipo, both the

forward scattered light (FSC-A) and side scattered light (SSC-A)

of Coac were observed to increase over time, indicating an in-

crease in droplet size and its internal complexity (Fig. 3F,

Supporting Information Figs. S7 and S8). The fusion effect

could be inhibited by PS-lipo membranization, that is, the

diameter of the coacervate microdroplets remained basically un-

changed after the addition of PS-lipo, as shown in Fig. 3G. The

CLSM images confirmed this result, in which the size of the PS-

Coac was mostly within the range of 2—4 μm, while the mem-

braneless Coac partially fused, grew and deformed to more than

10 μm after 30 min of incubation (Supporting Information

Fig. S9). Based on this, we further verified the possibility of

adjusting the size of PS-Coac by adding PS-lipo at different time

points (i.e., 5, 15 and 30 min). CLSM images showed that the

median diameter of PS-Coac gradually increased from 1.2 μm to

2.9 μm (Fig. 3H and Supporting Information Fig. S10). It was

demonstrated that the size of PS-Coac could be adjusted as needed

by controlling the addition time of liposomes. We chose to add

PS-lipo 30 min after the Coac had aged to control most of the size

of most PS-Coac to around 2.9 μm for subsequent experiments. At

this size, the droplets might accumulate in the lungs through

passive targeting mechanisms. Furthermore, since this dimension

was smaller than the diameter of most pulmonary capillaries in

mice (5—10 μm), the droplets could theoretically be able to pass

through the microcirculation system52.

To investigate whether PS-Coac can be stabilized in a

physiological environment, we further examined the stability of

PS-Coac under different NaCl concentrations. The results

demonstrated that PS-Coac maintained good salt stability

compared with Coac, and no decrease in turbidity was observed

within 1 h (Supporting Information Figs. S11 and S12). By

subjecting the PS-Coac suspension to gradient dilution, we

found that the turbidity values were greater than Coac at the

same multiplicity of dilution, proving that the PS-lipo coating

effectively enhanced the dilution resistance of Coac and might

possess better potential for in vivo application (Supporting

Information Fig. S13). Moreover, there was no significant dif-

ference in the size and number of Coac or PS-Coac at 4—60 ◦C,

indicating that they could exist stably at physiological temper-

atures and possess good adaptability to different transportation

and storage environments (Supporting Information Fig. S14). To

examine the molecular barrier function of PS-lipo, we mixed

two sets of Coac or PS-Coac encapsulated with different fluo-

rescent molecules. Firstly, two types of small molecule fluo-

rophores or macromolecular fluorophores were pre-isolated in

Coac or PS-Coac respectively, and then these two populations

were mixed at a volume ratio of 1:1 (Fig. 3I—K). The results

showed that the PS-lipo coating had a good barrier effect on

macromolecular substances, and no mixing of the two fluores-

cent molecules occurred in the PS-Coac group. However, small

molecules could undergo material exchange between different

PS-Coac, which would be beneficial for the release of small

molecule drugs from PS-Coac.

Figure 3 Construction and characterizations of PS-Coac. (A) Schematic of the preparation process of PS-Coac. (B) CLSM images of PS-Coac

constructed by adsorbing PS-lipo (DiO, green) onto the Coac surface. Scale bar � 20 μm. CLSM and 3D reconstructed fluorescence images of

individual PS-Coac in cross section and quantitative results of green fluorescence intensity across PS-Coac. Scale bar � 5 μm. (C) Mean hy-

drodynamic diameters and (D) zeta potentials of PS-lipo, Coac, and PS-Coac. Data are represented as mean ± SD (n � 3). (E) TEM images of

PS-lipo and PS-Coac, and SEM image of PS-Coac. (F) Schematic diagram of the fusion and growth of Coac over time and the regulation of the

size of PS-Coac by adding PS-lipo at different time points. (G) The flow cytometry scatter plots of Coac and PS-Coac incubated for 0 and 30 min

for FSC-A and SSC-A. Optical microscopy image of Coac and CLSM image of PS-Coac (PS-lipo labeled by DiD, red) after incubation for

30 min. Scale bar � 10 μm. (H) CLSM images of PS-Coac constructed by adding PS-lipo (DiD, red) at different time points (i.e., 5, 15, 30 min).

Scale bar � 10 μm. (I) Schematic representation of the barrier effect of Coac/PS-Coac on large/small molecules. (J) CLSM images of the mixture

of R-B-loaded coacervate, R-B@Coac (or R-B@PS-Coac) and FITC-loaded coacervate, FITC@Coac (or FITC@PS-Coac). Scale bar � 10 μm.

(K) CLSM images of the mixture of TRITC-BSA-loaded coacervate, TRITC-BSA@Coac (or TRITC-BSA@PS-Coac) and FITC-BSA-loaded

coacervate, FITC-BSA@Coac (or FITC-BSA@PS-Coac). Scale bar � 10 μm.
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3.3. In vitro drug release and biocompatibility examination of

PS-Coac

To evaluate the drug encapsulation efficiency (EE) of PS-Coac,

we initially co-incubated the prepared Coac with the DSP solution

to construct DSP-loaded Coac (DSP@Coac), and then added PS-

lipo to form DSP@PS-Coac. The content of DSP was detected by

high-performance liquid chromatography (HPLC), and the EE

value of DSP in PS-Coac was calculated to be 77.41 ± 0.02%.

Furthermore, normal saline solutions with different pH values

were employed to simulate the corresponding normal physiolog-

ical environment (pH 7.4), inflammatory microenvironment (pH

6.5), and lysosomal environment (pH 5.5), respectively, for

examining the in vitro drug release behaviour of DSP@PS-Coac.

As shown in the drug release curve in Fig. 4A, compared with the

normal physiological environment, the drug release efficiency was

obviously increased under the slightly acidic environment. Spe-

cifically, DSP was released slowly under the condition of pH 7.4,

with a total release rate within 48 h of only 49.00 ± 2.78%.

However, in the slightly acidic environments (pH 6.5 and 5.5), the

release rate of the drug was accelerated, with 73.49 ± 1.68% and

75.78 ± 2.75% of DSP released within 48 h, respectively. Among

them, the release amount of DSP under the condition of pH 5.5

was slightly higher than that under the condition of pH 6.5. It was

speculated that the possible reason was that under acidic condi-

tions, H+ ions could penetrate the membrane barrier and enter the

interior of Coac, which may cause ATP molecules to obtain partial

protons, thus affecting the electrostatic interaction with positively

charged PAH and leading to the slow disassembly of part of the

Coac. In contrast, under physiological conditions, the small

molecule drug DSP might be released through the small molecule

substance exchange process mediated by the concentration dif-

ference between Coac and the external phase solution as described

above. Therefore, the release rate was slower relative to the acidic

environment. In summary, PS-Coac can effectively encapsulate

DSP, reduce drug leakage during blood circulation, and effectively

release anti-inflammatory drugs in the inflammatory microenvi-

ronment and lysosomal microenvironment, thus exerting drug

efficacy.

Hemocompatibility is an important indicator for evaluating the

safety of drug delivery carriers. Good hemocompatibility is a

necessary condition for further application via the intravenous

injection route in animal or clinical experiments. Consequently,

we investigated whether Coac and PS-Coac caused damage to

erythrocytes by in vitro hemolysis experiments to evaluate their

biocompatibility. The results demonstrated that when the con-

centrations of Coac and PS-Coac were as high as 3 mg/mL, their

hemolysis rates were still lower than 5%, and no obvious hemo-

lysis phenomenon occurred (Fig. 4B). Meanwhile, the drug-loaded

Coac and PS-Coac systems also showed similar results

(Supporting Information Fig. S15). This indicated that the above-

mentioned systems all complied with the national biosafety

standards53 and possessed good hemocompatibility.

3.4. The cellular uptake and in vitro oxidative stress alleviation

capacity of PS-Coac under inflammatory conditions

Alveolar macrophages (AMs) represent the essential cells within

the inflammatory activation process of ARDS. Type II pulmonary

epithelial cells (ATIIs), functioning as the synthetic locus for

pulmonary surfactant and as significant structural cells of alveoli,

assume a crucial role in the progression of ARDS. Accordingly,

RAW 264.7 cells were selected to mimic alveolar macrophages,

and MLE-12 cells were chosen to represent pulmonary structural

cells for the investigation of the cellular uptake of PS-Coac.

Firstly, DiI@Coac and DiI@PS-Coac were incubated with RAW

264.7 and MLE-12 cells under lipopolysaccharide (LPS)-induced

inflammatory conditions. Subsequently, the cellular uptake was

observed via CLSM (Fig. 4C and D). The results showed that both

RAW 264.7 cells and MLE-12 cells demonstrated higher uptake of

PS-Coac than the Coac. Quantification of cellular uptake by flow

cytometry revealed that PS-Coac was efficiently phagocytosed by

RAW 264.7 cells and MLE-12 cells, which was consistent with

the results obtained from CLSM (Fig. 4E and F). In addition, we

further investigated the uptake capacity of these two types of in-

flammatory cells for the drug-loaded PS-Coac. The results showed

that they had a stronger uptake of the drug-loaded PS-Coac than

the drug-loaded Coac (Supporting Information Figs. S16 and

S17). It further demonstrated that PS-Coac had a stronger ability

to transport drugs into cells. To further explore the cellular uptake

pathway of PS-Coac, various inhibitors including amiloride

(macropinocytosis inhibitor), methyl-ß-cyclodextrin (lipid raft-

mediated endocytosis inhibitor), sucrose (clathrin-mediated

endocytic pathway inhibitor), and chloroquine (endosomal acidi-

fication and membrane fusion inhibitor) were employed to study

the uptake mechanism of cells for PS-Coac. Prior to co-incubation

with DiI@PS-Coac, RAW 264.7 cells were pretreated with the

aforementioned different intracellular endocytosis inhibitors,

respectively. Meanwhile, a group of cells cultured at 4 ◦C was

established to examine whether its uptake was influenced by en-

ergy. As depicted in Fig. 4G, the uptake ability of PS-Coac was

inhibited to some extent under the condition of 4 ◦C, indicating

that the endocytosis of PS-Coac was energy-dependent. Further-

more, after pretreatment with amiloride, sucrose, and chloroquine,

there was no significant alteration in the cellular uptake efficiency

of PS-Coac compared to that of the control group. However,

following pretreatment with methyl-ß-cyclodextrin, the cellular

uptake rate decreased to 35.3% of the original value. All inhibitors

except methyl-ß-cyclodextrin failed to block the cellular uptake of

PS-Coac, suggesting that the in vitro cellular uptake was not

related to macropinocytosis, lattice proteins, and endosomal

pathways, but rather to a lipid raft-mediated passive uptake

mechanism based on membrane fluidity.

During inflammation progression, high levels of endogenous

reactive oxygen species (ROS) (ranging from 10 to 1000 μmol/L)

are generated in the inflammatory microenvironment, which can

exacerbate cell damage and even lead to cell death. Reducing the

Figure 4 In vitro behaviour of PS-Coac. (A) In vitro DSP release profile of DSP@PS-Coac at different pH conditions. (B) Hemolysis rates of

Coac and PS-Coac compared to water and saline. Concentrations were calculated by PAH and ATP. CLSM images of the cellular uptake

behaviour in (C) RAW264.7 cells and (D) MLE-12 cells. Scale bar � 10 μm. Flow cytometry quantification results of cellular uptake behaviour in

(E) RAW264.7 and (F) MLE-12 cells. (G) Effects of different endocytosis inhibitors on DiI@PS-Coac cellular uptake pathway. (H) Flow

cytometry examination of the effect of DSP@PS-Coac on ROS levels in RAW264.7, MLE-12 and HUVEC cells. (I) CLSM images of ROS

fluorescence in RAW264.7 cells treated with different drugs. Scale bar � 100 μm. All groups were treated with LPS except the control group.

Data are expressed as mean ± SD (n � 3); *P < 0.05, ***P < 0.001.
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production of ROS has thus become an effective strategy for the

treatment of ARDS. Therefore, to further evaluate the potential of

DSP@PS-Coac in the treatment of ARDS, we investigated the

anti-inflammatory effect in vitro by evaluating its properties to

regulate oxidative stress. We evaluated the potential of DSP@PS-

Coac to alleviate inflammation-induced oxidative stress in vitro in

LPS-induced inflammatory RAW 264.7, MLE-12, and HUVEC

cell models, respectively. The above-mentioned cells were firstly

stimulated with LPS for 12 h to induce oxidative stress damage,

and then different formulated drugs were added to treat the cells

for another 12 h. After being labeled with ROS fluorescent probes,

the expression levels of ROS in each group of cells were detected

by flow cytometry. The results demonstrated that the ROS pro-

duction within RAW 264.7, MLE-12, and HUVEC cells was

obviously increased after LPS stimulation, with the levels being

1.72 times, 1.59 times, and 1.65 times higher than those in the

control group, respectively. Following the intervention of

DSP@PS-Coac, the ROS levels decreased to approach normal

levels, indicating that DSP@PS-Coac could effectively down-

regulate the ROS levels in multiple inflammatory cells and alle-

viate inflammation-mediated oxidative stress (Fig. 4H). The

fluorescence signal intensity in inflammatory RAW 264.7 cells

was observed by CLSM, which further verified that DSP@PS-

Coac could be effectively internalized by cells and release drugs

to alleviate inflammation-mediated oxidative stress in vitro

(Fig. 4I). It was worth noting that the blank PS-Coac group also

exhibited a certain antioxidant capacity. The possible reason might

be the dual-enzyme activities of peroxidase and catalase inherent

in ATP molecules, which could play a catalytic role in eliminating

excessive ROS within cells and assist in maintaining cellular

homeostasis54.

3.5. In vivo biodistribution behaviour of PS-Coac

Subsequently, we further investigated the in vivo distribution

behaviour of PS-Coac in ARDS model mice. Firstly, the ARDS

model was induced in C57BL/6 male mice by tracheal drip

infusion of LPS (5 mg/kg)55. We chose ICG, a hydrophilic

fluorescent molecule with similar properties to the hydrophilic

drug DSP, as the model fluorescent molecule. Free ICG,

ICG@Coac and ICG@PS-Coac were injected via the tail vein

4 h after modelling. The major organs (heart, liver, spleen, lung

and kidney) were taken from the mice at 1, 3, 6, 24 and 48 h after

administration, respectively, and the in vivo biodistribution of the

ARDS mice was examined by the in vivo imaging system (IVIS)

in order to evaluate the lung-targeting ability of PS-Coac

(Fig. 5A and B). The results showed that PS-lipo membraniza-

tion increased the distribution level of fluorescent molecules in

the lungs of ARDS mice and prolonged their lung retention time,

as indicated by the results at different time points. After intra-

venous injection, free ICG molecules were mainly distributed in

the liver and kidney, and only very weak fluorescent signals

appeared in the lungs. The fluorescence of ICG further decreased

after 3 h, indicating that the non-specifically distributed free ICG

could be rapidly cleared from the body through the liver and

kidney (Fig. 5C). At the same time points (1, 3, and 6 h), the lung

fluorescence intensity of mice injected with ICG@Coac was

stronger than that of the free ICG group. However, the fluores-

cence signals of the Coac group also diminished rapidly after 6 h.

This may be due to the instability of the uncoated Coac, which

gradually fused and partially depolymerized to release ICG

molecules within 3 h. In contrast, the lung fluorescence signal in

the well-stabilized ICG@PS-Coac group continuously increased

within 24 h, and the lung-to-liver ratio gradually rose to a rela-

tively high level. The further semi-quantitative analysis of the

fluorescence signal intensity was shown in Fig. 5D—F and

Supporting Information Fig. S18. After 24 h of administration,

compared with the free ICG group, the lung distribution of

ICG@PS-Coac increased to 60.5 times (free ICG: 0.16 vs

ICG@PS-Coac: 9.67), and the lung-to-liver ratio increased to

42.3 times (free ICG: 0.09 vs ICG@PS-Coac: 3.68). Meanwhile,

compared with free ICG, which was rapidly cleared within 6 h,

the ICG@PS-Coac group still retained a relatively strong lung

fluorescence signal (2.42) at 48 h, which indicated that PS-Coac

has a good potential to prolong the lung retention time of the

drug. The high distribution of PS-Coac in the lungs might be

mainly attributed to the passive targeting effect mediated by the

micron-sized dimension of PS-Coac. In addition, the lung-

targeting properties of PS-based liposomes56, the increased

vascular permeability at the site of inflammation57,58, and the

increased endocytosis by AMs and ATIIs at the site of inflam-

mation mediated by endogenous SP-A/D in alveoli27,32 might

also contribute to the enrichment of PS-Coac in inflamed tissues.

Furthermore, the PEGylated phospholipids and the soft droplet

characteristics of PS-Coac similar to neutrophils might also

further promote the distribution of PS-Coac in the lungs. From

the results, the PS-lipo membrane coating also effectively

reduced the distribution in non-target organs (such as the liver

and kidney), which was beneficial for reducing the toxic and side

effects of the drug on non-target organs and improving the drug

utilization rate.

In addition, we further verified the distribution of PS-Coac in

the lungs of ARDS mice by immunofluorescence sections. Free

FITC and FITC@PS-Coac were intravenously injected into ARDS

mice through the tail vein, and lung tissue was collected and

analyzed for fluorescence distribution by tissue immunofluores-

cence sectioning. The nuclei of the cells were labeled with DAPI

(blue) (Fig. 5G). The results showed that no obvious fluorescent

signals were seen for free FITC, while FITC@PS-Coac had a clear

distribution inside the alveoli and surrounding tissues at 3, 6 and

24 h after injection, which demonstrated that PS-Coac was effi-

ciently enriched in the inflamed lungs.

Previous studies have confirmed that anionic liposomes

composed of the main phospholipid components of PS could

target AMs and ATIIs by interacting with endogenous surfactant

proteins. We hypothesized that AMs and ATIIs might be the target

cells of PS-Coac27,31,38. Therefore, we further analyzed the

cellular uptake of FITC@PS-Coac in lung tissues 24 h after

intravenous injection through immunofluorescence sections. The

results showed that in ARDS mice, FITC@PS-Coac could co-

Figure 5 In vivo distribution of PS-Coac. (A) Schematic diagram of the experimental steps for the in vivo distribution of PS-Coac. (B)

Schematic diagram of the order of placement of the organs. (C) IVIS fluorescence images of major organs in mice after administration of free

ICG, ICG@Coac and ICG@PS-Coac for different time points (1, 3, 6, 24 and 48 h) (n � 4). Fluorescence semi-quantitative analysis of (D) lungs,

(E) livers and (F) lung/liver ratio (n � 4). (G) Fluorescence signals in lung tissues at 3, 6 and 24 h after injection of free FITC and FITC@PS-

Coac (blue: DAPI; green: FITC@PS-Coac). Scale bar � 50 μm. Data are expressed as mean ± SD (n � 3); ***P < 0.001.
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localize with AMs (marked by CD68) and alveolar epithelial cells

(marked by CK19) (Supporting Information Fig. S19, left and

middle). In addition, given that neutrophils are also important

primary phagocytic cells in the immune system, we also

investigated the co-localization of FITC@PS-Coac with neutro-

phils in lung tissues. Notably, we found that neutrophils (marked

by Ly6G) could also partially uptake FITC@PS-Coac (Fig. S18,

right). In conclusion, these results suggest that after reaching the

Figure 6 In vivo therapeutic efficacy of DSP@PS-Coac in LPS-induced ARDS mice. (A) Schematic of the treatment protocol in ARDS mice.

(B) Total cell count and (C) neutrophil count in BALF of mice after treatments (n � 5). The proportion of (D) neutrophils and (E) macrophages in

BALF (n � 5). (F) Protein content in BALF of mice after treatments (n � 5). (G) LDH concentration in BALF (U/L; n � 5). (H) Levels of major

cytokines (IL-6, TNF-α, IFN-γ) in BALF (n � 4). (I) H&E-stained images of lung tissue sections. Scale bar � 200 μm. (J) Lung injury scores

were obtained based on 5 pathophysiological features of H&E-stained images (n � 3). LPS stimulation was used in all groups except the Control

group. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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lungs, PS-Coac might be effectively taken up by AMs, alveolar

epithelial cells and neutrophils, and can effectively deliver the

DSP into the cells and exert its therapeutic effect.

3.6. In vivo anti-inflammatory effects of PS-Coac in LPS-

induced ARDS mice

To verify the therapeutic effects of PS-Coac, we investigated the

in vivo anti-inflammatory effect in ARDS model mice. Briefly, an

ARDS model was established in male C57 mice by intratracheal

instillation of LPS at a dose of 5 mg/kg. Phosphate-buffered saline

(PBS), free DSP, PS-Coac, and DSP@PS-Coac were intrave-

nously injected 4 and 24 h later, respectively, with healthy mice

serving as the positive control group. Bronchoalveolar lavage fluid

(BALF) and lung tissues were collected at 24 h after the second

administration for the analysis of inflammatory indicators

(Fig. 6A). During the progression of ARDS, as first-response

immune cells, neutrophils play an important driving role in the

inflammatory response and are recruited in large numbers to the

lungs in response to inflammatory signals. Therefore, we first

evaluated the inflammatory regulation function of DSP@PS-Coac

on ARDS mice by analyzing the inflammatory cells in BALF. As

shown in Fig. 6B and C, only a small number of cells were found

in the BALF of healthy mice. After LPS induction, both the total

number of cells and the number of neutrophils in BALF were

significantly increased. However, after treatment with DSP@PS-

Coac, both the total number of cells and the total number of

neutrophils were effectively decreased, which was the most

obvious effect compared to the other treatment groups. Subse-

quently, we further evaluated the proportion of neutrophils and

macrophages in BALF by FCM (Supporting Information

Fig. S20). The results showed that the proportion of neutrophils

in BALF increased obviously (about 80%) after LPS stimulation,

whereas the proportion of neutrophils decreased to about 60%

after DSP@PS-Coac treatment. The above results indicated that

DSP@PS-Coac possessed good efficacy in inhibiting neutrophil

infiltration (Fig. 6D and Supporting Information Fig. S21).

However, there was no significant difference in the proportion of

macrophages in BALF among the mice in each treatment group

compared with that in the LPS group, suggesting that neutrophil

infiltration was more evident during the acute exudative phase of

ARDS (Fig. 6E). Nevertheless, there was no significant change in

the body weight of mice among the different treatment groups

during the treatment process of ARDS, indicating that the effect of

drug treatment groups on restoring the body weight of mice was

limited (Supporting Information Fig. S22).

The inflammatory response increases the permeability of the

alveolar-capillary barrier, leading to the leakage of large amounts of

protein-rich fluid into the alveolar and vascular spaces. Therefore,

we measured the protein concentration in BALF to investigate the

repair function of DSP@PS-Coac on the alveolar-capillary barrier.

As shown in Fig. 6F, DSP@PS-Coac treatment effectively reduced

the total protein concentration in BALF, indicating that the pul-

monary vascular leakage was improved. In addition, we also

detected the lactate dehydrogenase (LDH) concentration in BALF

by an LDH assay kit. The results showed that LPS induction

significantly increased the release of LDH, while DSP@PS-Coac

treatment effectively reduced the LDH concentration in BALF,

which suggested that DSP@PS-Coac could inhibit LPS-induced

pulmonary cell damage and enhance cell viability (Fig. 6G). To

further study the regulatory effect of DSP@PS-Coac on the pul-

monary inflammatory microenvironment, we used a cytometric

beads array (CBA) mouse inflammation kit to further detect the pro-

inflammatory cytokines in the BALF of mice. As shown in Fig. 6H,

DSP@PS-Coac treatment effectively reduced the levels of pro-

inflammatory cytokines such as interleukin-6 (IL-6), tumor necro-

sis factor-α (TNF-α), and interferon-γ (IFN-γ) in BALF, demon-

strating its ability to inhibit cytokine storm. Furthermore, the lung

tissues after different drug treatments were isolated and examined

by hematoxylin and eosin (H&E) staining to investigate the pul-

monary pathological morphology of each group. The results showed

that after LPS stimulation, the lung tissue exhibited obvious damage

characterized by neutrophil infiltration, thickening of the alveolar

septum, and vascular congestion, etc. DSP@PS-Coac treatment

could reduce the pathological damage of the lung tissue, showing a

significant decrease in neutrophil infiltration in the alveoli and

pulmonary interstitium and a significant reduction in the lung pa-

renchyma degree (Fig. 6I). Through further lung injury scoring, it

was found that the score of the DSP@PS-Coac treatment group was

obviously lower than that of the other groups, indicating that it could

effectively relieve lung injury in vivo and promote the recovery of

the structure and function of the lung tissue (Fig. 6J). Notably, the

blank PS-Coac also showed a certain therapeutic effect in various

indexes, which might be due to the immunomodulatory effect of the

PS component itself, consistent with the reported results56. In

summary, DSP@PS-Coac can effectively reduce pulmonary in-

flammatory damage in ARDS mice by inhibiting neutrophil infil-

tration, improving pulmonary vascular leakage, alleviating

pulmonary cell damage and pathological damage, and suppressing

the pro-inflammatory cytokine storm.

Subsequently, we further analyzed the immunomodulatory

effect mediated by DSP@PS-Coac through immunofluorescence

staining of lung tissues. Macrophages can be classified into M1

pro-inflammatory phenotype and M2 anti-inflammatory pheno-

type. M1 macrophages secrete multiple inflammatory mediators

such as inducible nitric oxide synthase (iNOS), ROS, and nitric

oxide (NO), which promote inflammation development and induce

tissue damage. M2 macrophages secrete anti-inflammatory fac-

tors, upregulate arginase-1 (Arg-1), reduce NO and ROS levels,

and promote inflammation resolution and repair of damaged tis-

sues59,60. Driving the transformation of M1 inflammatory

macrophages to the anti-inflammatory phenotype plays an

important role in the treatment of ARDS. Therefore, we used

macrophage-specific markers (M1: iNOS and M2: Arg-1) for

immunofluorescence staining to investigate the polarization level

of pulmonary macrophages in each treatment group. As shown in

Fig. 7A and Supporting Information Fig. S23, under the stimu-

lation of LPS, the level of iNOS in macrophages within the lung

tissues of ARDS mice was significantly increased. After treatment

with DSP@PS-Coac, iNOS expression was effectively decreased,

while the level of Arg-1 was effectively upregulated. Compared

with the other treatment groups, its effect on the polarization of

macrophages to the M2 phenotype was more pronounced, which

might be due to the fact that PS-Coac can more effectively deliver

drugs to the inflamed lungs, and it also suggested a certain com-

bined therapeutic effect of PS-Coac and DSP.

During the pathological process of ARDS, inflammatory cells

can generate a large amount of ROS through oxidative stress

reactions, causing varying degrees of damage to the structure and

function of cells. We investigated the levels of ROS in lung

tissues by means of immunofluorescence sections. As depicted in

Fig. 7B, ROS levels in lung tissues of ARDS mice were signif-

icantly elevated after LPS stimulation. After DSP@PS-Coac

treatment, the levels of ROS within the tissues were obviously
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decreased, suggesting that DSP@PS-Coac had the effect of

alleviating oxidative stress damage caused by pulmonary

inflammation, and this effect was more pronounced compared to

that of free DSP. The possible reason might be that the ATP

molecules inside PS-Coac play certain antioxidant functions as

well as functions for replenishing the energy of damaged cells.

Moreover, the excessive recruitment of pulmonary neutrophils

during inflammation can lead to a large secretion of myeloper-

oxidase (MPO)61. Therefore, we also detected the content of

MPO in the lung tissues of mice in each treatment group. As

Figure 7 Immunofluorescence analysis of lung tissues in ARDS treated with DSP@PS-Coac. (A) Phenotypic analysis of macrophages in lung

tissue. iNOS and Arg-1 were used as M1 and M2 macrophage markers, respectively. Immunofluorescence and semi-quantitative analysis of (B)

ROS and (C) MPO in lung tissues. LPS stimulation was used in all groups except the Control group. Scale bar � 100 μm. Data are expressed as

mean ± SD (n � 3); *P < 0.05, ***P < 0.001.
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shown by the fluorescence intensity, compared with normal mice,

the content of MPO in the lung tissues of ARDS mice was

effectively increased. Treatment with either DSP or PS-Coac

alone could moderately inhibit the excessive production of

ROS in the lung tissues. DSP@PS-Coac exhibited a stronger

inhibition on the secretion of MPO compared to free DSP and

PS-Coac, which might be related to its effect of reducing the

recruitment of neutrophils (Fig. 7C).

4. Conclusions

A pulmonary surfactant-biomimetic membranized coacervate

(PS-Coac) was developed as a pulmonary drug delivery carrier.

Benefiting from the lung-targeting performance and prolonged

lung retention time of PS-Coac, DSP@PS-Coac demonstrated

favorable therapeutic effects in the ARDS model. Our study

holds certain potential in the treatment of ARDS as well as

other acute and chronic pulmonary diseases. Nevertheless,

limited by the current technological capabilities, our research

could be further improved through the following approaches.

Firstly, based on the chemical structure of PAH (rich in primary

amine groups), we preliminarily speculate that PAH might be

mainly excreted from the body in its original form through the

kidneys and the liver62. But there is still a severe shortage of

research on the specific in vivo metabolic pathway, degradation

kinetic, and long-term toxicity of PAH, which remains to be

further investigated in the subsequent studies. Secondly, given

the excellent potential of PS-Coac for co-loading macromole-

cules and small molecules as well as hydrophilic and hydro-

phobic molecules, along with the drug treatment challenges

faced by ARDS in clinical practice, effective drug co-delivery

formulations could be further designed to enhance its clinical

therapeutic potential. Finally, the in-depth study of the carrier’s

in vivo therapeutic mechanism will be conducive to its further

progress towards clinical research63. Therefore, the in vivo anti-

inflammatory mechanism of DSP@PS-Coac could be further

investigated, and then the carrier design protocol could be

improved in a targeted manner to enhance its therapeutic effi-

cacy for ARDS.
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50. Donau C, Späth F, Sosson M, Kriebisch BAK, Schnitter F, Tena-

Solsona M, et al. Active coacervate droplets as a model for mem-

braneless organelles and protocells. Nat Commun 2020;11:5167.

51. Gao N, Mann S. Membranized coacervate microdroplets: from ver-

satile protocell models to cytomimetic materials. Acc Chem Res 2023;

56:297—307.

52. Gong XT, Chong KC, Liu J, Cheng W, Yang J, Liu B. AIENP-rein-

forced DISCO method for whole-tissue 3D reconstruction of pulmo-

nary capillaries. Adv Funct Mater 2024;34:2312176.

53. Liu HY, Du L, Zhao YT, Tian WQ. In vitro hemocompatibility and

cytotoxicity evaluation of halloysite nanotubes for biomedical appli-

cation. J Nanomater 2015;2015:1—9.

54. Shi Y, Tang MH, Sun CQ, Pan YD, Liu L, Long YJ, et al. ATP mimics

pH-dependent dual peroxidase-catalase activities driving H2O2

decomposition. CCS Chem 2019;1:373—83.

55. Qiao Q, Liu X, Cui KX, Li XN, Tian TY, Yu YL, et al. Hybrid bio-

mimetic nanovesicles to drive high lung biodistribution and prevent

cytokine storm for ARDS treatment. ACS Nano 2022;16:15124—40.

56. Arber Raviv S, Alyan M, Egorov E, Zano A, Harush MY, Pieters C,

et al. Lung targeted liposomes for treating ARDS. J Control Release

2022;346:421—33.

57. Igarashi K, Cabral H, Hong T, Anraku Y, Mpekris F, Stylianopoulos T,

et al. Vascular bursts act as a versatile tumor vessel permeation route

for blood-borne particles and cells. Small 2021;17:e2103751.

58. Ibaraki H, Takeda A, Arima N, Hatakeyama N, Takashima Y, Seta Y,

et al. In vivo fluorescence imaging of passive inflammation site

accumulation of liposomes via intravenous administration focused on

their surface charge and PEG modification. Pharmaceutics 2021;13:

104.

5964 Wei Chen et al.



59. Aggarwal NR, King LS, D’Alessio FR. Diverse macrophage pop-

ulations mediate acute lung inflammation and resolution. Am J Physiol

Lung Cell Mol Physiol 2014;306:L709—25.

60. Hu Q, Lyon CJ, Fletcher JK, Tang W, Wan M, Hu TY. Extracellular

vesicle activities regulating macrophage- and tissue-mediated injury

and repair responses. Acta Pharm Sin B 2021;11:1493—512.

61. Liu X, Qiao Q, Li XN, Ou XJ, Cui KX, Niu BN, et al. Apoptotic

neutrophil-mediated inflammatory microenvironment regulation for

the treatment of ARDS. Nano Today 2023;52:101946.

62. Pottel H, Delanaye P, Cavalier E. Exploring renal function assessment:

creatinine, cystatin C, and estimated glomerular filtration rate focused on

the european kidney function consortium equation. Ann Lab Med 2024;

44:135—43.

63. Li M, Lu LS, Xiao QG, Maalim AA, Nie B, Liu YC, et al. Bioengineer

mesenchymal stem cell for treatment of glioma by IL-12 mediated

microenvironment reprogramming and nCD47-SLAMF7 mediated

phagocytosis regulation of macrophages. Explorations 2024;4:

20240027.

Coacervates for acute respiratory distress syndrome therapy 5965




