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The acute respiratory distress syndrome (ARDS) is a life-threatening condition that causes respiratory failure.
Despite numerous clinical trials, there are no molecularly targeted pharmacologic therapies to prevent or treat
ARDS. Drug delivery during ARDS is challenging due to the heterogenous nature of lung injury and occlusion of
lung units by edema fluid and inflammation. Pulmonary drug delivery during ARDS offers several potential

advantages including limiting the off-target and off-organ effects and directly targeting the damaged and
inflamed lung regions. In this review we summarize recent ARDS clinical trials using both systemic and pul-
monary drug delivery. We then discuss the advantages of pulmonary drug delivery and potential challenges to its
implementation. Finally, we discuss the use of nanoparticle drug delivery and surfactant-based drug carriers as
potential strategies for delivering therapeutics to the injured lung in ARDS.

1. Introduction

The acute respiratory distress syndrome (ARDS) results in life-
threatening inflammatory lung injury following either a direct insult
(e.g., bacterial or viral pneumonia) or indirect insult (e.g., sepsis,
trauma). Due to coronavirus disease 2019 (COVID-19), the incidence of
ARDS has been sharply increasing. The clinical manifestations of ARDS
are outlined in the Berlin Definition and include acute onset of hypox-
emia (PaOy/FiO; ratio of <300 mmHg), non-cardiogenic pulmonary
edema, and bilateral opacities on chest imaging [1,2]. Lung injury
during ARDS causes the release of pro-inflammatory cytokines/chemo-
kines that recruit neutrophils and other inflammatory cells to the alve-
olar space where they release toxic mediators such as proteases and
reactive oxygen species. These mediators damage the alveolar epithe-
lium and capillary endothelium [3-5]. This alveolar-capillary barrier
dysfunction leads to further extravasation of fluid from the pulmonary
vasculature into alveolar space [2]. Flooding of the alveolar space with
proteinaceous fluid leads to hypoxemia and disrupts the function of
surfactant which is a mixture of lipids and proteins secreted by type II
alveolar epithelial cells that decreases surface tension and work of
breathing. Surfactant dysfunction during ARDS further impairs lung
compliance leading to increased difficulty breathing [2,6]. Despite

progress in elucidating the mechanisms of lung dysfunction during
ARDS, the standard of care for managing ARDS patients is supportive
care with mechanical ventilation (MV). Unfortunately, MV generates
physical forces that can exacerbate lung injury and lead to further lung
damage. In this review we summarize recent clinical trials of systemic
and inhaled therapies for ARDS patients, discuss the potential of pul-
monary drug delivery for ARDS, review methods for pulmonary drug
delivery in these patients, and propose potential strategies for pulmo-
nary drug delivery in the context of ARDS.

2. Summary of recent ARDS clinical trials
2.1. Therapies targeting the inflammatory response

Excessive local and systemic inflammation is a pathophysiological
hallmark of ARDS and there have been many clinical trials of anti-
inflammatory therapies for ARDS [7-10]. The most well-studied anti--
inflammatory agents for ARDS are corticosteroids. Corticosteroids
inhibit the action of pro-inflammatory mediators through activation of
genes that drive the inflammatory response and suppression of genes
that encode anti-inflammatory mediators [11,12]. Dexamethasone has
been studied in patients with ARDS owing to its long biological half-life
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compared with other corticosteroids. In a randomized controlled trial
for patients with moderate-to-severe ARDS [9] a 5-day course of 20 mg
intravenous (IV) dexamethasone once daily followed by 5-days of 10 mg
IV daily showed an increase in the number of ventilator-free days and a
reduction in mortality. Most recently, Horby et al. conducted a study of
dexamethasone for treatment of COVID-19. They found the use of a 6 mg
once daily IV dose of dexamethasone reduced 28-day mortality among
patients who received either MV or supplemental oxygen alone but not
among those who were not hypoxemic [13]. Aspirin, a nonsteroidal
anti-inflammatory drug, has been studied in patients at-risk for ARDS, as
a preventative therapy. Aspirin does not reduce the incidence of ARDS
within 7 days from hospital presentation while a higher number of
subjects treated with aspirin were admitted to intensive care unit (ICU)
[10].

Corticosteroids and aspirin dampen inflammation through effects on
numerous downstream pathways. This approach lacks specificity and
can lead to off-target effects, such as hypothalamic-pituitary-adrenal
(HPA) axis suppression [14]. For this reason, there has been interest
in using more precisely targeted anti-inflammatory therapies. One
cytokine that is known to play a role in the pathophysiology of ARDS is
interleukin-6 (IL-6) [15,16]. IL-6 receptor inhibitors directly block the
pro-inflammatory activity of IL-6 and have been studied in several
clinical trials. A recent trial published in 2022 used sarilumab (IL-6
antagonist) in hospitalized ARDS patients with COVID-19 and showed a
reduction of serum IL-6 levels but did not show improvement of survival
or ventilator-free days [17]. In another randomized controlled phase 3
trial, tocilizumab (IL-6 receptor inhibitor) failed to improve clinical
outcomes in patients with COVID-19 related ARDS [18]. Sabbatinelli
et al. subsequently showed that biomarkers in the serum may be useful
in identifying COVID-19 patients who will respond to tocilizumab [19].
There are several ongoing trials studying the effects of targeting the IL-6
pathway and other inflammatory pathways but currently there are no
molecularly targeted therapies that effectively dampen inflammation in
non-COVID ARDS [20]. Although there have been many previous trials
of anti-inflammatory therapies in ARDS, we have focused on some of the
most recent ones over the past few years, and direct readers to several
other excellent reviews for a more in-depth review of prior trials [21,
22].

2.2. Therapies targeting barrier dysfunction and pulmonary edema

Resolution of pulmonary edema is a critical step during recovery
from ARDS. As discussed above, breakdown of the alveolar-capillary
barrier is the primary cause of pulmonary edema in ARDS. Pharmaco-
therapies that target barrier dysfunction (capillary endothelium and
alveolar epithelium) have become an active area of investigation.
Removal of lung edema fluid is mediated by active transport of sodium
(Na) and chloride (Cl) across the basolateral surface of the alveolar
epithelium, which creates an osmotic gradient for the reabsorption of
water [23]. In ARDS, this active transport is impaired due to the
disruption of alveolar epithelial integrity. Multiple pre-clinical studies
have shown that activation of -2 adrenergic receptors with p-2 agonists
can increase Na, Cl, and fluid transport by increasing the activity of Na
channels and Na/K-ATPase pump on alveolar epithelium [24]. Howev-
er, clinical trials of intravenous p-2 agonists resulted in increased mor-
tality in the treatment group [25]. Vascular endothelial leak is another
important event in the development of ARDS. Interferon beta-la
(IFN-p1-a) has been shown to reduce endothelial cell permeability
during lung injury by upregulating the expression of cluster of differ-
entiation 73 (CD73) on endothelial cells. Upregulation of the CD73
enzyme can increase production of adenosine which is an endothelial
stabilizing agent that can reduce endothelial cell disruption [26]. In-
creases in adenosine production stimulate adenosine receptor signaling
that has been shown to enhance alveolar fluid clearance [27]. However,
in a recent randomized controlled trial, administration of IFN-$1-a did
not improve ventilator-free days and mortality for ARDS patients
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compared to placebo [28]. Treatment with HMG co-A reductase in-
hibitors (i.e. statins) can attenuate vascular leak in mouse models of
ARDS and reduce cell injury in in-vitro models of ventilator-induced
lung injury [29,30]. However, relatively high concentrations are
required which led to higher hepatic and renal organ dysfunction in
patients treated with rosuvastatin in the SAILS trial [31]. One strategy to
avoid these off-target effects associated with systemic drug delivery may
be the use of pulmonary drug delivery to directly target the injured lung.

3. Barriers to molecularly targeted therapies for ARDS

Currently there are no effective pharmacologic therapies that
directly target the mechanisms of lung injury during ARDS. This is due to
several factors including the complex pathophysiology of ARDS and the
heterogeneous nature of lung injury. ARDS is characterized by hetero-
geneity at multiple levels. Physiologically, some patients with ARDS
have very stiff lungs while others have relatively preserved compliance
[32,33]. Another source of physiologic heterogeneity in ARDS patients
is the degree of hypoxemia as measured by the ratio of the partial
pressure of oxygen to the fraction of inspired oxygen (ie. P/F ratio).
Some patients have severe hypoxemia requiring high levels of supple-
mental oxygen and prolonged ventilator support, while others have mild
hypoxemia and recover more quickly [34]. A wide variety of insults can
lead to ARDS including infections (i.e., pneumonia and sepsis), trauma,
and toxic inhalations. Each inciting event results in distinct pathobio-
logical changes that affects the responses to different therapies. To make
things even more complicated, many patients have multiple etiologies of
lung injury which makes the pathogenesis of ARDS even more complex.

In addition to physiologic and clinical heterogeneity in ARDS, there
is also heterogeneity at the molecular level. One approach to addressing
this molecular heterogeneity is to analyze levels of circulating bio-
markers. Plasma biomarkers predict mortality in ARDS patients and can
be used to phenotype patients and predict response to some therapies
[35,36]. Calfee et al. used latent class analysis and found that several
pro-inflammatory ~ markers (eg. IL-6, IL-8) distinguished
hyper-inflammatory and hypo-inflammatory phenotypes [33,34,37]. A
secondary analysis of data from a clinical trial of simvastatin for ARDS
using these phenotypes demonstrated higher survival with simvastatin
treatment compared to placebo in patients with hyperinflammatory
phenotype that was not identified in the original trial [38]. However, the
use of these biomarkers in real-time is not yet available outside of the
research setting which limits the ability to develop phenotype-specific
treatment options.

4. Advantages of pulmonary delivery

One of the factors that may contribute to the lack of efficacy for drugs
in the trials above is the fact that most of the drugs were delivered via
the systemic circulation. Therapies delivered into the circulation are
more likely to have lower concentrations in the lung potentially leading
to reduced efficacy compared to pulmonary delivery. Drugs that are
absorbed into the circulation via oral route often have low bioavail-
ability which can result in low drug concentrations in the circulation and
in the lung. Short time in the systemic circulation due to rapid clearance
of drugs could also contribute the low pulmonary drug concentrations.
Drugs circulating in the blood also have a higher chance of distributing
to other uninjured organs such as the liver, kidney, or heart [39]. This
may cause adverse drug effects which occur frequently in clinical trials
of pharmacotherapies for ARDS. This was demonstrated in the BALTI-2
trial of intravenous salbutamol for patients with ARDS [40]. Patients
treated with IV salbutamol had increased 28-day mortality compared to
subjects that received placebo.

The lung is an attractive target for delivery of both pulmonary acting
and systemically acting drugs. Pulmonary drug delivery is advantageous
for several reasons. First, pulmonary delivery bypasses first-pass meta-
bolism in the liver [41]. Many active drugs are metabolized in the liver



Q. Fei et al.

and then excreted from the body, leading to only a small amount of
active drug being absorbed into the circulation. Although the lungs also
have metabolic enzymes, such as Cytochrome P450 (CYP450), the level
of drug metabolism in the lungs is much lower than that in the liver.
Therefore, pulmonary delivery greatly increases bioavailability and ef-
ficacy of the drug. Second, pulmonary drug delivery increases absorp-
tion for drugs that are not taken up efficiently via gastrointestinal (GI)
tract [42]. Pulmonary delivery avoids the harsh environment in the GI
tract including the acidic pH in the stomach and extracellular enzymatic
degradation in the GI tract. Drugs delivered via pulmonary route are also
not affected by dietary factors such as impaired absorption with certain
types of nutrients. Third pulmonary drug delivery may be associated
with fewer or less severe systemic adverse drug events (ADE) [42].
Typically, ADEs from drugs delivered via the pulmonary route occur in
the upper respiratory tract. In contrast, systemically administered drugs
may cause a wide range of ADEs in several different organ systems.

For these reasons direct delivery to the lungs can achieve high drug
concentrations at the disease site with a relatively low initial dose. This
may result in fewer or less severe adverse drug events (ADE) compared
to drugs that are administered systemically. This effect was nicely
illustrated in several studies of inhaled steroids for asthma. A random-
ized double-blind study conducted by Namsirikul et al. demonstrated
that 400 pg of inhaled budesonide improved lung function to a greater
degree than 5 mg of oral prednisolone for the treatment of moderate
asthma [43]. Although no serious ADEs were observed in either group,
the inhaled budesonide group had fewer systemic ADEs compared to the
oral prednisolone group. In another study, Lee-Wang et al. found that 2
mg of inhaled flunisolide were as effective as 40 mg oral prednisone for
treatment of severe adult asthma [44].

Finally, direct delivery to the injured lung allows rapid onset of ac-
tion, leading to rapid clinical response. This is critical for trials aimed at
early prevention of lung injury. The branching system of the lungs
provides enormous surface area and accelerates drug absorption. A
small phase II trial of inhaled budesonide and formoterol in patients at
risk for ARDS demonstrated that early administration of this therapy
decreased number of patients who went on to require mechanical
ventilation or develop ARDS [45]. These results suggest that pulmonary
delivery of therapeutics in patients at risk for ARDS may be a viable
strategy.

Currently patients with ARDS and severe hypoxemia are treated with
inhaled pulmonary vasodilators. Inhaled vasodilators are thought to
preferentially dilate the pulmonary vasculature of well-aerated lung
units to improve ventilation-perfusion matching and reduce the shunt
fraction [46]. Traditionally, the vasodilator of choice has been inhaled
nitric oxide (NO), which has been shown to improve oxygenation (as
measured by the P/F ratio) without any improvement in mortality [47].
Inhaled prostaglandins (eg. epoprostenol) can also be used for this
purpose. Inhaled prostaglandins may be preferential because they are
easier to administer via the ventilator circuit and cost less [48]. Addi-
tionally, inhaled prostaglandins have been shown to have some
anti-inflammatory and anti-thrombotic affects which could be useful in
patients with ARDS [49,50]. Unfortunately, despite consistent data that
inhaled prostaglandins and NO improve oxygenation, there is no evi-
dence that they improve mortality, ventilator-free days, or other
patient-centered outcomes [51].

5. Challenges to pulmonary drug delivery

Although pulmonary delivery has advantages over systemic delivery,
it also poses some challenges. The endogenous defense mechanisms of
the respiratory tract protect against pathogens and inhaled particles, but
they also create barriers for drug delivery. Inhaled particles may be
deposited through upper airways, conducting airways and then the
alveoli as a result of impaction, sedimentation, and diffusion. Pulmonary
drug delivery is also affected by particle size, and which can affect
clinical efficacy. Particles >10 pm are typically deposited in the
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oropharynx and subsequently exhaled; particles in the 1-5 pm range can
be deposited in the deep lung but are mostly phagocytosed by macro-
phages; particles at nanometer scale, especially <200 nm, are more
likely to be deposited in deep lung and are less susceptible to phago-
cytosis [41,52]. Particle size in the lung is not static because the lung is a
very humid environment. Humidity can lead to dynamic changes in the
size of hydroscopic drug particles and alter their deposition in the lung
[53].

5.1. Barriers in upper airways

The upper airway is comprised of the nasal and oral cavities, phar-
ynx, and larynx. Particles administered through the nose are filtered by
nasal hairs to remove particles larger than 10-15 pm in diameter. As
inhaled particles pass through the nasopharynx or oropharynx, most
large particles are removed by impaction on the pharynx and never
reach the distal lung. In addition, the tonsils and adenoids near the
impaction site provide immunologic defense against biologically active
materials. Upper airways also have ciliated epithelium, which remove
and reduce inhaled particles [41,54].

5.2. Barriers in conducting airways

After passing through the upper airway, particles enter the con-
ducting airways (trachea, bronchi, and bronchioles), which are lined
with ciliated epithelium interspersed with mucus secreting goblet cells.
Large particles in the 2-10 pm range are removed by impaction and/or
sedimentation and trapped in the mucus in the conducting airways.
Mucociliary clearance is a major mechanism for removal of inhaled
particles in the conducting airways. Particles trapped in the mucus are
continuously moved upward toward the pharynx, and then swallowed,
expectorated, or sneezed out. Inhaled drug particles are also exposed to
enzymatic degradation, by enzymes such as cytochrome P450 which are
found throughout the conducting airways [42,54].

5.3. Barriers in alveoli

Smaller particles <1 pm can reach the alveolar ducts and alveoli as a
result of diffusion [41]. Alveolar macrophages reside at the alveolar
surface and can phagocytose particles deposited there. Following
phagocytosis engulfed particles may be destroyed by lysosomes or car-
ried up the respiratory tree for mucociliary clearance. Macrophages can
also transport drugs to the interstitial space for removal by the
lymphatic system. Drug clearance by alveolar macrophages can reduce
the efficacy of a drug delivered by inhalation. In addition, enzymes
present at the alveolar surface may degrade or inactivate inhaled drug
particles and decrease their efficacy. Those enzymes include proteases
(eg. endopeptidase, cathepsin H) that can hydrolyze peptides and pro-
tein drugs, and drug metabolizing enzymes that can inactivate drug
molecules [42]. The effect of pulmonary surfactant on drug delivery to
the alveoli has been controversial. Pulmonary surfactant is secreted by
type II alveolar cells and is composed of phospholipids and proteins.
Surfactant is adsorbed to the air-liquid interface of the alveoli, which can
potentially prevent adhesion of inhaled particles by creating a barrier or
facilitate cellular uptake depending on drug solubility, charge, and local
surface tension conditions [54,55]. The surfactant proteins that play a
role in innate immunity (ie. SP-A and SP-D) may interact with drug
molecules and function as opsonins, making them more susceptible to
phagocytosis and removal by alveolar macrophages [56]. On the other
hand, exogenous surfactants have been extensively studied as emulsi-
fiers to solubilize hydrophobic drugs. Some studies have shown that
drug-surfactant interactions may increase the solubility of inhaled drug,
thus enhancing its bioavailability [57]. Exogenous surfactants have also
been studied as carriers for drug delivery to the lungs [58,59].
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6. Specific challenges to pulmonary delivery in ARDS

In ARDS, the influx of inflammatory cells, such as neutrophils and
macrophages have the potential to reduce the efficacy of drugs delivered
directly to the lungs. The activation of neutrophils not only results in
damage to the lung, but also the release of proteolytic enzymes that can
degrade protein-based drugs [60]. Increases in the number of macro-
phages in the alveolar space can also contribute to decreased drug ef-
ficacy due to drug clearance by phagocytosis.

Pulmonary edema is another challenge for pulmonary drug delivery
in ARDS. The edema fluid in ARDS is a barrier for drug transport and
absorption. In normal lungs, drug particles may be able to dissolve
through a thin layer of alveolar surface lining fluid. However, diffusion
may not be possible when alveoli are completely filled with fluid. The
effect of pulmonary edema on drug absorption is even more significant
for hydrophobic drugs, such as dexamethasone. Animal studies have
shown that the absorption of dexamethasone is decreased in the pres-
ence of pulmonary edema due to a reduction in drug diffusion rate [61].
Moreover, the edema fluid contains proteins from the vascular space
including proteases and albumin that can bind and inactivate drugs.
Finally, lung regions occluded by edema fluid may receive less ventila-
tion and thus the global transport of drug delivery particles to these
regions will be reduced with preferential transport to non-injured
aerated lung regions.

The effect of lung surfactant on pulmonary drug delivery is a topic of
ongoing controversy. The structure, composition, and function of sur-
factant is altered in ARDS. As discussed above, the net effect of pul-
monary surfactant on drug deposition within the alveoli likely varies
depending on the structure and composition of the drug molecule.
Pulmonary surfactant proteins can opsonize inhaled drugs which can
enhance drug clearance by immune cells in the alveolar space.

7. Current methods for pulmonary drug delivery
7.1. Devices for pulmonary drug delivery

To overcome the challenges of pulmonary drug delivery and opti-
mize clinical effectiveness of therapeutics, selection of the correct de-
livery system is of utmost importance. Three main types of inhalational
devices are available for pulmonary drug delivery. These include pres-
surized metered-dose inhalers (MDI), dry powder inhalers (DPI), and
nebulization. For ARDS patients that require mechanical ventilation,
MDTI’s and nebulization are the only options that are used clinically.

7.2. Nebulized drug delivery for mechanically ventilated ARDS patients

Nebulization is the oldest and most reliable method for pulmonary
delivery of aerosols in mechanically ventilated patients. Drugs delivered
by nebulization are typically formulated in aqueous solutions or sus-
pensions. These are then broken up by compressed air or ultrasonic
power into small aerosol droplets that are inhaled into the lungs. There
are three common types of nebulizers: 1) jet nebulizers, 2) ultrasonic
wave nebulizers, and 3) vibrating mesh nebulizers. Jet nebulization uses
a compressed gas (ambient air or oxygen) to break up liquid into aero-
sols. Ultrasonic wave nebulizers utilize high-frequency vibration of a
piezoelectric element in liquid to generate aerosol droplets. Vibrating
mesh nebulizers create droplets by passing the liquid through a very fine
mesh/membrane with micrometer-sized holes [62].

Advantages of nebulization include that it does not require a coor-
dinated patient effort which makes it useful for patients with ARDS that
often have dyspnea and increased respiratory drive [62]. Nebulization is
also useful when a large dose or continuous delivery is required such as
the case with some types of antibiotic therapy [54]. Owing to these
advantages, nebulizers are widely used in hospitalized patients with
ARDS. Nebulized medications have been studied in clinical trials of ICU
patients. A recent study investigated the effect of nebulized heparin for
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patients with or at risk of ARDS and found that patients in the nebulized
heparin group had less lung injury and were discharged earlier than
those in the placebo group [63]. The LIPS-B trial demonstrated that
nebulized budesonide and formoterol was effective in limiting pro-
gression to ARDS in a high-risk population. These data demonstrate that
aerosol drug delivery can be effective in ARDS patients.

There are several potential limitations to the use of nebulization for
pulmonary drug delivery in ARDS. The shear force and heat generated
during aerosolization by jet and ultrasonic nebulizers may cause drug
degradation. Aerosol droplets generated by nebulization can condense
water which may increase the droplet size and affect drug deposition. In
addition, the nebulization process frequently leaves residual amounts of
drug after dosing which decreases the efficiency of drug delivery [54,
62]. Vibrating mesh nebulization also has some specific imitations
including that the drug solution or suspension may clog the
micrometer-sized holes in the mesh, resulting in reduced aerosol pro-
duction [62].

7.3. Inhalers for spontaneously breathing patients at risk for ARDS

Pressurized metered-dose inhalers (MDI) are the most commonly
used aerosolization device for drug delivery to the lungs [64]. MDIs are
commonly used to deliver bronchodilators, corticosteroids, or combi-
nations of these drugs for airway diseases such as asthma and COPD.
MDI’s use a liquefied compressed gas as a propellant to generate an
aerosol and reproducibly deliver multiple doses of drug. The inclusion of
a propellant avoids the use of an external power supply, but may have
adverse environmental effects [65]. MDIs also require proper technique
to control the actuation and deliver the drug during the inspiratory
phase of the respiratory cycle. Patients who fail to inhale deeply or
slowly enough can have reduced drug delivery [54]. Newer
breath-actuated MDIs are designed to work in synchrony with patient
respiration which may overcome the problem of poor coordination [66].
Using an MDI with a spacer can reduce oropharyngeal drug deposition
which can minimize adverse drug events [67].

Dry powder inhalers (DPI) are also commonly used to deliver drugs
to the lungs. The dry powder is de-agglomerated and transported into
the lung during inhalation [66,68]. DPIs are relatively easy to handle
and do not require the use of propellant, thus avoiding the harmful
environmental effects of some MDIs. Because the formulation is in
powder form, the active drug is relatively stable compared to formula-
tions for nebulization [66]. DPIs have been used in several clinical trials
of COVID-19 related ARDS. A phase II clinical trial of inhaled budeso-
nide used a DPI formulation in COVID-19 patients at risk of developing
ARDS [69]. However, DPIs require high air flow for deaggregation of
large particles into particles with fine sizes, and are therefore dependent
on the inspiratory flow generated by the patient [70]. This can be
particularly challenging in young and elderly patients or patients with
respiratory distress due to ARDS [66].

Soft mist inhalers are newer, novel, and easy to handle inhaler de-
vices. This device uses mechanical power generated by a spring to create
a low velocity aerosol for inhalation [71]. It has been reported that soft
mist inhalers can generate higher fraction of fine aerosols than MDIs and
DPIs, thus have higher drug deposition in the lungs [72]. Although soft
mist inhalers are easy to use, it requires some basic knowledge of device
assembly, training is still required particularly in young children. Soft
mist inhalers are more costly than other inhalers [73].

Although the use of these inhalational devices can deposit drugs into
the deep lungs, each device has limitations in patients with ARDS. Many
inhalers deposit less than 20% of the drugs in the lungs [74]. Drugs
delivered using MDI or DPI may deposit in the oropharynx, causing
adverse drug effects [75]. Therefore, it is crucial to develop more effi-
cient and novel drug delivery systems.
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8. Future strategies for pulmonary drug delivery
8.1. Nanoparticles for pulmonary drug delivery

One potential strategy to enhance pulmonary drug delivery in ARDS
is the use of nanoparticle delivery platforms. Different types of nano-
particles (Fig. 1) including liposomes, solid lipid nanoparticles, poly-
meric nanoparticles, and polymeric micelles have been studied in
various lung diseases.

Nanoparticles are solid colloidal particles that can be used as drug
carriers through encapsulation or adsorption of active drugs [76]. The
use of nanoparticles for pulmonary drug delivery has several advan-
tages. Nanoparticles are typically made using biodegradable and
biocompatible materials, such as phospholipids, which makes them less
toxic [77]. Nanoparticles are capable of dissolving hydrophobic drugs
[77]. Since the pathophysiology of ARDS involves damage of alveolar
epithelium and capillary endothelium, drug delivery to the deep lung is
crucial. Nanoparticles can improve bioavailability via a more uniform
distribution to the deep lung due to the nano-size of the particles [78].
As discussed previously, drugs delivered via inhalational route
encounter several barriers. Encapsulating or conjugating drug molecules
using nanoparticles has the potential to protect the drug from enzymatic
degradation. To overcome drug clearance by mucus in upper and con-
ducting airways, nanoparticles coated with mucoadhesive materials (eg.
chitosan) have been designed to prolong the drug residence time [79].
However, chitosan-coated nanoparticles may be trapped in the mucus
layer by hydrophobic and electrostatic interactions thereby decreasing
the amount of drug that is delivered to the deep lung. A study conducted
by Schuster et al. demonstrated that 100 and 200 nm sized nanoparticles
coated with hydrophilic polyethylene glycol (PEG) could penetrate
through respiratory mucus [80]. In addition, PEGylation has been
shown to shield nanoparticles from macrophage phagocytosis and im-
proves drug therapeutic effects [77].

Another appealing trait of nanoparticle is the ease of surface modi-
fication for targeted drug delivery to specific cells or tissues, which
could minimize distribution of the drug to non-diseased tissues and
reduce the amount drug needed. To target drugs to alveolar epithelial
cells, nanoparticles can be functionalized with wheat germ agglutinin
(WGA) that binds to lectin receptors on the alveolar epithelium [81].
Other groups have used nanoparticles targeting pulmonary endothelium
in animal models of pulmonary diseases [82,83]. To target alveolar
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macrophages, anti-CD206 antibody can be conjugated to the nano-
particles to recognize mannose receptors on macrophages [84].

8.2. Polymeric nanoparticles and micelles

Polymeric nanoparticles are being studied for pulmonary drug de-
livery. Polymeric nanoparticles are aqueous colloidal suspensions made
from polymers, such as poly (lactic-co-glycolic acid) (PLGA), polylactic
acid (PLA), poly (caprolactone) (PCL) using techniques that disperse the
polymers. Solvent evaporation is one method to prepare polymeric
nanoparticles which requires dissolving polymers in an organic solvent
[85]. Polymeric nanoparticles have been shown to have high encapsu-
lation efficiency of therapeutic drugs and can protect drugs from
degradation. However, since these type nanoparticles are made from
partially synthetic polymers, they may have the potential to induce an
inflammatory response. Several studies have established that these
polymers are biodegradable, and they do not cause significant toxicity or
lung tissue damage [86,87]. A research study by Cohen et al. evaluated
the toxicity after PLGA nanoparticles delivery of hydrophilic surfactant
protein D (SP-D) to mouse lungs. They found that sustained release of
SP-D in mouse lungs was not associated with any toxicity and did not
induce any inflammatory response [88]. Another study demonstrated
that intratracheal administration of antioxidant loaded PLGA nano-
particles reduced pro-inflammatory cytokine levels in a mouse model of
allergic asthma [89].

Polymeric micelles can encapsulate and protect poorly water-soluble
drugs. Polymeric micelle formation occurs by spontaneous self-assembly
of amphiphilic block copolymers when the concentration reaches crit-
ical micelle concentration (CMC). These micelles contain a hydrophobic
polymer composed of polyesters (poly (glycolic acid (PGA)) or poly-
ethers where lipophilic drugs are dissolved, and a hydrophilic shell
composed of hydrophilic polymers such as poly (ethylene glycol) (PEG)
that protect the drug from degradation [90]. However, there have not
been any clinical trials that we are aware of using polymeric micelles to
treat lung diseases.

8.3. Solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) have been studied for pulmonary
delivery of small molecule drugs and gene therapies. SLNs can be pre-
pared using phospholipids or triglycerides, which are physiologic lipids
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that are non-toxic and suitable for pulmonary drug delivery [91,92]. A
study showed that amikacin loaded SLNs delivered via pulmonary route
were deposited in higher amount in rat lungs compared to kidneys,
which suggests that off-target effects may be decreased using this
approach [93]. Poorly water-soluble drugs can be encapsulated within
the hydrophobic core or coupled to the particle. Many drugs for the
treatment of ARDS are water insoluble and are often dissolved in organic
solvent which may cause severe ADEs. SLNs can be used as carriers for
pulmonary delivery of those water-insoluble drugs to minimize ADEs
[94].

SLNs have also been investigated for pulmonary gene delivery,
especially for therapeutic non-coding small RNAs, such as short inter-
fering RNAs (siRNAs) [95] and microRNAs (miRNAs) [96]. Naked RNA
oligonucleotides are highly susceptible to degradation in vitro and in
vivo. SLNs can protect RNAs from degradation thereby improving their
therapeutic efficacy. SLNs are considered safer delivery systems for gene
delivery compared to viral vectors. One example is Patisiran, siRNA
loaded lipid nanoparticles for intravenous delivery, approved by U.S.
Food and Drug Administration (FDA) in 2018 for treatment of poly-
neuropathy caused by hereditary transthyretin-mediated amyloidosis
[97]. Our recent study demonstrated that SLNs can deliver microRNAs
to alveolar macrophages and mitigate lung injury during mechanical
ventilation which is used for many patients with ARDS [96]. The
encouraging safety and efficacy observed in preclinical studies and the
clinical use of SLNs for non-pulmonary diseases suggests that SLN
nanomedicines have potential for the treatment of ARDS.

8.4. Liposomes

Liposomes are an attractive option for pulmonary drug delivery
because they are composed primarily of phospholipids, which are the
major component of lung surfactant [98]. This makes liposomes more
biocompatible. Liposomes are spherical bilayer vehicles composed of
amphiphilic phospholipids. The polar heads of the phospholipids are
oriented toward the aqueous core encapsulating water-soluble drugs
and the hydrophobic tails form the inner region of the bilayer that where
water-insoluble drugs can be loaded. This property enables the encap-
sulation of multiple drugs simultaneously [99]. Traditionally the
thin-film hydration technique has been used for pulmonary liposome
preparation. In this method, phospholipids are typically dissolved in a
mixture of chloroform and methanol and then the organic solvent is
removed using a rotary evaporator to form a thin film. Liposomes are
formed via hydration using an aqueous buffer followed by sonication.
Membrane extrusion is then performed to generate small unilamellar
vesicles in the nanometer size range [100].

Because liposomes have a similar lipid composition to lung surfac-
tant, they have been shown to be safe as a drug carrier for pulmonary
delivery. Myers et al. reported that pulmonary delivery of liposomes
made from hydrogenated soy phosphatidylcholine (HSPC) did not cause
toxicity in mice [101]. Liposome formulations for pulmonary delivery
have also been tested in healthy human subjects and found to be safe and
non-toxic [102].

There are several reasons that liposomes may be the preferred plat-
form for pulmonary drug delivery in ARDS patients. Liposomal drug
delivery has been studied in pulmonary diseases such as asthma and
cystic fibrosis. The first and only clinical trial of liposomes in ARDS used
intravenous liposomal prostaglandin E1 and showed improvement in
oxygenation but no improvement in survival or ventilation-free days
[103]. Corticosteroids are well-studied anti-inflammatory agents for
ARDS and the use of liposomes to deliver corticosteroids to the lung has
potential to increase local drug efficacy. In a study by Hegeman et al.,
liposome-encapsulated dexamethasone given by IV injection attenuated
ventilator-induced lung inflammation with minimal systemic
side-effects in a mouse model [104]. Liposomal drugs have also been
used for pulmonary delivery. Arikayce is an amikacin liposome sus-
pension that is FDA approved for inhalational delivery to treat of
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Mycobacterium avium complex (MAC) in patients who do not respond to
conventional treatment [105,106]. It is currently under phase III clinical
development for the treatment of lung infection in cystic fibrosis [107].
The amikacin liposome formulation is primarily composed of dipalmi-
toylphosphatidylcholine (DPPC) and cholesterol, which is similar to
lung surfactant [108]. These clinical studies showed liposomal amikacin
suspension improved lung function with decreases in infection and no
adverse drug events compared to placebo subjects [107,109]. These
successful clinical studies provide further rationale for the development
of inhalational liposome-based therapies for ARDS.

Despite the advantages of using nanoparticles as drug carriers for
pulmonary delivery, delivery of nanoparticles with nebulizers or MDIs
remains challenging. Nanoparticles may aggregate and increase in size
due to the shear-induced stress during nebulization [107]. The aero-
solized nanoparticles may also increase in size due to moisture within
the respiratory tract [66]. A study conducted by Zhang et al. showed that
lipid nanoparticle formulations increased in particle size after nebuli-
zation [110]. These limitations might affect the nanoparticle deposition
in the deep lung. Therefore, future studies will be required to optimize
delivery devices used for inhaled nanoparticle therapies.

8.5. Pulmonary surfactant as a carrier

Lung surfactant is composed of 90% lipids (mainly DPPC) and 10%
proteins [111]. This high lipid content enables pulmonary surfactant
(PS) to solubilize poorly water-soluble drugs. In addition, PS has been
reported to rapidly adsorb into the air-liquid interface and spread along
it to reach the alveolar region of the lung [112]. Due to these advan-
tages, the potential use of pulmonary surfactant (PS) as a drug carrier
has been explored recently. In one study, surfactant combined with
beclomethasone more effectively reduced lung inflammation in an ani-
mal model of respiratory distress syndrome compared to beclometha-
sone alone [113]. Hidalgo et al. combined native purified PS with a large
hydrophobic drug (tacrolimus) and found that pre-treatment with this
mixture showed higher tacrolimus internalization in BAL cells and
greater reduction of lipopolysaccharide (LPS)-induced
pro-inflammation [112]. However, as discussed in above (Section 5.3),
drug molecules carried by PS may interact with surfactant components,
which could alter the properties and functions of both the drug and PS.
An in vitro study of surfactant-antibacterial interactions conducted by
Birkun demonstrated that adding amikacin or cefepime to surfactant did
not affect PS properties, but colistimethate did. Furthermore, surfactant
influenced the activity of cefepime and colistimethate, but not amikacin
[114]. Therefore, it is important to analyze the effects of interactions
between PS and drug on a case-by-case basis. The potential use of sur-
factant as a drug carrier in the clinical setting requires further
investigation.

9. Conclusion

Prevention or treatment of ARDS has been challenging and currently
there are no pharmacologic therapies that target the molecular mecha-
nisms of lung injury. One potential reason for this lack of progress may
be that most clinical trials have used systemic drug delivery. Delivery of
therapeutics directly to the lung through inhalational delivery may
address this limitation. However, there are many potential barriers to
pulmonary drug delivery in ARDS patients. The use of nanoparticle drug
delivery platforms and surfactant as a drug carrier may address some of
the barriers and holds potential for use in patients with ARDS.
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