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Abstract Acute respiratory distress syndrome (ARDS) is characterized by the severe inflammation and

destruction of the lung aireblood barrier, leading to irreversible and substantial respiratory function dam-

age. Patients with coronavirus disease 2019 (COVID-19) have been encountered with a high risk of

ARDS, underscoring the urgency for exploiting effective therapy. However, proper medications for
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Pathophysiologic feature
ARDS are still lacking due to poor pharmacokinetics, non-specific side effects, inability to surmount pul-

monary barrier, and inadequate management of heterogeneity. The increased lung permeability in the

pathological environment of ARDS may contribute to nanoparticle-mediated passive targeting delivery.

Nanomedicine has demonstrated unique advantages in solving the dilemma of ARDS drug therapy, which

can address the shortcomings and limitations of traditional anti-inflammatory or antioxidant drug treat-

ment. Through passive, active, or physicochemical targeting, nanocarriers can interact with lung epithe-

lium/endothelium and inflammatory cells to reverse abnormal changes and restore homeostasis of the

pulmonary environment, thereby showing good therapeutic activity and reduced toxicity. This article re-

views the latest applications of nanomedicine in pre-clinical ARDS therapy, highlights the strategies for

targeted treatment of lung inflammation, presents the innovative drug delivery systems, and provides

inspiration for strengthening the therapeutic effect of nanomedicine-based treatment.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acute respiratory distress syndrome (ARDS) is a common critical
illness that seriously threatens the respiratory system and places a
tremendous burden on the healthcare system worldwide1,2. The
most common inducers for ARDS are pneumonia and sepsis3.
Many respiratory viruses, such as severe acute respiratory syn-
drome (SARS), Middle East respiratory syndrome (MERS), and
global pandemic coronavirus disease 2019 (COVID-19), can also
result in ARDS4e6. Cumulatively, w122 million people have been
infected by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), and as many as 2.69 million people have died since
the outbreak7. Patients with COVID-19 and ARDS share similar
clinical manifestations and face a high incidence of deadly com-
plications4,5. About 20% of patients developed ARDS, and around
90% of non-survivors suffered from ARDS6,8e11. The COVID-19
pandemic has sparked new interest in understanding the intricate
pathologies of ARDS12. The overwhelming inflammation and
destruction of lung barrier are the fundamental pathophysiology
involved in the development of ARDS3. According to the Berlin
Definition, ARDS is classified as mild, moderate, or severe type
according to the degree of hypoxemia13. ARDS has long been
recognized as a heterogeneous disease3. It not only varies among
patients due to distinct pathogenic factor, but also displays
spatialetemporal differences in lung injury characterized as
regional heterogeneous damage and time-dependent rapid pro-
gression. The complicated heterogeneity makes ARDS challenging
to be cured, with a high mortality rate of 30%e40%14.

Current treatments for ARDS include respiratory support and
medication1. However, improper use of ventilators may cause a
second hit that aggravates lung injury3,15, and ventilator equipment
often faces severe shortage when lethal epidemic rages out. Before
the emergence of specific antiviral drugs or effective vaccines,
inchoate management for ARDS is a priority. Early intervention
may help alleviate inflammation and respiratory symptom, prevent
irreversible damage to lung, decrease the possibility of requiring
mechanical ventilation, and reduce severe ARDS incidence16,17.
The main drugs used to treat ARDS emphasize on the patho-
physiological process, including suppressing inflammation (corti-
costeroids, statin, IFN-b, and sivelestat), reducing pulmonary
edema (lung surfactant, b2-agonist), promoting selective vasodila-
tion (nitric oxide), and facilitating the repair of alveolar epithelial
and vascular endothelial cells (keratinocyte growth factor)18. Drug
candidates for ARDS are emerging continuously, however, none
has been proved beneficial in terms of reducing mortality in clinical
trials14. On account of the unique pulmonary physiological barrier,
drug delivery efficiency to the lungs is relatively low, resulting in a
considerable reduction in drug efficacy and many undesired side
effects19. Moreover, the heterogeneity of ARDS may primarily
impede the therapeutic effectiveness.

Nanomedicine-based delivery systems have emerged to improve
biopharmacokinetic property and therapeutic outcome of drugs20.
With adjustable size distribution, tunable surface properties, and
unique modifiability for targeting, nanocarriers have shown great
potential in drug delivery for various disease treatment21e24. Spe-
cifically, nanocarriers can accumulate in inflammatory lung sites
through passive, active, or physicochemical targeting strategies,
thereby boosting drug potency and significantly reducing side
effects25e28. Besides, nanocarriers are capable of loading multiple
drugs29e31. Thus, the synergy can be achieved through pleiotropic
pharmacological mechanisms30e32. Based on the pathophysiology
of ARDS and delivery strategies, this review introduces the features
and advantages of nanocarriers, then discusses the factors that
affecting delivery and therapeutic efficiency, underlines the tar-
geting delivery strategies and novel delivery systems applied for
ARDS, and finally provides insights into the rational design of
nanocarriers and precise management of ARDS.

2. ARDS pathophysiology and model establishment

2.1. Pathophysiologic features

As illustrated in Fig. 1, the dominating pathophysiology of ARDS
can be classified into the cascade of inflammation and the destruc-
tion of the aireblood barrier3,14,33. The etiologies of ARDS,
particularly infections, such as SARS-CoV-2 invasion, can bring
about cytokine storms in the pulmonary environment and systemic
circulation, severely damaging lung tissues, and account for high
mortality34,35. Both direct and indirect injuries, such as inhalation of
harmful substances, trauma, infection, and shock, can cause pul-
monary inflammation, activate resident alveolar macrophages (AM)
and alveolar type II epithelial cells (AEC II), and trigger cytokines/
chemokines secretion, recruiting circulating immune cells to the
lungs14. Specifically speaking, stimulated AEC and monocytes/
macrophages can lead to the high infiltration of pro-inflammatory
cytokines and chemokines such as tumor necrosis factor-a (TNF-
a), interleukin (IL)-6, IL-1b, and CCL2 in ARDS patients36e38. Of
note, a large number of neutrophils are recruited and assembled in

http://creativecommons.org/licenses/by-nc-nd/4.0/
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the lungs, which are closely associated with the protein-rich edema
fluid in ARDS39. The activated neutrophils can produce noxious
reactive oxygen species (ROS), neutrophil extracellular traps
(NETs), as well as proteases such as neutrophil elastase (NE),
myeloperoxidase (MPO), and matrix metalloproteinases, compli-
cating the inflammatory microenvironment3,39.

The lung aireblood barrier, including alveolar epithelial and
vascular endothelial barrier, performs vital functions in guaran-
teeing the intact alveolar structure and maintaining the balance of
alveolar fluid clearance and substance exchange40. The alveolar
epithelial barrier is primarily composed of two alveolar epithelial
cells (types I and II) that line continuously in a monolayer and link
through tight junctions14. The pulmonary endothelial barrier
comprises endothelial cells connected by intercellular tight or ad-
hesive junctions, regulating the entry of fluid and inflammatory
entities into the interstitium41. However, the hyperinflammatory
environment during the acute stage of ARDS, including infiltrated
inflammatory cells in the alveoli, along with the simultaneously
released pro-inflammatory cytokines, chemokines, and other in-
flammatory mediators, can damage the pulmonary epithelium and
endothelium, causing apoptosis/necrosis of cells and dissolution of
the intercellular junctions3,42. It is documented that the activation,
migration, and degranulation of neutrophils are responsible for the
Figure 1 Pathophysiology of ARDS. Healthy lungs maintain a balance of

and function of the aireblood barrier (the left sections). The aireblood barrie
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increased vascular and paracellular epithelial permeability, as well
as the function loss of normal endothelial/epithelial barrier39. Be-
sides, red blood cells (RBC) and activated platelets can also infil-
trate into alveolar space, resulting in lung endothelial injury39,43.
Consequently, the increased permeability of pulmonary barrier may
lead to alveolar edema, which in return promotes the migration of
leukocytes, forms a vicious circle of tissue injury and pulmonary
inflammation, and breaks the balance of substance transport and gas
exchange. Histological and pathological injuries of lung tissues,
such as diffuse alveolar damage, alveolar hemorrhage and collapse,
pulmonary fibrosis, etc., were found in ARDS patients, which
seriously led to the dysfunction of the respiratory system4,13,37.

Moreover, ARDS patients display spatio-temporal heteroge-
neity due to the distinct etiology and severity of injury. Patho-
logical changes in lung tissues can be diverse44. As shown by X-
rays or computed tomography images, pulmonary infiltrates are
often heterogeneously and patchy distributed3. Taking virus-
induced ARDS as an example, respiratory virus primarily in-
fects lower airways through binding with specific receptors on
pneumocytes5. SARS, MERS, and COVID-19-related ARDS
demonstrate similar pathological features and hallmarks, such as
diffuse alveolar damage, pneumocyte injury, endothelium damage,
mononuclear inflammatory infiltration, and cytokine storms35.
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However, there are some differences. For instance, both SARS-
CoV and MERS-CoV can induce ARDS, while their patients
show distinct injury sites5. MERS-CoV infection often causes
lesions that are located in lower lobes instead of upper lobes, and
progresses more rapidly compared with SARS-CoV infection. For
COVID-19-related ARDS, it was found that damage of alveolar
epithelial cells was the leading cause, while endothelial cells were
less injured accompanied with less exudation4. Besides, the onset
time of ARDS can be different, and the duration of respiratory
failure may last long or brief, causing different degrees of lung
damage in various stages45.
2.2. Model establishment

Animal model is of great importance for investigating etiology
and pathological mechanisms of ARDS and exploiting available
treatments. It can be established by activating lung inflammation
directly or indirectly to mimic human lung environment. Intra-
tracheal/intranasal instillation or inhalation of lipopolysaccharide
(LPS) is regarded as the practical method to establish an ARDS
model in mice or rats46. Except for LPS or other pathogens
stimulation, clinically-related diseases such as sepsis, acute
pancreatitis and transfusion injury, as well as chemical factors like
bleomycin and hydrochloric acid (HCl) can also trigger ARDS,
and the corresponding models have been established47. Besides,
human models of ARDS including low-dose of LPS inhalation
and one-lung ventilation are also performed48. The ex vivo lung
perfusion (EVLP) model has been utilized to resemble the pul-
monary ventilation and circulation in ARDS49.

Plenty of drugs have demonstrated certain degree of thera-
peutic effects in animal models. Unfortunately, among thousands
of drugs tested in clinical trials, none has succeeded for ARDS
therapy. Therefore, effective pharmacologic treatments and proper
animal models remain challenging. It is conducive to provide
precise management on lung injury through more comprehensive
investigation into the underlying pathogenesis of ARDS, more
reliable models to mimic the complicated pathological process,
and deeper exploitation on pharmaceutic means.
3. Characteristics, advantages and disadvantages of
nanomedicine for ARDS treatment
3.1. Characteristics of nanomedicine

Nanomedicine refers to a new type of drug delivery system made
of drugs and carrier materials with particle size of 10e1000 nm.
There are many types of nanomedicine, such as liposomes,
polymer micelles, dendrimers, inorganic nanocarriers, extracel-
lular vesicles, etc.50 Nanomedicine has shown the characteristics
of improving drug stability, reducing side effects, targeting to
specific sites or even specific cells that can be hardly reached by
general drugs, achieving precise drug release, etc., and its function
can be designed according to requirements51. Owing to the unique
characters, more and more nanocarriers with excellent properties
are discovered and synthesized. Nanomedicine has been widely
used in the delivery of various agents with different structure,
physicochemical property, and pharmacological activity for
ARDS treatment. Supporting Information Table S125,27e29,52e75

summarized the basic properties of drugs in nanocarriers for
ARDS treatment.
The principal reason of employing nanomedicine for ARDS is
to improve the therapeutic index of active agent. Free drugs may
fail to reach the desired site of effect with required dose, and the
drugs in non-target organs may be associated with undesired side
reactions76. Wrapped with nanocarriers, free drugs can be pro-
tected from degradation in the blood circulation, thus improving
the pharmacokinetics and pharmacodynamics. Besides, further
modification of targeting ligands on nanocarriers can endow the
delivery systems with targeting capacity. Therefore, nanomedicine
may provide a promising paradigm by preferentially boosting drug
concentration, enhancing lung targeting, and thus limiting the
toxicity and side effects. Compared with traditional formulations,
nanomedicine can improve the bioactivity and provide versatile
means to control the release behavior of agents. Importantly,
ARDS patients are more prone to suffer from the dysfunction of
multiple organs, and nanomedicine can reduce side effects by
improving the targeting efficiency.

3.2. Advantages and disadvantages of nanomedicine in ARDS
treatment

Nanocarriers have distinctive advantages in solving the defects
of conventional drug or gene therapy for ARDS. They have
revealed great potentiality for critical illness management, with
manifold benefits such as improving the biopharmacokinetics of
drugs, achieving targeted delivery to increase efficiency while
reducing toxicity, and realizing co-delivery of agents for early
diagnosis and synergetic treatment21. Moreover, some materials
with inherent anti-inflammatory or antioxidant activity have
been proposed as favorable carriers in ARDS treatment77e79.
Additionally, several kinds of materials demonstrate potential
antiviral activity, which could help to fight against virus-
induced ARDS80,81.

3.2.1. Improve biopharmacokinetic properties of therapeutic
agents
Avariety of nanocarriers display desirable features in drug delivery,
especially for improving solubility, stability, or activity of hydro-
phobic agents, nucleic acids, enzymes, and peptides70e72,82e85.
Inhibitors or antagonists of key inflammatory pathways that act on
cells or mediators have been extensively inspected for ARDS
treatment, such as phosphodiesterase 4 (PDE4) inhibitor86,87,
neutrophil elastase inhibitor16, IKK-2 inhibitor27, and chemokines
receptor 2 antagonist88. Some of them encounter unsatisfied char-
acteristics such as inadequate solubility, instability, and short half-
life in vivo, severely impeding the therapeutic efficacy and leading
to unsatisfactory clinical outcomes83. For instance, the Src tyrosine
kinase inhibitor (PP2) can be applied to treat acute lung inflam-
mation, while its low solubility restricts its use. To minimize the
component of solvent dimethyl sulfoxide (a toxic organic solvent to
increase the solubility for injection), a nanoformulation was
developed to improve the solubility, employing self-assembled
peptides (EAK16-II) together with amino acids83. Therefore, the
biocompatibility was significantly enhanced, displaying reduced
infiltration of inflammatory cells and secretion of TNF-a in pre-
treatment for ARDS. Exogenous NE inhibitor, sivelestat, has shown
benefits in ARDS mouse model, but it is still controversial in
clinical trials89,90. It may be due to the inefficiency of drug
administration, as sivelestat is a small molecular selective inhibitor
with poor pharmacokinetics and requires multiple doses91. To
improve the efficacy, lipid-based nanocarriers were fabricated for
sivelestat delivery, which executed effective inhibition on
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neutrophils and provided better therapeutic effects over free sive-
lestat70. Endogenous NE inhibitors, such as secretory leukocyte
protease inhibitor, failed to tackle NE activity92. In another study,
recombinant secretory leukocyte protease inhibitor was encapsu-
lated in liposomes with further micronization into liposomal
dry powders92. The liposomal dry powders improved structural
integrity and the size stability during storage, maintained the
activity of anti-NE and protected it from degradation by cathepsin.
Enzymes like DNase-I and catalase are used for suppressing
inflammation, but the instability can discount their effect.
Various nanocarriers have been developed to achieve effective de-
livery by keeping the enzyme activity and extending action
time71,72,84.

Importantly, nanocarriers can greatly alter the drug bio-
distribution in pre-clinical studies. Accumulated evidences
indicated that nanoparticles may undergo distinct bio-
distribution behavior between healthy and ARDS animals,
regardless of targeting modification56,64,78,93,94. It was found
that cationic liposomes demonstrated up to 1.54-fold accumu-
lation in inflamed lungs compared to healthy ones93. Similarly,
b-cyclodextrin nanoparticles reached 1.3-fold accumulation in
inflamed lungs78. Besides, it is documented that cationic lipo-
somes consisting of 50% (mol/mol) 1-diolefin-3-
trimethylaminopropane (DOTAP) generated up to double
accumulation in the inflamed lung tissues compared with
healthy lungs in rats after intravenous (i.v.) injection93. The
apparent difference in biodistribution of nanocarriers between
normal and ARDS animals reflects the leakage of vascular
system during the pathophysiological process, which
may promote the passive targeting of nanocarriers, thus
improving therapeutic efficiency. Furthermore, active targeting
modification on nanocarriers can be realized by taking advan-
tage of specific and highly expressed molecules in the inflam-
matory microenvironment, to accomplish more precise
distribution57.

3.2.2. Enhance therapeutic efficiency and reduce toxicity
For the fact that ARDS patients are often vulnerable to multiple
organ dysfunction, non-target side effects of drugs may aggravate
the progress of the disease95. Therefore, there is tremendous
clinical significance to realize targeted delivery for increasing
efficiency while reducing toxicity.

Both passive and active targeting strategies can motivate lung
distribution and cellular uptake, ultimately promoting the thera-
peutic effects while avoiding adverse reactions. For instance,
glucocorticoids are regarded as potent anti-inflammatory drugs,
while clinicians have to weigh the benefits and detriments. In this
regard, multiple nanocarriers have been utilized to improve the
therapeutic efficiency and decline side effects, including poly-
meric nanoparticles96, liposomes28,58,61, nanostructured lipid car-
riers56, polymer micelles55, nanogels59, bovine serum albumin
(BSA) nanoparticles62, and monocyte membrane-derived vesi-
cles60. For another example, PDE4 inhibitors can be detrimental
due to unintended brain distribution. Encapsulation into lipid-
based nanocarriers such as nanovesicles and nanoemulsions can
reduce their biodistribution in the brain considerably86,87. Statins
possess anti-inflammation and antioxidant properties, while the
potential hepatotoxicity discourages their clinical application97.
Thereby, nanostructured lipid carriers with intercellular adhesion
molecule-1 (ICAM-1) antibody modification were adapted for the
targeting delivery to provide effective therapy with negligible side
effects65,66.
3.2.3. Realize co-delivery of agents for diagnosis and treatment
Combination therapy has been proposed for effective ARDS
treatment30,52,66,96,98,99. Currently, combination strategies have
mainly focused on gene therapy with anti-inflammatory or anti-
oxidant agents, such as dexamethasone96, resveratrol99, curcu-
min29, and LPS binding peptide30. Polymer or lipid-based
nanocarriers and peptides can be used to deliver various nucleic
acids, including cDNA, plasmid DNA, siRNA, and miRNA29,30,66.
Multiple drugs can be incorporated into nanocarriers to accom-
plish the co-delivery for improving delivery efficiency, diminish-
ing off-target side effects, and exerting coordinated therapeutic
functions29,30,96,99. Polymers can serve as an ideal gene carrier for
ARDS therapy73,100. For example, dexamethasone-conjugated
polyamidoamine achieved higher efficiency in delivering the
adiponectin gene with reduced pro-inflammatory cytokines96.
Cholesterol conjugated polyamidoamine was utilized for heme
oxygenase-1 (HO-1) gene delivery99. Meanwhile, the hydrophobic
drug resveratrol was loaded into the hydrophobic core of polymer
micelles for pulmonary inhalation. Consequently, the polymer
micelles exerted more effective transfection capacity and signifi-
cant inhibition on transcription factor nuclear factor-kB (NF-kB)
through the combined delivery. Besides, polyetherimide (PEI)
with deoxycholic acid conjugated was employed as a carrier for
the co-delivery of HO-1 plasmid and LPS binding peptide30. This
ternary complex exerted higher transfection efficiency, thus
effectively reducing the expression of HO-1 as well as the level of
pro-inflammatory cytokines in the lungs. Peptides could also be
consumed as versatile gene carriers for co-delivery. For instance,
R7L10 peptide was employed for the co-delivery of curcumin and
plasmid DNA to the lungs29. Despite the lower transfection effi-
ciency in vitro, R7L10-curcumin demonstrated lower cytotoxicity
than PEI (25 kDa) and indicated an opposite trend of transfection
efficiencies in vivo. With the help of R7L10 peptide, the curcumin
delivery efficiency was also improved by increasing solubility and
enhancing uptake. Besides, complex formation with plasmid DNA
can also function as a structural element to enhance the delivery of
hydrophobic agents. R3V6 peptide, with the composing of both
positively charged and hydrophobic regions, can form micelles
and complexes with siRNA through charge interaction31. Thus, it
was utilized to form nanoparticles with sphingosine-1-phosphate
lyase (S1PLyase) siRNA and recombinant high mobility box-1
box A peptide to realize the co-delivery for treating ARDS. The
complex demonstrated a higher uptake and delivery efficiency of
siRNA than lipofectamine and PEI and exerted a synergistic effect
in reducing the inflammatory response, which may be attributed to
the combinational therapy.

Additionally, nanocarriers have been applied for other collab-
orative strategies. Cationic liposomes encapsulated with various
antioxidants [N-acetylcysteine (NAC), vitamins C and E] man-
ifested a remarkable decrease in oxidative damage, which
contributed to the restoration of redox balance in cecal ligation
and perforation (CLP)-induced lung injury52. Moreover, nano-
particles can provide a platform for ARDS diagnosis and treat-
ment55. For instance, a diagnosis-therapy material was constructed
by the conjugation of prednisolone with a two-photon fluo-
rophore55. This nanoplatform not only achieved the effective
control of acute inflammation but also realized the dimensional
diagnosis of injured lungs, thus holding great potential for ARDS
theranostics.

Nanomedicine has displayed many benefits and demonstrated
potential in ARDS therapy. However, there also exist some dis-
advantages which have hindered their clinical applications. For
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example, nanoformulations usually integrate multiple drugs to
exert synergistic effect, which adds the complexity with regard to
scale-up, manufacturing and quality control. Besides, some
nanomaterials possess the potential of activating inflammatory
pathways which may aggravate inflammation. Importantly,
although nanomedicine can enhance drug delivery efficiency to
some extent, it remains unsatisfied. It is reported that merely a
small portion (w1%) of nanoparticles are able to reach the lesion
sites of tumor after systemic administration, which indicates that
off-target effects are existing101. Hence, it is still of great interest
to optimize more specific targeting strategies to enhance drug
delivery.
4. Parameters that affecting delivery and therapeutic
efficiency of nanomedicine against ARDS

The factors that dominate the efficiency of drug delivery and ther-
apeutic effect for ARDS are outlined in Fig. 2. Numerous studies
have been conducted to tune the properties for optimal nanocarriers
in ARDS treatment. Nanoparticle fate may be quite different for
inflamed lungs due to permeability edema and complicated inflam-
matory environment caused by disordered inflammatory cells and
overproduction of cytokines or enzymes102,103. Except for the fact
that inflammatory conditions may alter the fate of nanoparticles,
therapeutic scheme (intervention time and administration route), and
physicochemical properties (size, shape, surface charge, hydrophi-
licity, and modification) can have a specific influence on the phar-
macokinetics and cellular uptake behavior, which ultimately
determine the therapeutic effect79,104.

4.1. Therapeutic schedule

In pre-clinical studies, therapeutic schedule can be diverse,
depending on drug property, acting site, and targeting mechanism.
Both systemic and pulmonary administration routes are adopted in
ARDS treatment. The administration time and routes may impact
the delivery and therapeutic efficiency to some extent79. As an
example, the therapeutic outcome of polydopamine (PDA) nano-
particles was evaluated among different intervention timepoint
post-LPS challenge via different administration pathway (i.v. or
intranasally administration)79. It was reported that the earlier PDA
nanoparticles were administrated, the better therapeutic outcome
could be achieved in both injection ways. Given the rapid devel-
opment of this disease, the time window for practical application
of nanomedicine may be very narrow. In clinical, it was evidenced
that the first week after ARDS onset represented a critical period
for potential therapeutics105. It was also reported that the intra-
nasal administration route achieved a better therapeutic outcome
as indicated by a w1.3-fold decrease in both total protein content
and neutrophil counts in bronchoalveolar lavage fluid (BALF)79.

The pulmonary administration route provides a non-invasive
method for drug delivery to the lungs19. Various nanocarriers have
been evaluated for pulmonary delivery, as listed in Supporting In-
formation Table S2 29e31,52e54,61,73e75,79,83,96,99,100,106e116. Impor-
tantly, gene therapies usually adopt pulmonary administration to take
immediate effect for ARDS treatment29e31,73e75,96,99,100. In addition,
some antioxidant and anti-inflammatory molecules delivered by
nanocarriers also conducted pulmonary administration52,53,61,83,112.
Nanoparticles administrated through pulmonary route need to sur-
mount multiple structured layers or biological barriers, including
mucus, epithelium, endothelium, interstitial space, pulmonary
surfactant, and innate immune system117. Physicochemical proper-
ties, including particle size, surface charge, and hydrophilicity, could
impact the clearance and translocation of nanoparticles in lung tis-
sues118. As physicochemical properties that affect the fate of nano-
particles after lung deposition have been excellently reviewed118, we
mainly focus on factors influencing non-pulmonary drug delivery for
ARDS treatment and provide general discussions in the following
parts.

4.2. Size

Particle size has a significant influence on the fate of nano-
particles, which can alter physical properties of nanoparticles,
resulting in the differences in drug release, cellular uptake, and
pharmacokinetic behavior in vivo119. For example, larger-sized
nanoemulsions showed lower lipophilicity than smaller-sized
nanoemulsions67. Thus, the drug release rate was much slower
than smaller-sized formulations.

In general, enhanced lung accumulation and uptake by phagocytic
cells is correlated to the increase of particle size67,120. Gentile et al.121

reported that larger particles weremore likely to attach firmly to blood
vessels’ walls in the case of flow than smaller ones. For instance,
microspheres of different sizes (250, 423, and 851 nm) exhibited
various biodistributions and cell uptake activities, among which the
largest one exerted the best lung targeting property and cellular
internalization64. Likewise, simvastatin-loaded nanostructured lipid
carriers of distinct sizes (from 143.7 to 337.8 nm) were also exam-
ined65. It was revealed that simvastatin-loaded nanostructured lipid
carriers with the largest size exhibited the best distribution in vivo. In
Yu et al.’s work, oleic acid-based nanoparticles of 105, 153, and
225 nm were fabricated to examine the size effect on inflammation
inhibition87. According to reports, these nanosystems displayed a
trend that the smallest size nanoparticles displayed the most ingestion
by isolated human neutrophils. Nevertheless, the larger nanoparticles
demonstrated a greater extent of pulmonary accumulation and pre-
sented a higher significant reduction in neutrophil recruitment and
inflammatory mediators, including TNF-a, IL-6, and MPO.

However, there is still controversy as to which size of nano-
particles can achieve maximum lung aggregation in inflamed
lungs. A study demonstrated that the smallest nanoemulsions
displayed the most vigorous-intensity compared to the middle and
larger sized nanoemulsions in ex vivo bioimaging of lungs67. The
leaky endothelium may account for this opposite trend67. Small
droplets can readily penetrate the endothelial wall. In contrast, the
larger droplets showed better retention but poor permeability
across the endothelium. Moreover, biodistribution detected by
drug concentration also indicated that the smallest formulation
held the highest ratios of lung/liver and lung/plasma.

4.3. Surface charge

The surface characteristic is also vital for lung accumulation and
cellular uptake119. Both negatively charged and positively charged
nanocarriers are investigated in ARDS treatment. It seems that
positively charged nanocarriers can attain better accumulation and
cellular uptake. Some cationic materials have been harnessed for
enhancing lung accumulation via passive targeting66,93,122,123. For
example, positively charged gene-loaded ICAM-nanostructured
lipid carriers exerted w1.26-fold of lung accumulation than that
of negatively charged ones66. Recent research reported a generally
applicable strategy, namely selective organ targeting (SORT), in
which lipid nanoparticles were designed to accurately edit



Figure 2 Parameters that affecting delivery and therapeutic efficiency of nanomedicine in ARDS. Various drugs of distinct properties are

applied for ARDS treatment. Both organic and inorganic/metallic carriers have been employed for drug delivery. Physicochemical properties can

be manipulated for optimal drug delivery, including particle size, charge, shape, and hydrophilicity. Through engineering approaches such as

modification or conjugation with specific molecules, peptides antibody, or membrane proteins on the surface, nanocarriers can accomplish

passive, active, and physicochemical targeting. The therapeutic effect of drug delivery systems was mainly conducted in animals with few studies

on human lung sections. Therapeutic regimens including administration time and route can also influence drug efficiency.
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extrahepatic tissues with the supplement of a SORT molecule122.
For lung-targeted distribution in normal mice, with the increasing
molar percentage of cationic DOTAP, luciferase expression can be
transferred from liver to lungs after i.v. injection significantly and
exerted selectively editing of lung epithelial and endothelial cells.
DOTAP demonstrated satisfactory potential in aiding lipid nano-
carriers for pulmonary targeting and the development of gene
therapeutics in ARDS. However, the underlying mechanism for
this passive targeting has not been fully understood. The possible
reason may be ascribed to that cationic lipid-based nanocarriers
could interact with angiogenic endothelial cells of negatively
charged cell surfaces93.

However, there are also pieces of evidence showing that surface
charge would not affect lung accumulation obviously or even on the
contrary with the results described previously86. Anionic and
cationic nanovesicles with a PDE4 inhibitor loaded were examined
for the comparison of anti-inflammation effects86. The study
exhibited that both cationic and anionic nanovesicles enhanced the
distribution of lungs, while no significant difference was observed
between them. However, the cationic nanovesicles showed better
inhibition on neutrophilic inflammation, thus dramatically reversing
alveolar wall damage and reducing the pro-inflammatory cytokines.
Another study showed that anionic nanostructured lipid carriers
were more likely to distribute in inflammatory site than the cationic
carriers in ARDS mice56. And it also enhanced cellular uptake of
activated endothelial cells in vitro and exhibited a more robust
distribution of 1.25-fold than cationic ones in inflamed lungs in vivo.
4.4. Shape

Although the morphology of nanoparticles has proved to be
associated with cellular internalization, shape effects have not yet
been completely elucidated in ARDS treatment124. The exten-
sively studied particles in vivo are spherical. The trend of cell
uptake may vary from cell to cell125,126. ICAM or platelet-
endothelial cell adhesion molecule (PECAM-1) antibody-coated
spheres were internalized more efficiently by endothelial cells
than polymorphous conjugates, which could further benefit the
endothelial delivery of superoxide dismutase and exert their pro-
tection against ROS125. For macrophages, particle shape is central
for the phagocytosis process, and elongated particles are known to
undergo reduced uptake126. In contrast, both in vitro and in vivo
studies have exhibited opposite trends that polymeric rod particles
were preferentially phagocytosed by neutrophils compared with
sphere-shaped particles, which could offer an opportunity for se-
lective targeting in acute inflammations featured with excessive
neutrophils126. Further understanding of how physical parameters
of particles influence their specific interaction within various im-
mune cells will inspire us with more specific and feasible designs
for drug delivery in ARDS treatment.

4.5. Hydrophilicity

Hydrophobic nanoparticles have long been regarded to boost
immune activation, while hydrophilic nanoparticles can modulate
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the immune system in the opposite direction106,127. The underly-
ing mechanism may be ascribed to that hydrophobic portions are
essential parts of endogenous and exogenous immune stimulators,
which may initiate innate immune responses106. The role of hy-
drophilic polymer nanoparticles in immune regulation was studied
by exploring poly(ethylene glycol) (PEG), poly(carboxybetaine)
(PCB), and poly(sulfobetaine) hydrogels106. In vitro and in vivo
findings revealed that hydrophilic nanogels could weaken the
immune response promoted by LPS and rebuild the balance of the
immune system. Among them, PCB nanogels possessed the
highest degree of hydrophilicity and showed the most significant
relief of immune response, as indicated by a reduced number of
infiltrating cells as well as levels of TNF-a and IL-6, and further
observation of decreased phagocyte activation. Thus, the immune-
regulation ability of nanoparticles may be associated with their
hydrophilicity, which helps to resist non-specific binding. Since
surface hydrophilicity is closely related to the immunomodulatory
properties, modifying these factors can reduce possible pro-
inflammatory properties of delivery systems and make them
suitable drug carriers128.

4.6. Surface modification

To achieve better accumulation and retention in the lungs, surface
modification on nanoparticles has been widespread74,129e132. For
pulmonary delivery, surface modification can help to penetrate
mucus barrier. Mucus is responsible for nanoparticle clearance as
it exerts functions to trap and remove pollutants and pathogens
intrinsically117. Hence, the rational design of nanoparticles that
could penetrate mucus barriers while keeping their therapeutic
properties is of great significance for powerful pulmonary de-
livery. PEGylation and fluorinated functional decoration have
been reported to facilitate the transport of nanoparticles across
mucosal barrier74,130. For non-pulmonary delivery, PEGylation
has also be hired for extending the blood circulation71,72. Impor-
tantly, small molecules, antibodies, peptides, and membrane pro-
teins can be harnessed as targeting ligands to facilitate the delivery
to desired areas, thus improving the therapeutic index. Surface
modification can achieve the targeting for specific cells, including
vascular endothelium cells and immune cells, which will be
introduced in detail in the following parts.

The fate and impact of nanoparticle delivery in ARDS situa-
tions have not been investigated or recorded in detail. Deeper
understanding of the influencing factors in the nanocarriers-based
delivery system is of great importance to improve lung bio-
distribution and evade the possible but unwanted clearance or side
effects in vivo, ensuring subsequent good therapeutic effect. More
detailed surveys on the progression of barrier disruptions, corre-
sponding vascular permeability, and other characteristics of in-
flammatory environment may provide directions on the property
optimization of nanocarriers and delivery strategies for ARDS
therapies14.
5. Strategies for targeting delivery in ARDS treatment

Targeted delivery strategies have been generally applied in ARDS
treatment, especially for systemic drug delivery, which remains a
common choice for nanodrug therapy. It was observed that leaky
vasculature could form due to the destruction of pulmonary
interstitial and alveolar structure39,133. Taking advantage of path-
ological features, nanocarriers can exert their specific strengths
through passive targeting in circulation25. Active targeting drug
delivery systems via specific modification of ligands can be
designed to boost the therapeutic efficacy. Stimulus responsive
materials based on ROS, MPO, NE, or other excessive pro-
inflammatory mediators, can be devised for inflammatory micro-
environment targeting. Besides, pulmonary delivery of nano-
carriers have also been exploited in ARDS treatment by
leveraging the direct interaction with lung environment and
abnormal pathologic conditions. Taken together, nanocarrier-
mediated drug delivery built on various targeting strategies have
been investigated, as highlighted in Fig. 3.

5.1. Passive targeting delivery

The lung is regarded as the most important organ for gas change,
where the pulmonary vasculature occupies 25%e30% of whole
endothelial surface in vascular networks134. Nanocarriers can
passively accumulate in lung injury sites after systemic adminis-
tration, which may be attributed to the increased permeability of
pathological vasculature in inflammatory areas. The applications
of nanomedicine for passive targeting delivery are summarized in
Table 125,55,67,70,77,78,86,87,93,135e137.

Under pathophysiological conditions of ARDS, the compli-
cated inflammatory microenvironment and impaired lung air-
blood barrier may hinder drug entry and penetration into disease
lesions, affecting therapeutic efficacy138. On the other hand,
nanocarriers can be designed, making use of those aberrant
changes. EPR (enhanced permeability and retention) effect is
accredited in tumor microenvironment, and on this basis,
numerous nanoparticles have been devised to improve anti-tumor
outcome139. Specially, a similar effect described as ELVIS
(extravasation through leaky vasculature and subsequent inflam-
matory cell-mediated sequestration) was proposed, which repre-
sents the abnormal neoangiogenesis and enhanced vascular
permeability that occurs in inflammatory diseases140,141. The loss
of endothelium/epithelium integrity and overproduced inflamma-
tory mediators promoting vascular/epithelium permeability may
contribute to ELVIS in ARDS. The alveolar injury of ARDS can
be divided into three stages: exudation, proliferative, and fibrotic
phase, indicating that vascular permeability changes dynamically
with the disease progression93. In this regard, the leakage condi-
tion (leaky area and degree) may transform over time. In ARDS
animal models, it was displayed that the increased lung endothe-
lial permeability could last quite long duration, up to several
weeks142. Due to nanoscale dimensions, nanocarriers can achieve
passive targeting exploiting the leaky vascular system at injured
tissues25,143. It was observed that with the extension of time,
nanoparticles accumulated rapidly within 12 h, which may be
attributed to the raised permeability caused by the injury of pul-
monary endothelial and epithelial barrier55.

The biodistribution investigation revealed that most nanocarriers
relying on passive targeting only increased lung accumulation to a
limited extent and displayed a massive distribution in liver with a
low lung-to-liver ratio25,67,70,144. For example, it was reported that
sivelestat-loaded interbilayer-crosslinked multilamellar vesicles
demonstrated a relatively low lung-to-liver ratio of w0.170. It
suggests that although these nanocarriers have improved the effi-
cacy over free sivelestat, the drug accumulation in lungs is still
lacking. Cilomilast encapsulated nanovesicles and rolipram loaded
phosphatiosomes amplified delivery to the lung via passive tar-
geting, but neither of them showed superior accumulation in lung
over liver, with a lung-to-liver ratio of w0.7 and 0.9,



Figure 3 Nanocarriers-mediated drug delivery for ARDS therapy. Current targeting strategies have been focused on handling overwhelming

inflammations and restoring pulmonary functions by inhibiting inflammatory cells, capturing toxins and cytokines, decreasing inflammatory

mediators, and recovering the aireblood barrier. Passive, active, and physicochemical targeting tactics were applied. (A) The passive targeting

delivery has primarily relied on ELVIS (extravasation through leaky vasculature and subsequent inflammatory cell-mediated sequestration) effect.

(B) Active targeting has been concentrated on inflamed endothelium, inflammatory neutrophils and macrophages, and impaired mitochondria. (i)

targeting endothelium: nanocarriers with modification of particular molecules, antibodies, and peptides can be applied for targeting inflamed

endothelium, where specific markers are highly expressed; biomimetic carriers derived from various functional cells (neutrophils, macrophages/

monocytes, endothelial cells) can inherit good tropism to inflammatory endothelium; (ii) targeting neutrophils: particular nanocarriers can

interfere with neutrophils to disturb their migrations to the lungs; some nanocarriers can be specifically internalized by activated neutrophils and

hitchhiked to inflammatory site subsequently; nanocarriers can be employed for decreasing inflammatory mediators released by neutrophils; (iii)

targeting macrophages: inhibiting pro-inflammatory M1 and promoting polarization to M2 phenotype; (iv) targeting mitochondria: scavenge ROS

to protect mitochondria from damage; employing mitochondria-targeted materials for enhancing intracellular drug accumulation. (C) Physico-

chemical targeting: utilizing the aberrant inflammatory state such as excessive ROS, overproduced enzyme, and low pH to achieve site-specific

drug delivery and stimuli-responsive release.
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respectively25,67,86. Besides, a study using cyclodextrin-derived
nanoparticles for passive targeting demonstrated that the fluores-
cence signal observed in the lungs was less than half of that in the
liver78.

As concluded from these studies, most nanocarriers adopted for
passive targeting have not performed outstanding targeting effi-
ciency25,67,70,144. Overall, though passive targeting strategies have
been commonly employed, their facility to enhance lung accumu-
lation is insufficient, thereby more precise targeting is on demand
for ARDS treatment. Based on ELVIS and other inflammatory
features in ARDS situation, nanomedicine can be further exploited
to achieve active, physicochemical, or combined targeting.

5.2. Active targeting delivery

Compared with passive targeting, active targeting strategy may
provide more feasibility on engineering nanoparticles to target
interesting cells using specific ligands, aiming for the optimal and
accurate drug delivery138. In some cases, the decoration of func-
tional molecules can not only endow the nanocarriers with tar-
geting properties, but also participate in the regulation of
inflammatory145. A variety of cells including immune cells,
vascular cells, and alveolar cells, are intimately involved in ARDS
development, thus targeting these cells may represent efficient
ways. As listed in Table 226e28,56e60,62e66,68,69,71,72,94,145e153,
active targeting therapies have mainly aimed at vascular endo-
thelial cells, alveolar epithelial cells, neutrophils, macrophages,
and organelle mitochondria in pre-clinical studies. Endothelial and
epithelial cells are principal cells that are often injured in ARDS
conditions. Neutrophils and macrophages are the two foremost
immune cells that participate in lung inflammation42,154,155. With
the understanding of pathophysiological mechanism, more and
more functional components have been sought and exploited for
targeted delivery and therapy28,145,156. Regarding the organelle



Table 1 Passive targeted delivery of nanomedicine in ARDS.

Platform Drug Size (nm) Charge (mV) Animal model Therapeutic schedule Note Ref.

PEI NPs b2-Adrenergic

receptor DNA

w60 þ30 i.t., LPS, mice i.v., 1 or 24 h after injury Increased alveolar fluid clearance

to reduce lung edema

135

Cyclodextrin NPs e 238 �31 i.t., LPS, mice i.v., 1 h after injury Internalized by inflammatory

cells and inhibited their

migration

77

e 109 �16 i.t., LPS, mice i.v., 1 h after injury ROS-scavenging and anti-

inflammatory properties; lung/

liver: w0.4

78

Luminol 228 e i.t., LPS, mice i.v., not mentioned MPO-responsive nanoplatform 136

PMPC-PMEMA

polymer micelles

Prednisolone 57.5 e i.t., LPS, mice i.v., 8 h after injury High-resolution for pulmonary

inflammation diagnosis

55

Liposomes e 100e200 e i.t., LPS, rat i.v., 4 h after injury Accumulated in the acutely

inflamed sites selectively

93

Clodronate e e i.t., LPS, mice i.v., 2 d before injury Depleted circulating monocytes

and reduced neutrophil

infiltration

137

Nanovesicles Rolipram 154 �34 i.t., LPS, mice i.v., 1 h before injury Increased lung uptake,

accumulation and drug

biocompatibility; lung/liver:

w0.9

25

Cilomilast 100.29 þ32.43 i.t., LPS, mice i.v., 30 min before injury Inhibition on neutrophilic

inflammation; lung/liver:w0.7

86

Oleic acid-based NPs e 105e225 w�46 i.t., LPS, mice i.v., 30 min before injury Reduced pulmonary neutrophil

recruitment and inflammatory

mediator

87

Interbilayer-crosslinked

multilamellar vesicles

Sivelestat 266 �41.8 i.p., LPS, mice i.v., 1 h after injury Inhibited the formation of NETs

and decreased neutrophil

elastase; lung/liver: w0.1

70

Nanoemulsions Rolipram 68e188 w�47.7 i.t., LPS, mice i.v., 30 min before injury Internalized by neutrophils and

reduced the distribution in the

brain

67

‒, not applicable; i.p., intraperitoneal; i.t., intratracheal; i.v., intravenous; LPS, lipopolysaccharide; MPO, myeloperoxidase; NETs, neutrophil extracellular traps; NPs, nanoparticles; PEI, polyetherimide;

ROS, reactive oxygen species.
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level, mitochondrial targeting has also been developed to realize
better antioxidant and anti-inflammatory effects64,157. With active
targeting modification, the lung-to-liver ratio of particular
nanocarriers could reach 3e7, which was much higher than that
of conventional passive targeting, displaying superior lung
accumulation28,65,146.

5.2.1. Endothelium-targeting therapies
The pulmonary endothelium performs as a critical regulatory
interface between blood and alveoli, playing a pivotal role in the
occurrence and further expansion of ARDS inflammation33.
Endothelium damage has been confirmed in COVID-19 hospi-
talized patients as one of the essential features related to severe
illness and death158,159. It is proposed that strategies to
reduce endothelium damage may improve the prognosis of
COVID-19. Endothelium-targeted drug therapies have been
extensively employed in treating common acute pathological
conditions138,160. Activated endothelium has offered targeting
sites in the inflamed tissue for therapeutic nanoparticles138.
The highly expressed surface markers on inflammatory endo-
thelial cells prompt researchers to explore targeting
modification160.

Multiple tactics have been engaged in endothelial targeting
through ligand conjugation on the surface of nanocarriers160,161.
Antibody and their derivatives, such as single chain variable
fragments (scFv), peptides, and receptor ligands, are commonly
used targeting ligands160,161. The targeting efficiency differs
according to the type and affinity of ligands, as well as the size,
shape, and surface charge of the whole system125,162. More
advanced means inspiring by nature have been investigated
using cell-derived biomimetic materials. Overall, the
endothelium-targeted therapies can be recapitulated as follows,
from the straightforward modification of antibody and scFv of
adhesion molecules, to the conjugation of functional peptide/
molecule, and eventually decoration of membrane protein on
nanoparticles.
5.2.1.1. Modification of monoclonal antibody and scFv. Pul-
monary endothelial cells can be activated with upregulated
expression of cell adhesion molecules to platelets and leukocytes,
such as PECAM-1 and ICAM, in response to ARDS163,164. Thus,
antibodies, such as anti-PECAM-1 and anti-ICAM-1, could be
modified on liposomes, nanostructured lipid carriers, polymer
micelles, or nanogels to achieve the endothelial targeted
delivery27,56,59,65,146. It is worth noting that the delivery of anti-
oxidants usually accompanies endothelial targeted strategies, as
antioxidants need to be delivered to lung inflammation areas for
decreasing oxidative stress, and it is hard to reach effective con-
centrations when administrated as free forms138. Besides, the
encapsulated antioxidants or anti-inflammatory agents can also
exert their functions to decrease adhesion molecule expression,
such as ICAM, which can serve as a pro-inflammatory factor and
thus enhance therapeutic outcomes59,146.

Lipid-based nanocarriers such as liposomes and nano-
structured lipid carriers have been extensively utilized for their
capacity of encapsulating antioxidants or anti-inflammatory
agents while providing extra targeting ability by anchoring an-
tibodies146. Loaded with a potent antioxidant EUK-134 (EUK),
the PECAM-1 antibody-coated liposomes (Ab/EUK/liposomes)
were developed to target the vascular endothelium146. The Ab/
EUK/liposomes obtained w15-fold of pulmonary uptake
compared with IgG/liposomes (the negative control), thus
remarkably reducing their non-specific uptake by liver and
spleen. The formulation of Ab/EUK/liposomes exerted conduc-
tive protection against pulmonary inflammation and edema,
attributed to the effective delivery and preferable accumulation
in the lungs. Nanostructured lipid carriers have been popular in
drug delivery for treating various lung diseases, attributing to its
excellent biocompatibility and encapsulation properties165.
Another anti-ICAM-1 antibody modified nanostructured lipid
carriers were suggested for dexamethasone delivery56. Owing to
the satisfactory targeting ability and enhanced internalization,
this system significantly reduced the infiltration of pulmonary
inflammatory cells and the production of pro-inflammatory cy-
tokines in ARDS mice. Analogously, with the conjugation of
ICAM-1 antibody, the formulated simvastatin-loaded nano-
structured lipid carriers showed ideal lung targeting character-
istics and reduced the infiltration of inflammatory cells as well
as cytokines (TNF-a, IL-6) effectively, compared with free
drugs or non-targeted carriers65.

In addition, polymeric micelles and nanogels can also be
utilized for endothelial targeting delivery in ARDS treat-
ment27,59. Polymeric micelles modified with anti-ICAM-1 an-
tibodies were constructed27. The decoration of anti-ICAM
antibody enhanced the lung deposition remarkably, thus
achieving the goal of improving drug delivery and reducing
inflammation and injury effectively. For another example,
ICAM-1 targeted lysozyme dextran nanogels accomplished
targeting delivery of dexamethasone to the lungs, as in vivo
biodistribution showed of w12 times increase in pulmonary
vasculature than that of non-specific nanogel59. As a conse-
quence, the off-target side effects were reduced, and the
expression of ICAM was blocked.

Moreover, endothelial targeting can also be applied in the
diagnosis and imaging of ARDS166. Radiolabeled liposomes with
PECAM-1 or ICAM-1 targeting were devised through copper-
free click chemistry functionalization to obtain effective conju-
gation with antibodies or scFv166. With surface chelation with
111Indium, the radiolabeled liposomes acted as a direct and
quantitative tracing tool for molecular imaging and visualized
analysis. According to microSPECT/CT imaging, scFv decorated
liposomes exhibited higher immune specificity than antibody-
modified liposomes, especially for PECAM-1 targeting scFv-
liposomes where 10-fold of accumulation was observed in the
pulmonary vasculature. Thereby, this platform showed excellent
potential in screening and evaluating active drugs for acute injury
treatment.

5.2.1.2. Conjugation of functional peptide/molecule. Apart
from cell adhesion molecules that can be changed in ARDS situa-
tions, other inflammatory markers, such as E-selectin, avb5 integrin,
and ephrin type-A receptor 2 (EphA2), are also elevated26,64,94,167.
Functional peptides and molecules that are able to bind with these
highly expressed markers can also be anchored on the surface of
nanocarriers to achieve targeted delivery. The roster of current
functional peptides and molecules that are applied in ARDS treat-
ment includes g3 peptide26, YSA (YSAYPDSVPMMS) peptide94,
E-selectin-binding peptide (Esbp)57, cyclic arginine glycine-D-
aspartic acid (cRGD) peptide167, and sialic acid64.

Based on the characteristic that g3 peptide can specifically
bind to ICAM-1, g3 peptide modified PLGA nanoparticles were
constructed to obtain targeting delivery toward inflammation le-
sions26. Compared to blank PLGA nanoparticles, about 5-fold



Table 2 Active targeted delivery systems in ARDS.

Targeting Platform Modification Drug Size (nm) Charge

(mV)

Animal model Therapeutic

schedule

Notes Ref.

Endothelial Liposomes PECAM antibody EUK-134 197.8 �4.78 i.t., LPS, mice i.v., 15 min before

injury

Decreased lung edema and

inflammation; lung/liver: w4 or

w7 (with two different antibody

conjugation)

146

NLC ICAM-1 antibody Simvastatin 354.7 �32.1 i.t., LPS, mice i.v., 6 h after

injury

Reduced side effects, decreased the

infiltration of inflammatory cells

and cytokines

65

NLC ICAM-1 antibody Dexamethasone 249.9 �30.3 i.t., LPS, mice i.v., 6 h after

injury

Targeting ability and enhanced

internalization in activated

endothelial cells

56

NLC ICAM-1 antibody Simvastatin,

protamine and

angiopoietin 1 gene

258e352 12.5e20.4 LPS, mice i.v., not mentioned Up-regulated the expression of

angiopoietin 1 protein, improved

vascular permeability and

reduced endothelial

inflammation; lung/liver: w1.2

66

Polymer micelles ICAM-1 antibody TPCA-1 100 e Nebulization,

LPS, mice

i.v., 4 h after

injury

pH-Responsive, enhanced

pulmonary deposition

27

Lysozyme dextran

nanogel

ICAM-1 antibody Dexamethasone 160 e i.v., LPS, mice i.v., 15 min before

injury

Reduced the off-target effect and

blocked the expression of

ICAM; lung/liver: w3

59

PLGA NPs g3 peptide Sparfloxacin and

tacrolimus

183.7 �40 i.t., P. aeruginosa,

mice

i.v., 4 h after

injury

Targeted delivery to inflammation

sites; lung/liver: w5

26

PLGA NPs YSA peptide Lipophilic fluorescent

dye

219.4 �32.76 i.t., bleomycin,

mice

i.v., 4 d after

injury

Improved lung accumulation; lung/

liver: w0.2

94

Liposome-like

nanovesicles

Macrophage

membrane protein

e 94 �27 i.p., LPS, mice i.v., 30 min after

injury

Interacted with macrophages as

decoy and escaped from

mononuclear phagocytic system

147

Monocyte membrane

derived vesicles

e Dexamethasone w130 w�40 i.p., E. coli

OMVs, mice

i.v., 1 h before, 1,

3, and 6 h after

injury

Inhibited the pro-inflammatory

responses and reduced the

adverse reactions

60

Macrophage

membrane

camouflaged nano-

iron oxide clusters

e e e �19.5 i.v., LPS, mice i.v., immediately

after injury

Adsorbed and separated LPS,

neutralized pro-inflammatory

cytokines; lung/liver: w1.2

148

Neutrophils-derived

vesicles

e Piceatannol w180 w�18 i.p., LPS, mice i.v., 2 h after

injury

Reduced neutrophil infiltration and

reversed pulmonary edema

69

Platelet-derived EVs e TPCA-1 100e150 �30 i.t., LPS, mice i.v., 4 h after

injury

Inhibition on pulmonary

inflammatory cells and blocked

cytokine storms; lung/liver:

w2.6

63

MPMVECs derived

EVs

e Syndecan-1 100 e i.t., LPS, mice i.v., 2 and 12 h

after injury

Improved the function of

pulmonary microvascular barrier

149

PEG-PLGA

microspheres

Sialic acid Curcumin 852 �24.2 i.t., LPS, mice i.v., 4 h after

injury

Dual-targeting for inflamed lungs

and mitochondria

64

(continued on next page)
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Table 2 (continued )

Targeting Platform Modification Drug Size (nm) Charge

(mV)

Animal model Therapeutic

schedule

Notes Ref.

Neutrophils BSA NPs e Piceatannol 100 e i.p., LPS, mice i.v., 2 h after

injury

Denatured albumin nanoparticles

for targeting activated

neutrophils

68

BSA NPs e TPCA-1 w130 w�35 Nebulization,

LPS, mice

i.v., 4 or 12 h after

injury

Transported across the vascular

barrier and increased

accumulation in lung tissues

62

BSA NPs Esbp peptide Dexamethasone 251.7 �20.03 i.t., LPS, mice i.v., 24 h after

injury

Improved the biocompatibility and

avoided potential side effects;

lung/liver: w0.25

57

MNSs PDA DNase-I 170 �10.9 CLP, mice i.v., 12 or 24 h

after injury

Alleviated NETosis dysregulation

and prolonged DNase-I

circulation

72

PLGA NPs PDA DNase-I 217 � 1.63 �12.0 CLP, mice i.v., 12 or 24 h

after injury

Decreased NETosis 71

Macrophages PLGA NPs Siglec-E e e þ0.3 i.t., LPS, mice i.p., 2 h after

injury

Regulated neutrophil infiltration

and inhibited TLR-mediated

inflammation

145

Au NPs e e 24 �32 i.p., LPS, mice i.p., 12 h after

injury daily up

to the seventh

day

Reduced peritoneal leukocyte and

regulated activity of oxidants

150

Alveolar epithelial Liposomes SP-A antibody Dexamethasone 136 e i.t., bleomycin, rat i.v., once daily for

1e2 weeks

Increased the concentration of

dexamethasone and reduced

adverse effects; lung/liver: w2.5

58

Liposomes SP-A nanobody Methylprednisolone 106 e i.t., bleomycin, rat i.v., once daily for

2 weeks

Reduced the adverse effect and

decreased the inflammatory

cytokines; lung/liver: w3.9

28

Mitochondria Porous Se@SiO2

nanospheres

e e w55 e Intragastric

administration,

paraquat, rat

i.p., every 24 h,

for 3 days

Inhibition of ROS and reduction of

NF-kB pathways

151

Cerium oxide NPs e e 10e30 e Irradiation, rat i.p., twice a week

for 2 weeks

Served as radioprotector 152

Cerium oxide NPs e e 38.11 þ19.1 Irradiation, mice i.p., twice weekly

for 4 weeks

Improved pulmonary

function

153

‒, not applicable; BSA, bovine serum albumin; CLP, cecal ligation and perforation; Esbp, E-selectin-binding peptide; EVs, extracellular vesicles; i.p., intraperitoneal; i.t., intratracheal; i.v., intravenous;

ICAM-1, intercellular adhesion molecule-1; LPS, lipopolysaccharide; MNSs, melanin-like nanospheres; MPMVECs, mouse pulmonary microvascular endothelial cells; NETs, neutrophil extracellular

traps; NF-kB, transcription factor nuclear factor-kB; NLC, nanostructured lipid carriers; NPs, nanoparticles; OMVs, outer membrane vesicles; PDA, polydopamine; PECAM, platelet-endothelial cell

adhesion molecule; PECAM, platelet-endothelial cell adhesion molecule; PLGA, poly(lactic-co-glycolic acid); ROS, reactive oxygen species; Siglec-E, sialic acid-binding immunoglobulin-like lectin-E;

SP, surfactant protein; TLR, Toll-like receptor; YSA, YSAYPDSVPMMS.
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higher fluorescent intensity in the lung was observed with
g3-PLGA nanoparticles after i.v. injection. Besides, the lung/liver
ratio can reachw5 according to ex vivo organ fluorescence signals
at 16 h. Another peptide, YSA, can also serve as a targeting
ligand94. It can mimic EphA2, a transmembrane receptor that is
overexpressed in injured lungs. With high affinity to EphA2 re-
ceptors on cell surface, the YSA-functionalized PLGA nano-
particles enhanced the delivery to vascular endothelial cells and
improved the lung distribution with a 1.3-fold increase compared
with non-functionalized nanoparticles. Besides, cRGD-peptide
could target lung avb5 integrin receptors. cRGD-peptide modi-
fied liposomes achieved the detection and visualization of lung
inflammation sites with fluorescence dye DiR18 incorporated,
providing non-invasive detection for ARDS167. For another
example, with a high-affinity for E-selectin binding, Esbp modi-
fied BSA nanoparticles can increase the uptake by activated
human umbilical vein endothelial cells in vitro57. Also, the Esbp
modified BSA nanoparticles enhanced the lung accumulation,
showing 1.5-fold higher than that of free dexamethasone, thus,
improving the biocompatibility and circumventing potential side
effects of glucocorticoid. Besides, sialic acid can also bind to E-
selectins which are expressed in inflamed sites effectively64. Thus,
sialic acid modified PEG-PLGA microspheres accomplished the
targeted delivery to inflamed lungs.

Essentially, endothelial-targeted therapies achieved by modi-
fication of specific markers’ ligand can partially mimic the in-
teractions of inflammatory cells with activated endothelial cells.
These methods cannot mediate the strongest targeting as they are
designed only based on single or several biological signals among
multiple inflammatory markers. As an emerging technology, cell-
membrane or extracellular vesicles-based nanocarriers have
exerted inherent virtue for endothelial targeting, which will be
introduced in a separate part (seen in Section 6.2).
5.2.2. Neutrophils-targeting therapies
As the most abundant and essential white blood cells in the innate
immune system, neutrophils play a vital role in manipulating acute
inflammation42. When ARDS occurs, neutrophils are firstly
recruited to the lungs to resist foreign pathogenic microorgan-
isms14,168. However, the accumulation of excessive neutrophils in
the pulmonary microcirculation, interstitium, and alveolar spaces,
can trigger uncontrolled inflammatory response, further leading to
the damage of pulmonary microvascular and endothelial, and tissue
injury154. Treatment strategy based on neutrophils has attracted
much attention. It is reported that reducing the number of neutro-
phils alone may lead to a neutropenia-related infection154,169.
Therefore, it is necessary to design more intelligent drug delivery
system to effectively reverse the overactivation of neutrophils while
keeping the normal function of neutrophils. Therapeutic strategies
for targeting neutrophils involve disturbing neutrophils recruitment
and migration, increasing internalization by activated neutrophils,
and inhibiting neutrophil-derived inflammatory mediators.

5.2.2.1. Disturb neutrophils recruitment and migration. It is
well-documented that neutrophils can leave the circulation and
migrate to inflamed sites through complicated sequence of
recruitment processes in response to environmental stimuli169. In
this regard, various intercellular adhesions and migration gradient
get involved in the interactions between neutrophils and vascular
systems, which may finally cause immoderate neutrophils
recruitment and migration170. Thus, nanoparticles that can
segregate circulating neutrophils, or interrupt the interaction with
recruitment mediators, may reduce the migration and infiltration
of neutrophils towards lung tissues.

Polystyrene carboxylate-modified particles with size of 0.5 or
2 mm could interfere with neutrophils adhesion and migration
within vasculature171. As observed in ARDS model, these particles
displayed the capability of rapidly binding and sequestering with
circulating blood neutrophils after i.v. injection, and decreased
airway neutrophil accumulation as much as w95% versus particle-
free BALB/c mice. Such findings may inspire researchers to search
for novel designs toward trapping inflammatory cells such as
neutrophils, monocytes/macrophages, and platelets, which could
induce inflammation and injury during ARDS.

Inhibiting the interactions of neutrophils with endothelium is
another approach to decrease the recruitment and migration of
neutrophils61. The RGD-domain of extracellular matrix (ECM)
ligands can interact with integrin receptors of endotheliocyte,
contributing to the infiltration of neutrophils. Thus RGD-peptide
was employed for blocking the interactions of neutrophil-ECM.
Methylprednisolone loaded cRGD-peptide grafted liposomes
(MPS-LcRGD) were manufactured for the spatialetemporal de-
livery61. The nebulized liposomes could deposit in the alveolar
region to achieve high drug concentration in the lungs, demon-
strating significant suppression of neutrophils infiltration and the
release of pro-inflammatory mediators.

5.2.2.2. Increase neutrophils internalization and inactivate
neutrophils. As critical immune cells, neutrophils can express a
variety of surface receptors to trigger signal transduction and
mediate effector functions169. Particular kinds of nanocarriers can
interfere with activating cell surface receptors on neutrophils and
be specifically hijacked by activated neutrophils in vivo68,172,173.
Thus, taking those advantages to increase internalization by neu-
trophils and further release the encapsulated agents could inacti-
vate the pro-inflammatory function of activated neutrophils.

Under inflammation circumstance, a multitude of activated
neutrophils with highly expressed Fcg receptor (FcgR) adheres to
the vascular wall174. Studies have evinced that denatured albumin
nanoparticles can target these neutrophils and be specifically
internalized, partly mediated by FcgR signaling68. Therefore, BSA
nanoparticles loaded with anti-inflammatory drugs can be hijacked
by in situ activated neutrophils, hitch a ride to the inflammatory
tissue, and then be released to block downstream inflammatory
pathways62,68,172. Given as an example, BSA nanoparticles with
piceatannol loaded could block the b2 integrin signal transduction
of neutrophils and reduce the adhesion and migration of neutro-
phils towards the endothelium significantly68. As the uptake of
those nanoparticles depends on the vascular endothelial adhesion
of activated neutrophils, they could target inflammatory neutro-
phils and avoid affecting the anti-bactericidal function of normal
neutrophils in the circulatory system. Analogously, BSA nano-
particles with TPCA-1 loaded could be transported across the
vascular barrier (Fig. 4A)62, achieving intensive drug accumula-
tion in lungs (Fig. 4B), alleviating pulmonary inflammation
(Fig. 4C�E), and reducing lung permeability effectively. Besides,
antibiotic cephalosporin could also be encapsulated into albumin
nanoparticles to decrease bacterial proliferation and treat acute
pneumonia.

Recently, another research found that liposomes composed of
inverse phosphocholine lipids could rapidly enrich complement
fragment iC3b and be hijacked by activated neutrophils via the
interaction with cell-bound complement receptor CR3173. Then, the
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neutrophils containing liposomes could migrate across the alveolar-
capillary barrier, accumulate in the inflamed lungs in a few hours,
and release drugs to achieve remarkable therapeutic efficacy.

5.2.2.3. Inhibit neutrophil-derived mediators. Neutrophils can
undergo a typical process, namely NETosis, to generate and
release reticular NETs (consisting of DNA and proteins), thus
performing their anti-infective activity175. However, it was
conveyed that overproduced NETs may also cause tissue damage
and be associated with the onset and activation of ARDS176. Thus,
targeting NET-mediated pathology by blocking neutrophil-derived
mediators provides new insight for ARDS.

NE is an essential inflammatory mediator formed by neutrophils,
which can promote NETs formation. The inhibition of NE can
suppress NETs induced tissue injury70. As an exogenous NE in-
hibitor, sivelestat has displayed outstanding performance in ARDS
medication. Free sivelestat did not show efficacy in mouse suffered
endotoxic shock, while sivelestat-loaded vesicles could promote drug
uptake by neutrophils and remarkably improve the effectiveness in
disturbing NET formation and reducing lung injury70.

Besides, DNase-I, a kind of DNA degrading enzyme, is
found to combat inflammation by inhibiting NETosis in exper-
imental animals71,72. However, its short half-life has restricted
the activity. PDA nanoparticles with this enzyme immobilized
on the surface were developed to improve the stability, extend
lung accumulation, and achieve long-acting in circulation
(Fig. 5A)71. These nanoparticles maintained their activity and
resolved sepsis-associated NETosis, as evidenced by the decline
of neutrophil numbers and inflammatory markers in lung tissues
compared with free DNase-I (Fig. 5B‒D). Likewise, another
research employed PDA to settle DNase-I on the surface of
melanin-like nanospheres72. This system also reduced the in-
flammatory response and alleviated lung damage in the septic
ARDS model.
5.2.3. Macrophage-targeting therapies
During the ARDS inflammatory activation process, the polariza-
tion of AM exists a dynamic conversion between pro-
inflammatory M1 and anti-inflammatory M2 phenotype177. Once
inflammation is triggered, circulating monocytes migrate to the
lung, and resident AM undertakes a phenotypic transition from
M2 to M1. M1 macrophages can clear pathogens through
phagocytosis, and release pro-inflammatory cytokines/chemo-
kines155. However, in the recovery phase, the M1 phenotype
polarized into the M2 phenotype, and aging neutrophils can be
swallowed, encouraging inflammation regression178. Therefore,
targeting macrophages is of great value for hindering pulmonary
inflammatory pathologies. It was reported that some nano-
formulations could interact with macrophages to enhance the
intracellular delivery, and further exert their functions such as
regulating negative inflammatory receptors or pro-inflammatory
signaling pathways of acute responses, and manipulating macro-
phage polarization for ARDS therapy179,180.

The surface markers on macrophages are commonly utilized
for macrophage-targeted drug delivery. As negative inflammation
regulatory receptors, sialic acid-binding immunoglobulin-like
lectin (Siglec)-E receptors are expressed on the surface of mac-
rophages, and they can abrogate toll-like receptor (TLR)-mediated
responses181. In this regard, PLGA nanoparticles modified with
natural Siglec ligands were exploited145. The constructed nano-
particles induced the oligomerization of Siglec-E receptors, thus
promoting the secretion of anti-inflammatory cytokine IL-10,
which in return enhancing the expression of Siglec-E and subse-
quently uptake of nanoparticles. Besides, anti-inflammatory ef-
fects were observed in both primary human monocytes and
monocyte-derived macrophages.

Small-sized gold nanoparticles with peptide modification have
been surveyed for their anti-inflammatory properties in adjusting
macrophage phenotype and function112,113,115,182. A specific
peptide-gold nanoparticle (GNP) hybrid, P12, consisting of hy-
drophobicity and aromatic amino acids, was proved with immu-
nomodulatory activity182. P12 was verified effective in inhibiting
TLR4-triggered activation of NF-kB and IRF3 and decreasing pro-
inflammatory cytokines. Further studies have clarified the mech-
anism. It was discovered that GNP could inhibit TLR signaling
pathways by targeting macrophages113. Besides, P12 could in-
crease M2 alveolar macrophages while reducing M1 type in
BALF as well as pulmonary alveolar and interstitial112. Moreover,
active components of cigarette smoke extract were proved to
inhibit the inflammatory response of TLR4. On this basis, ciga-
rette smoke extract could adsorb onto the P12 hybrid to program
the surface chemistry, thus significantly enhancing cellular uptake
in macrophages115.

Besides, many drugs are reported to regulate the polarization
of macrophages. For instance, spironolactone, a glucocorticoid
receptor antagonist, participates in the regulation of inflammatory
monocytes/macrophages. Spironolactone-loaded liposomes
increased the bioavailability of drugs, inhibited Ly6Chi-mediated
M2 polarization of alveolar macrophages, and thus significantly
improved the pathological injury of lung tissue183.
5.2.4. Mitochondria-targeting therapies
Mitochondria can be attacked by excessive ROS and is often
severely damaged in ARDS64,116. Antioxidants can diminish
oxidative stress, and thus can be used to mitigate mitochondria-
related damage. Antioxidants, such as NAC, curcumin, selenium
(Se), and cerium oxide, have been broadly examined, whereas
they may fail to exert satisfactory therapeutic effects for their non-
specific distribution and low concentration at inflamed sites53,116.
Therefore, nanocarriers were employed for antioxidants delivery
into mitochondria to improve pharmacokinetics and protect anti-
oxidative activity. NAC-loaded PLGA nanoparticles demonstrated
superior properties in reducing protein and inflammatory cells, as
well as decreasing levels of MPO and malondialdehyde, thus
reducing lung inflammation and edema and preserving pulmonary
architecture53. The improved outcomes can be attributed to
enhancing NAC delivery to the lung with higher pulmonary
concentrations and retention. Triphenylphosphonium cation (TPP)
has been widely used as mitochondrial targeting ligands due to its
unique structure with three benzene rings and delocalized positive
charges, which can penetrate the double-layered hydrophobic
mitochondria membrane184. TPP-modified curcumin can be
loaded into PEG-PLGA microspheres to achieve mitochondria
targeting64. In addition, the targeting strategy at the organ or
organelle level can be combined in an effort to implement more
efficient drug delivery. Thus, with further SA decorated, this dual-
targeting system not only realized the inflammation targeted de-
livery, but also enhanced antioxidant effects. Other materials can
also exert mitochondrial targeting facility. For example, curcumin
could be encapsulated into amphipathic dequalinium formed
vesicles (DQAsomes)157. In vitro studies verified that curcumin-
loaded DQAsomes could achieve mitochondrial-specific



Figure 4 Targeting neutrophils by drug-loaded BSA nanoparticles. (A) The schematic of neutrophils-mediated delivery of BSA nanoparticles

to reach the inflammatory site. (B) TPCA-1 concentration in plasma and BALF after TPCA-1 or TPCA-1 BSA nanoparticles injection. (C) Cell

count of leukocytes and neutrophils in BALF. (D) IL-6 and (E) TNF-a concentration in BALF after drug administration (vehicle of TPCA-1

solution, 5% glucose, TPCA-1 solution, or TPCA-1 BSA nanoparticles). All data represent mean � SD (n Z 3e4, per group). Statistics were

performed by a two-sample Student’s t test (**P < 0.01). Reprinted with the permission from Ref. 62. Copyright ª 2015, American Chemical

Society.
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accumulation, hence showing mitochondrial targeting ability and
improving antioxidant activity markedly.

Inorganic nanoparticles with intrinsic antioxidant properties
are also exploited116,151,152. Among which, nano-selenium is
widely employed. As an ingredient of GSH peroxidase, Se can
serve as a scavenger for intracellular free radicals. Nano-
selenium has demonstrated favorable properties over other
forms of Se, such as low toxicity, good bioavailability, and
elevated competence in clearing free radicals185. For example,
Se@SiO2 nanospheres were developed to minimize the side
effects that Se may also cause damage to cellular components
due to the catalyzing of the oxidation and generating of su-
peroxide151. It could alleviate oxidative stress and
inflammatory response through the inhibition of ROS and
reduction of NF-kB, p-NF-kB, and inflammatory cytokines.
Further investigation revealed that nanoparticles could target
mitochondria to avoid mitochondrial dysfunction, thus
providing cytoprotection for airway epithelial cells against
oxidative injury116. Besides, cerium oxide nanoparticles could
function as a radioprotector for normal cells, benefiting from
their antioxidant properties152.

5.3. Physicochemical targeting delivery

Physicochemical targeting delivery has also been broadly used in
ARDS treatment based on the inflammatory microenvironment



Figure 5 Long-acting DNase-I nanoparticles for COVID-19 treatment. (A) Fabrication of long-acting DNase-I nanoparticle. (B) Quantitative

analysis of plasma cell-free DNA (cfDNA) level andDNase-I activity from patient with SARS-CoV-2 sepsis after freeDNase-I or long-actingDNase-

I treatment (nZ 10). (C) NET ratio, MPO, and NE concentration after free drug or long-acting nanoparticles therapy in SARS-CoV-2 Sepsis patient’

PBMCs. (D)NF-kBp65 binding activity and plasma cytokine levelswith freeDNase-I or long-actingDNase-I treatment in PBMCs fromSARS-CoV-

2 patients. The experiment was repeated at least three times. Statistics were analyzed using a two-tailed unpaired t-test. Data are displayed as

mean � SEM. **P < 0.01, ***P < 0.001. Reprinted with the permission from Ref. 71. Copyright ª 2020, Elsevier Inc.
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characterized as extensive infiltration of inflammatory cells and
overproduction of inflammatory mediators such as ROS, MPO,
NE, and inducible nitric oxide synthase (iNOS). Based on this
theory, a variety of bioactive or responsive nanocarriers have been
created to realize targeted drug release and therapy for ARDS.

5.3.1. ROS scavenging or responsive
ROS participates in acute inflammation in response to pathogens
and foreigners eliminating, while its overproduction can result in
tissue injury186. Thus, ROS-scavenging has been a promising
strategy to relieve oxidative stress for ARDS. Moreover, ROS-
responsive materials have been devised to achieve the intelligent
release of drugs. Besides, the ROS-responsive approach can also
combine with other modifications for targeted delivery to lung
inflammatory tissues187. Aside from antioxidative treatment, ROS-
responsive materials also possess the ability for diagnosis55.

Various materials and agents exert ROS-scavenging proper-
ties79,84. With enriched phenol groups, PDA is recognized as a
free radical scavenger79. PDA nanoparticles displayed a remark-
able anti-inflammatory effect to ameliorate lung injury by elimi-
nating ROS through direct reaction with ROS and decomposition
of hydrogen peroxide (H2O2). Meanwhile, PDA nanoparticles
exhibited abilities in suppressing neutrophils, which consequently
diminished neutrophils infiltration and pro-inflammatory cyto-
kines. Besides, with functionalized modifications for ROS-
scavenging, a series of cyclodextrin (CD)-based nanoparticles
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were constructed77,78. Luminol-conjugated b-CD materials could
form nanoparticles through nanoprecipitation and be degraded
under oxidative conditions77. These intrinsically bioactive nano-
particles could obstruct inflammatory macrophage recruitment and
prevent downstream pro-inflammatory proceedings such as pro-
duction of H2O2 and inflammatory cytokines. On account of that
one single antioxidant may not be enough to exert ROS-
eliminating capability, another study designed functional b-CD
based nanocarriers with two kinds of ROS-scavenging materials
(tempol and phenylboronic acid pinacol ester) simultaneously
linked78. The constructed nanosystem was endowed with broad-
spectrum ROS-scavenging capability, showing efficient elimina-
tion of multiple ROS, such as radical, H2O2, O2$

-, and ClOe.
Besides, it could reduce oxidative stress-induced apoptosis in vitro
and protect mice from ARDS in vivo. Catalase has strong ability to
breakdown H2O2 molecules, while it exhibits poor stability and
quick clean-off in vivo. Thus, nanocapsules with catalase
embedded were proposed84. Through encapsulating catalase with
a thin polymer shell via in situ polymerization, the fabricated
nanocapsules demonstrated improved enzyme stability and high
activity. Thus, the system showed superior properties on lung
tissue protection against oxidative injury.

ROS-responsive materials have been broadly used for precise
treatment through the introduction of stimuli-responsive bonds55.
For example, a multifunctional nanocarrier with serial ROS
responsiveness was constructed, which could accomplish the ac-
curate delivery of prednisolone as well as the dimensional diag-
nosis of pulmonary inflammation55. A two-photon fluorophore and
prednisolone were conjugated via ROS sensitive bond and
encapsulated into amphipathic polymer PMPC-PMEMA to
fabricate micelles. These micelles could accumulate in the in-
flammatory sites and respond to the overexpressed ROS. After
interrupted by the ROS, the ROS-sensitive bond was broken,
followed by the release of prednisolone to exert efficient anti-
inflammatory activity. Furthermore, this system revealed high-
resolution on pulmonary inflammation diagnosis through distinct
two-photon imaging on account of the aggregation-induced
emission, thereby displaying great potential in ARDS theranostics.

5.3.2. Enzyme responsive
In ARDS, many inflammatory cells can release proteases3. In this
regard, various enzyme-responsive materials have been utilized to
improve drug delivery efficiency136. For example, MPO is
abnormally produced in neutrophils under inflammatory condi-
tions. Based on this theory, biodegradable nanovesicles were
fabricated by self-assembly of CD-derived materials with lumi-
nescence (Lu-bCD) for effective tracking, imaging, and quantifi-
cation of activated neutrophils (Fig. 6A)136. This MPO-responsive
nanoprobe showed specific and sustainable luminescence signals
after triggering even in deep tissues of acute lung injury, implying
a promising strategy for precise delivery of therapeutic drugs
(Fig. 6B‒E).

NE-responsive materials were also exploited156. Taking
advantage of the excessive neutrophil elastase released from the
pulmonary inflammatory microenvironment, NE-sensitive pep-
tides could be employed to achieve specific protease-triggered
rapid degradation of microgels, leading to the release of encap-
sulated Nexinhib20 (a potent neutrophil degranulation inhibitor),
for neutrophil inhibition156.

Based on the overproduced nitric oxide, polyphosphoester-
based cationic nanoparticles were fabricated, which could undergo
hydrolytic or enzymatic degradation into various fragments after
entering cells. The degradation products mediated inhibition on
iNOS expression, thus eventually suppressed nitric oxide over-
production188. Besides, multifunctional biosynthetic hybrid
nanostructures were prepared to selectively bind and inhibit iNOS
mRNA sequence that is overexpressed in the inflammatory site of
ARDS189.

5.3.3. pH-Triggered release
Except for the elevated ROS and enzyme levels, lower pH than
normal tissue was also reported27,190,191. Although the exact
acidity and pH value in ARDS lungs has not been detected, several
pH-responsive materials have been designed. In sepsis or trauma-
induced ARDS conditions, severe metabolic acidosis usually oc-
curs, which may induce respiratory acidosis, releasing lactic acid
and CO2, and damaging normal cellular function192. Some med-
ications have been proposed for correcting the acidosis. Besides, it
is known that low pH values exist in subcellular organelles such as
endosomes, lysosomes, and Golgi apparatus, showing different
inner acidic microenvironment, ranged from 4.5 to 6.7191. Thus,
pH-sensitive materials can be devised for responsiveness to
physiological or pathological acidosis27,172,190. For example, pH-
responsive polymeric micelles were designed for ARDS ther-
apy27. This novel system was capable of encapsulating hydro-
phobic TPCA-1 and releasing drugs responsively under acidic
environment. Besides, pH-sensitive BSA nanoparticles conjugated
with doxorubicin (DOX) via hydrazine bonds were designed to
target activated neutrophils specifically172. The internalized DOX-
BSA nanoparticles could degrade in the acidic intracellular envi-
ronment, release DOX to promote neutrophil apoptosis, thus
protecting mice from sepsis-related lung injury significantly. In
contrast, free DOX or BSA nanoparticles without pH-responsive
properties failed to show substantial efficiency. Moreover, dual
responsive of pH and ROS may provide more precise delivery to
target inflammatory conditions190. ROS-responsive phenylboronic
acid and acid-sensitive acetalated-dextran-based polymer were
blended to obtain dual-responsive nanoparticles with high speci-
ficity to the inflammatory environment. With naproxen loaded,
these nanoparticles could effectively reduce the level of pro-
inflammatory cytokines, including IL-6 and TNF-a, to much
lower degree190.

Taken together, endogenous triggers have been exploited
currently based on the inflammatory situations to reach the site-
selective delivery with stimuli-responsive and controlled release
of encapsulated agents.

6. Novel drug delivery systems in ARDS treatment

Apart from the universal design of nanoparticles for drug delivery,
other novel strategies have been emerging, including cell hitch-
hiking technology, bioinspired engineering, pulmonary surfactant-
based strategy, and particle allosteric strategy, and nanovaccines.

6.1. Cell hitchhiking-based drug delivery system

Multiple circulatory cells including RBCs, neutrophils, mono-
cytes/macrophages, and platelets, can migrate to lung tissues
during the physiological or pathological process, such as blood
circulation and inflammation homing193. Therefore, many inno-
vative drug delivery systems have been widely developed by uti-
lizing these features193, aiming to solve the limit of nanocarriers
that most drugs will be eliminated in circulation and may not be
able to reach the affected area directly194.
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Cell hitchhiking technology has been engaged in drug de-
livery for ARDS therapy195e197. With the excellent flexibility
and fluidity in the vascular circulation, RBC can serve as a
versatile platform for hitchhiking nanoparticles to the targeted
organ134,195,198. For example, nanoparticles could be adsorbed
on RBC surface through non-covalent adsorption or electro-
static interactions, taking a hitchhike after intravascular in-
jection to reach the lungs, and transferring to pulmonary
endothelial cells through mechanical extrusion in narrow pul-
monary capillaries, thus increasing the concentration of
nanocarriers in lungs while reducing potential side effects
(Fig. 7A and B)195. RBC-hitchhiking liposomes could
dramatically increase the accumulation of liposomes in lungs
by w40-fold after i.v. injection, compared with that of free
liposomes. Furthermore, with the modification of active tar-
geting ligand on RBC-hitchhiking carriers, their lung distri-
butions were prominently elevated (Fig. 7C). It was evaluated
that RBC-hitchhiking nanocarriers could be internalized by
intravascular resident leukocytes in ARDS mice. Besides, in
human ARDS lungs ex vivo, it was found that the deposition of
hitchhiking carriers was 3.7-fold higher, compared with that of
free carriers. Another study exploited RBC-hitchhiking stra-
tegies in treating lung cancers, where the delivery of non-
targeted particles to lungs was significantly enhanced by
w120-fold, in contrast to the conventional one194.

Neutrophil or macrophage-based hitchhiking strategies have
been adopted for acute and chronic inflammation targeting in
treating various diseases such as skeletal muscle inflammation,
myocardial ischemia reperfusion injury, neuroinflammation, and
postoperative malignant glioma recurrence199e202. Of note,
nanoparticles by activated neutrophil hitchhiking in situ have
been emerged, showing fantastic delivery properties to lung
inflamed sites. For example, BSA nanoparticles and inverse
phosphocholine lipids-decorated liposomes could be specially
internalized by activated neutrophils in vivo, thereby accom-
plishing neutrophil-mediated delivery to inflammatory
sites62,68,172,173. Thus, nanocarriers hitchhiked by these circula-
tory cells have provided promising way for optimizing pharma-
cokinetics and targeting delivery to inflamed lungs for ARDS
treatment195.

Additionally, another approach hired Sertoli cells to carry
curcumin-loaded chitosan nanoparticles (CUR-CS) for targeted
delivery to deep lungs196. After i.v. administration, a high density
of around 92% of CUR-CS distributed throughout the lungs,
implying the potential in inhibiting deep lung inflammation of
ARDS. Through cell hitchhiking, nanoparticles could also be
used as a tool for detecting delivery in pulmonary197. Dual-
polymer-coated UCNP-PEG-PEI nanoparticles were labeled on
human amniotic fluid stem cells to obtain upconversion lumi-
nescence imaging in vivo. Through the imaging, it was found that
human amniotic fluid stem cells performed much better than
mouse bone marrow mesenchymal stem cells in terms of lung
tissue repair, highlighting a promising technology for imaging-
guided therapy in ARDS197.

6.2. Biomimetic drug delivery system

Cell membrane/EV-based delivery strategies hold great potential
for effective countermeasures against overwhelming in-
flammations with multiple benefits in improving biocompatibility,
exerting targeting properties, neutralizing endotoxin/virus or in-
flammatory derivatives, and modulating immune systems69,203,204.
6.2.1. Membrane-based nanoformulations
In essence, both modifications of monoclonal antibodies/single
chain variable fragments and conjugation of functional peptides/
molecules are designed to partly imitate the binding process of
biological reaction, using the vital or representative bits to achieve
the targeting delivery. More innovatively, instead of extra decora-
tion of targeting agents, cell membrane-based biomimetic strategy
has emerged in recent years, exhibiting great promise in combating
diverse diseases203,205e208. Taking advantage of their parent cells,
the inherited biologic characteristics can endow the systems with
fantastic biocompatibility and targeting properties203.

Macrophage membrane-based biomimetic strategies have
been appealing for anti-inflammatory treatment60,147,148. Macro-
phage membrane camouflaged nano-iron oxide clusters could
retain the TLR4 and CD14 receptors inherited from the parent
membrane and possess the ability to capture and inactivate LPS
that could otherwise trigger inflammation148. Meanwhile, the
magnetic iron oxide core with positively charged could stabilize
the membrane coating structure, adsorb and separate the nega-
tively charged LPS, as well as neutralize different pro-
inflammatory cytokines. Therefore, this biomimetic nanoparticle
evidently improved lung morphology, including pulmonary
edema and alveolar hemorrhage, reversed inflammatory infiltra-
tion, and reduced mortality.

A recent study has employed cellular nanosponges that
demonstrated the power of inhibiting SARS-CoV-2 infectivity
significantly (Fig. 8A)204. Human lung AEC II and macrophages
membrane coated PLGA nanoparticles inherited similar protein
receptors from parent cells, such as angiotensin-converting
enzyme 2 (ACE2) and CD147, which were required by SARS-
CoV-2 for cellular entry (Fig. 8B). This cellular nanosponge
provided a broad-acting platform for neutralizing viruses and in-
flammatory mediators, which could benefit the inhibition of pul-
monary inflammation and tissue destructions. Another finding
employed decoy nanovesicles, prepared by fusing cellular mem-
brane derived from human THP-1 and genetically engineered
293T cells expressing ACE2 (Fig. 8C)209. These nanodecoys
efficaciously protected the lung from the infection of SARS-CoV-
2 in vitro and exerted suppression on acute pneumonia in vivo,
attributing to their cytokine neutralization and virus binding
ability inherited from parent cells. As pneumonia and sepsis are
listed as the most common etiology for ARDS3, it is also vital to
cut the source, such as sweeping away toxins or pathogens. Be-
sides, other nanomaterials that can trap or suppress inflammatory
stimulations are in exploration210e213.

In the ARDS course, vascular endothelial cells are activated,
and neutrophils migrate and aggregate to the lungs through the
interaction between b2 integrin on neutrophils and ICAM-1 on
endothelial cells. Based on the inflammatory tendency of neutro-
phils, neutrophils membrane can also be used to realize the tar-
geted delivery to inflammatory sites168. With the aid of the
inherent adhesion function of neutrophils, neutrophils-derived
vesicles can target the inflammatory endothelium69. Prepared by
nitrogen cavitation, the membrane protein composition of vesicles
was similar to that of their parents32,69. Besides, pH gradient
method was employed to encapsulate weakly acidic anti-
inflammatory drugs to improve the loading rate. Hence, this bio-
mimetic carrier effectively improved the potency of piceatannol,
reduced neutrophil infiltration in lung tissue and reversed pul-
monary inflammation and edema. Besides, human neutrophil
membrane-derived nanovesicles co-loaded with ceftazidime and
resolvin D1 were engineered, demonstrating superior properties in



Figure 6 MPO and ROS dual-responsive nanoparticles for real-time imaging of inflammatory site. (A) The fabrication of luminescent materials with

dual-responsive properties. (B) In vivo luminescence images of luminol or Lu-bCD nanoparticles before and after i.v. injection in ARDSmice. (C)Ex vivo

fluorescence imaging of lung tissue after Lu-bCDnanoparticles treatment. (D) The luminescent intensities,MPO, andH2O2 levels, and neutrophil amounts

in the lungs at different timepoints afterLPSchallenge. (E)Linear correlation analysis between luminescent intensity andneutrophil count,H2O2, andMPO

level. Error bars, mean� SD (nZ 4, B and C; nZ 6, D and E). Reprinted with the permission from Ref. 136. Copyrightª 2017, Elsevier Inc.
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targeting pathogens and inhibiting inflammation pathways syner-
gistically32. The nanovesicles showed much more accumulation in
the inflamed lung after systemic administration, compared with
RBC derived nanovesicles, owing to the interaction between
integrin b2 on nanovesicles and the ICAM-1 on inflamed
endothelium.

To combine the advantages of liposomes and membrane-based
nanocarriers, liposome-like nanovesicles such as leukosomes were
formulated by the fusion of macrophage membrane proteins and
synthetic lipids147. The incorporated biomimetic nanovesicles were
endowed with biological functions that could escape the capture of
the mononuclear phagocytic system and target inflammatory
endothelium. Leukosomes demonstrated the ability to interact with
macrophages to modulate the expression of pro-inflammatory and
anti-inflammatory genes. Besides, the leukosomes could regulate
endothelial cells to reduce expression levels of representative cell
adhesion molecules and chemokines147.

6.2.2. EVs-based nanoformulations
Extracellular vesicles (EVs) are lipid membrane-enclosed nano-
sized vesicles, secreted by various cells that can mediate inter-
cellular communication through the delivery of biological com-
ponents such as lipids, proteins, mRNA, and miRNA214,215. EVs
participate in numerous critical physiological and pathological
processes by modulating immune systems and facilitating tissue
regeneration216. Several types of EVs have been utilized as
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bioactive drug delivery vehicles for ARDS treatment, attributing
to the specific targeting and transfer of diverse biologic cargos217.

6.2.2.1. Mesenchymal stem cells derived EVs. Mesenchymal
stem cells (MSC) are recognized as a versatile cell in regenerative
medicine and have demonstrated great potential in dealing with
tissue injury such as COVID-19 related ARDS treatment218e220.
With the favorable immune-modulating ability, MSC can target
inflammatory sites and interact with other immune cells and lung
endothelial or epithelial cells to exert multiple functions. The
communication can be mainly achieved by EVs. Due to their non-
cell structure with smaller size and inherited functions, MSC-
derived EVs (MSC-EVs) have exhibited advantageous properties
over MSC in several aspects such as decreasing the possibility of
iatrogenic tumor formation, retaining activity while storage, and
improving pharmacokinetics in circulation221. We note that superb
reviews have summarized the applications of MSC-EVs for ARDS
therapy. Thus, it will only be discussed briefly as follow221,222.

MSC-EVs can be derived from diverse stem cells of murine or
human tissues such as bone marrow, adipose tissues, and umbilical
cord blood, and their therapeutic effects have been explored in
pre-clinical and clinical researches for ARDS223e226. Many
studies have revealed that MSC-EVs could transfer various sub-
stances such as miRNA, mRNA, proteins, and mitochondrion to
realize the amelioration for ARDS217. MSC-EVs can not only
target immune cells to exert immune regulating effects but also
communicate with various pulmonary cells, including lung
epithelial or endothelial cells, to adjust the lung permeability and
repair damaged tissues221. A variety of methods have been arisen
to potentiate the therapeutic efficiency of MSC-EVs, including
pretreatment MSC with poly(I:C)227, interferon g228, or
IL-1b228,229. Besides, pretreated MSC through genetically engi-
neering modification was also investigated to fabricate EVs with
overexpressed functional elements such as ACE2230, IL-10231, and
HO-1232. Furthermore, EVs can be adapted through various
physicochemical methods to enhance the targeting ability of in-
flammatory nidus and carry therapeutic agents for combinational
therapy, and thus, MSC-EVs have attracted more and more
attention to ARDS treatment.
6.2.2.2. Platelet-EVs. Despite the fact that activated platelets
may serve as pro-inflammatory cells to exacerbate the lung
inflammation and injury in ARDS progression, it was reported that
platelet-derived extracellular vesicles (PEVs) did not aggravate
inflammation after reaching the inflamed regions63. Taking advan-
tage of the intrinsic affinity of platelets to inflammation sites, the
engineered PEVs improved the lung delivery of TPCA-1, exerted
significant inhibition on the infiltration of pulmonary inflammatory
cells, and blocked cytokine storm (Fig. 9A)63. The PEVs demon-
strated 3.6-fold of enhanced lung accumulation in ARDS mice
compared to normal mice, possibly due to their selective binding to
activated/inflamed sites via receptor patterns (Fig. 9B and C), such
as CD40L, glycoproteins, and P-selectin63,233.

6.2.2.3. Endothelial exosomes. Endothelial cells derived exo-
somes can deliver biomacromolecules such as proteins or nucleic
acids111,149. Through lentivirus transfection on mouse pulmonary
microvascular endothelial cells (MPMVECs), exosomes with up-
regulated syndecan-1 (SDC1) were isolated149. This SDC1-high
exosome could enter into endothelium and preserve the endothe-
lial glycocalyx thickness, thus improving the function of
pulmonary microvascular barrier. For another instance, exosomes
derived from endothelial progenitor cells (EPCs) demonstrated
therapeutic efficiency for acute lung injury by delivering miRNA-
126, which can reduce alveolar and interstitial neutrophil infil-
tration, reduce MPO activity, restore the integrity of epithelial
barrier system and reverse pulmonary edema111.

6.3. Pulmonary surfactant-related drug delivery system

When delivering drugs to deep lungs, it is hard to hurdle the
biological barrier that consists of pulmonary surfactants, a thin
film covering the respiratory surface of the lungs234. Pulmonary
surfactants can be secreted by AEC, and their dysfunction was
identified in ARDS235. Supplement of exogenous surfactants has
been explored for a long time in the treatment of ARDS236. For
example, natural surfactants prepared from porcine lungs
(Curosurf�), constituting of phospholipids with a small amount
of surfactant protein (SP)-B and SP-C, have improved the
outcome of neonatal respiratory distress syndrome in clinical236.
Besides, pharmaceutical liposomal products such as the synthetic
lung surfactant Alveofact� for pulmonary instillation have
entered the market for neonatal respiratory distress syndrome
treatment237. However, no apparent therapeutic effect has been
evidenced in adult ARDS for dose and technical problems. Spe-
cifically speaking, there is a dynamic adsorptionedesorption
process of pulmonary surfactant during the compression-
expansion of the lung, and excessive pulmonary surfactant may
be required to make it saturated for this function, and it is hard to
dope out the proper dosage108. Notably, the inflammatory envi-
ronment may inactivate the surfactant. Additionally, direct intra-
pulmonary administration has encountered technical problems as
pulmonary surfactant is prone to foaming during the compression
procedure when a large dose is required. Thus, efforts have been
made to settle these problems based on nanotechnology by
incorporating pulmonary surfactant lipids/proteins or searching
for synthetic materials.

6.3.1. Phospholipids-based nanocarriers
Phospholipids are the main components of pulmonary surfac-
tants, in which phosphatidylcholine (PC) is regarded as the pre-
dominant lipid that can be used to facilitate nanoparticle delivery
to the alveoli238. The PEGylated PC-rich nanovesicles could
target the lungs and maintain in circulation for a long time239.
Rolipram, a PDE4 inhibitor that can suppress active neutrophils,
was encapsulated in phosphatiosomes (novel nanovesicles con-
taining PC)25. The phosphatiosomes attained the increased lung
accumulation and good biocompatibility, which can be ascribed
to the existence of phospholipids that probably interact with
alveolar lipoproteins and generate the aggregates in the lungs.
Besides, a decrease in brain permeability was exhibited, showing
that these nanovesicles could diminish the toxicity to the nervous
system. Analogously, another PDE4 inhibitor, cilomilast, was
encapsulated into phosphatiosomes86. These phosphatiosomes
also enhanced pulmonary targeting, thus increasing the thera-
peutic index of cilomilast. The targeting mechanism may be due
to the abundance of PC components, which could interact
strongly with dipalmitoylphosphatidylcholine (DPPC), the prime
component of pulmonary surfactant, through hydrogen bond and
hydrophilic bond240.

Nanovesicles with abundant soy phosphatidylcholine can also
interact with pulmonary surfactants, which are beneficial for lung
targeting239,241. Using soy phosphatidylcholine, Poloxamer 188,



Figure 7 RBC-hitchhiking for lung targeted delivery. (A) Scheme of RBC-hitchhiking: nanocarriers (NCs) were attached to RBCs, followed by

the injection via an intravascular catheter, then the NCs transferred to the first downstream capillary. (B) Representative scanning electron mi-

crographs of nanoparticles or nanogels absorbed on RBC (scale bars, 1 mm). (C) i.v. injection of RBC-hitchhiking NCs enhanced lung delivery.

Mice were injected with nanogels that were uncoated (bare) or different antibodies (anti-PECAM, anti-ICAM, or IgG) coated, with or without

RBC-hitchhiking. Data are plotted as % of the injected dose (%ID) per organ. Each data point represents mean � SEM (n Z 3). *P < 0.05, non-

paired, two-tailed t-test. Reprinted with the permission from Ref. 195. Copyright ª 2018, Nature Publishing Group.
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and mineral oil as carrier materials, highly lipophilic oleic acid
could be encapsulated into lipid-based nanocarriers87. However,
the pulmonary biodistribution was not as satisfactory because
these nanocarriers demonstrated broad distribution in peripheral
organs and exceptionally high in the gastrointestinal tract. Simi-
larly, with the incorporation of SPC and Poloxamer 188, the
constructed nanoemulsions were beneficial for pulmonary de-
livery241. With rolipram entrapped, these nanoemulsions could be
internalized by neutrophils to exert anti-inflammatory effects in
inflamed lungs67. The nanoemulsions significantly reduced roli-
pram concentration in plasma and promoted the distribution to
peripheral organs. Importantly, a notable decline in brain distri-
bution was detected, which helps to minimize side effects. How-
ever, the nanoemulsions still demonstrated more accumulation in
the gastrointestinal tract and liver than other organs by w45% and
40%, respectively.

Nanovesicles of nonlamellar lipids using DPPC and phospha-
tidylethanolamine (DOPE) were developed as pulmonary surfac-
tant aerosols110. The DPPC-DOPE nanovesicle aerosols improved
the resistance of pulmonary surfactants to inactivation from in-
flammatory mediators and were expected to be utilized as a non-
invasive aerosol therapy in ARDS.

6.3.2. Surfactant protein-based nanocarriers
As surfactant proteins are critical ingredients of lung surfactant,
thus they can be utilized for alveolar epithelial targeting modi-
fication28,58,235. SP-A is highly and specifically expressed in AEC
II. Thereby, SP-A antibody functionalized immunoliposome can
be employed for lung-specific targeting58. Consequently, the
concentration and residence time of dexamethasone in the lung
tissue remarkably increased. However, the complete antibody
may lead to rapid clearance from the circulation. Thus, anti-rat
SP-A nanobody (rSPANb) with low molecular weight and low
immunogenicity was further studied. Methylprednisolone was
loaded into nano-sterically stabilized unilamellar liposomes with
rSPANb functionalized28. Compared with the SP-A polyclonal
antibody, these rSPANb conjugated nanoparticles exerted high
affinity and stable structure, showing more senior safety and more
specific lung targeting properties. For another example, lip-
oplexes with SP-C antibody conjugated could be a popular plat-
form for microRNA delivery and treatment for pulmonary
disease, attributing to targeting lung AEC II with specificity as
much as 70%109. In addition, with a pulmonary surfactant layer
coating, the reconstructed siRNA-loaded nanogels improved the
stability of particles and enhanced the intracellular siRNA de-
livery observably75. With fusogenic properties, SP-B was iden-
tified to be the determining factor that enhanced cytosolic siRNA
delivery. Besides, these hybrid nanogels could be efficiently
internalized by resident alveolar macrophages and demonstrated
low toxicity.

Instead of active ingredients such as lipids, proteins, and
peptides, synthetic polymers can be exploited as promising can-
didates for pulmonary surfactants108. Poly(styrene-b-ethylene
glycol) (PS-PEG) polymer nanomicelles displayed a strong af-
finity to the airewater interface, thus producing extraordinarily
low surface tension under high compression108.



Figure 8 Biomimetic drug delivery systems for virus and cytokine neutralization. (A) The scheme of cellular nanosponges preventing viruses

from entering host cells through surface antigen. (B) Western blotting analysis of cell lysate, cell membrane, and cellular nanosponges obtained

from epithelial cells and macrophages. Data are presented as mean � SD. n Z 3. (C) The illustration of nanodecoy preparation. The nanodecoy

was derived from cell membrane vesicles of human THP-1 cells and genetically engineered 293T/ACE2. Reprinted with the permission from

Ref. 204. Copyright ª 2020, American Chemical Society and Ref. 209. Copyright ª 2020, the Author(s).
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6.4. Particle allosteric strategy

For the pulmonary delivery of nanoparticles, an aerodynamic
particle size of 1e5 mm is requested for inhalation to deliver the
active ingredient to lower respiratory systems242, whereas parti-
cles with this geometric diameter are readily phagocytosed by
macrophages and rapidly cleared. Most nanoparticles are out of
this size range and might result in aggregation into larger particles
or get exhaled243. However, smaller particles may achieve more
effective intracellular delivery244. Those paradoxical constraints
on particle size may obstruct the effective therapy for lung
disease, and particle size allosteric strategy is promising to satisfy
the specific needs for pulmonary delivery156. For instance,
neutrophil elastase-sensitive nanoparticles-in-microgels (N-in-M)
were designed (Fig. 10A)156. With a size under 200 nm, Nex-
inhib20-loaded PLGA nanoparticles could facilitate the intracel-
lular delivery. PLGA nanoparticles were embedded into
degradable microgels that were cross-linked by NE-sensitive
peptides. With a diameter of 3.9 mm, the microgels achieved an
appropriate aerodynamic size for deep lung deposition. The
microgels were degraded triggered by neutrophil elastase, after
which PLGA nanoparticles accomplished the delivery of



Figure 9 Platelet-derived extracellular vesicles for targeting inflammatory lungs. (A) Schematic of platelet-derived EVs with TPCA-1 loaded

for pneumonia therapy. The inflammatory cytokine storm was remarkably reduced, as indicated by TNF-a, IL-6, and IL-1b. (B) Ex vivo imaging

and corresponding fluorescence level of main organs after i.v. injection of DiD-labeled PEVs. Data are presented as mean � SEM (n Z 3e5).

Statistical significance is calculated by one-way ANOVA using Tukey’s post-test. **P < 0.01; ***P < 0.005. Reprinted with the permission from

Ref. 63. Copyright ª2020, Elsevier Inc.
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Nexinhib20 to the airway and internalized by polymorphonuclear
neutrophils, leading to substantial reduction of systemic and lung
inflammation signaling (Fig. 10B‒D).

6.5. Nanovaccines

Currently, many repurposed and antiviral drugs that aim to sup-
press ARDS symptoms have been approved to manage COVID-
19245. As for direct prevention of viral infections, vaccines can
serve as effective means to exert protective effect and fight against
virus-induced ARDS246. Recently, nanovaccines have attracted
many attentions. Multiple nanoformulations such as liposomes247,
lipid nanoparticles248, protein nanoparticles249, and virus-like
particles can be employed for nanovaccines. With high surface
energy and sharing similar size distribution like virus, nano-
particles can imitate the virus to enter targeted cells and elicit anti-
viral immune reactions245. Nanoformulations can provide advan-
tages for vaccines, such as enhancing antigen stability, allowing
sustained antigen release, and achieving targeting delivery via
surface engineering245. Moreover, nanovaccines can achieve the
codelivery of multiple antigens and adjuvant, improve the
targeting efficacy on antigen presenting cells, thereby facilitating
the activation of innate and adaptive immune system, and exerting
effective vaccine responses249,250. For example, Ma et al.250

constructed ferritin nanoparticle vaccines with conjugation of
both receptor-binding domains (RBDs) and heptad repeat anti-
gens. Compared with monomers, these vaccines promoted more
effective immune responses. Besides, they can produce cross-
reactive immune responses, thus protecting against other corona-
viruses. Walls et al.249 developed protein nanovaccines displaying
sixty SARS-CoV-2 Spike RBD, which can induce robust
neutralizing antibody responses to target multiple distinct epi-
topes. Thus, nanovaccines can be of great potential in the therapy
for virus-induced ARDS.

7. Conclusions and perspectives

Based on the comprehension of pathogenesis, nanoparticles for
early diagnosis, drug delivery, and gene therapy of ARDS have
achieved considerable progress in the past decade. The major
applications based on nanomaterials for ARDS can be summa-
rized into four aspects: (i) employing as a carrier for small



Figure 10 Neutrophil elastase-sensitive nanoparticles-in-microgels for particle allosteric strategy. (A) The preparation of neutrophil elastase-

sensitive nanoparticles-in-microgels (N-in-M) microgels and illustration of the mechanism of NE-responsive drug release. (B) MPO activity

detected by fluorescence image of lung tissue. (C) Neutrophil numbers and (D) neutrophil percentage in BALF after treatment. Statistical tests:

Shapiro-Wilk followed by Kruskal-Wallis (C) and 1-way ANOVA (D), with *P < 0.05, **P < 0.01, and ***P < 0.001 between groups denoted.

n Z 5 each group. Reprinted with the permission from Ref. 156. Copyright ª 2019, The American Society for Clinical Investigation.
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molecules, peptides, nucleic acids, etc., to improve drug solubility,
stability, and bioavailability, or realize co-delivery; (ii) utilizing
inherent antioxidant and immunomodulatory effects of materials;
(iii) exploiting distinct nanoparticles which are prone to be
internalized by targeted cells to provoke effective cellular de-
livery; (iv) overcoming multiple pulmonary barriers to enhance
drug accumulation at inflammatory sites through passive or active
targeting effect, or developing bioactive or responsive nano-
materials to obtain site-specific or stimuli-responsive drug release.

To date, precise nano-therapy for ARDS has primarily concen-
trated on the endothelium-targeted delivery, inhibiting pathological-
related inflammatory cells by modification of targeting ligands and
encapsulation of anti-inflammatory/antioxidant drugs, and promot-
ing the drug accumulation in inflamed lungs and improving drug
efficiency. However, it remains in the early stage, none of nano-
formulations has entered the clinical trial phase, and the effective
therapeutic strategy of ARDS is still facing great challenges:

Accurate model: Although distinct experimental models
caused by various pathogenic factors have been established, none
could fully reflect the heterogeneity, inflammatory exudation and
resolution of human ARDS251e253. High-risk ARDS patients in
clinical usually accompany by other complications and need res-
piratory support, where a higher mortality rate lies in elderly pa-
tients163. In this regard, the animal model, which is more in line
with the clinical characteristics, such as using aged animals with
decreased adaptive immunity, employing humanized mice to
better replicate ARDS pathophysiology, or utilizing modified
EVLP model, may predict the actual biodistribution and thera-
peutic effect of nanodrugs49.

Mechanism investigation: The excessive inflammation and
impairment of aireblood barrier has been illuminated to explain
ARDS complexity. For combating inflammation, studies have
primarily centered on neutrophils and macrophages, whereas
further investigation on the role of other immune cells, such as
dendritic cells, B cells, T cells, etc., which may provide us with a
brand-new direction to improve the effectiveness of targeting
delivery and therapy. Besides, researches have been focused on
the exudation stage of ARDS, there are relatively few studies
about promoting the regression of inflammation. Many survivors
suffered from pulmonary fibrosis in the later stage, thus pre-
venting or inhibiting lung fibrosis is also essential. Expoiting the
role of immune cells and understanding the dynamic change of
ARDS pathophysiology may be helpful for novel therapeutic
strategies.

Therapeutic direction: Current treatment emphasizes pul-
monary inflammation management, while in many cases, ARDS
could develop acute systemic inflammation and result in multiple
organ failure. Thus, treatment of their complications should be
considered. Given the complexity of ARDS disease, single-drug
therapy is not enough to block the progression of the illness.
Coordinated therapy of multiple targets, that is, targeting multiple
inflammatory/damaged cells and pathways simultaneously, will
significantly optimize the treatment of ARDS and frustrate the
progression of the disease. In addition, more specific targets
regarding the recruitment and activation of neutrophils may pro-
vide suitable therapeutic strategy. For example, it was reported
that the recruitment of neutrophils in lungs would not follow the
classic mechanism. Dipeptidase-1 on the surface of pulmonary
vascular endothelial cells is the main receptor for neutrophil
adhesion and recruitment, mediating about 50% of neutrophil
recruitment to lungs254. Therefore, it is necessary to improve our
understanding of pathophysiological mechanisms and multiple
heterogeneity of ARDS, detect new receptors and biomarkers on
objective inflamed/impaired cells, and discover new therapeutic
drugs in future researches.

Drug delivery: Nanocarriers have shown great feasibility and
specialty in increasing lung distribution and cellular uptake while
limiting toxicity and side effects. Still, there are issues to be
settled. For example, the lung targeting efficiency is still unqual-
ified. Optimizing drug delivery systems to circumvent the biologic
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obstacles, including clearance, degradation, and lung barriers, is of
great importance. Cell membrane-based biomimetic delivery
systems and hitchhiking strategies that taking advantages of the
over-recruitment of inflammatory cells, hold great potential in
targeted delivery to inflamed lungs. Moreover, nanocarriers may
encounter the aggregation of non-target organs and other poten-
tially undiscovered problems255. Ensuring the safety of nano-
carriers is essential for clinical translation. Although some are
non-inflammatory with certain safety or even display internal
anti-inflammatory or antioxidant activity, it is still important to
clarify their potential toxicity, especially for pulmonary delivery.
A comprehensive understanding of the interaction of nanoparticles
with immune systems and lung cells is conducive to accomplish
safer and more efficient nano-therapy for ARDS.

In summary, nanomedicine-based drug delivery systems for the
prevention, diagnosis, and treatment of ARDS have excellent
clinical application prospects, which are expected to provide a
new paradigm for ARDS drug therapy. More reliable models and
more in-depth understanding of underlying mechanisms and in-
teractions will encourage more rational designs of novel drug
delivery systems with precise targeting for ARDS therapy, which
could fill the existing gap in clinical translation. Considering
numerous links between ARDS and COVID-19, it is promising
that ARDS relevant investigations will contribute to promoting
potential therapies for COVID-19.
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