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Abstract 

Oxidative stress is significantly involved in the pathogenesis and progression of chronic obstructive pulmonary dis-
ease (COPD). Combining antioxidant drugs or nutrients results in a noteworthy therapeutic value in animal models of 
COPD. However, the benefits have not been reproduced in clinical applications, this may be attributed to the limited 
absorption, concentration, and half-life of exogenous antioxidants. Therefore, novel drug delivery systems to combat 
oxidative stress in COPD are needed. This review presents a brief insight into the current knowledge on the role of 
oxidative stress and highlights the recent trends in novel drug delivery carriers that could aid in combating oxida-
tive stress in COPD. The introduction of nanotechnology has enabled researchers to overcome several problems and 
improve the pharmacokinetics and bioavailability of drugs. Large porous microparticles, and porous nanoparticle-
encapsulated microparticles are the most promising carriers for achieving effective pulmonary deposition of inhaled 
medication and obtaining controlled drug release. However, translating drug delivery systems for administration in 
pulmonary clinical settings is still in its initial phases.
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Introduction
The respiratory tract is constantly exposed to multi-
ple endogenous and exogenous oxidants and develops a 
series of defence mechanisms to limit the oxidative dam-
age. Oxidative stress, caused by an imbalance between 
increased oxidative burden and the defective antioxidant 
system, is involved in cellular and tissue damage related 
to the pathogenesis and progression of many acute and 
chronic respiratory diseases including chronic obstruc-
tive pulmonary disease (COPD) [1, 2]. COPD is char-
acterised by chronic bronchitis and emphysema, which 
present with that feature persistent airway inflammation, 

ultimately leading to a gradual progression of irreversible 
airway obstruction. It has become a global health prob-
lem ranked as the fourth leading cause of death world-
wide. There were up to 2.8 million deaths from COPD in 
2010 globally and about 175 million patients were suffer-
ing from this disease in 2015 [3]. Although therapeutic 
strategies have advanced to help ease symptoms and pre-
vent complications, there is no cure for COPD. Therefore, 
new approaches are urgently needed to slow or even stop 
the progression of this disease and reduce the mortality.

The presence of excessive reactive oxygen species 
(ROS) in the airway plays a key driving role in the patho-
genesis and progression of COPD [4, 5]. Cigarette smoke 
and biomass fuel-induced oxidative and aldehyde/car-
bonyl stress are closely associated with the progression 
and exacerbation of COPD. The oxidant generates airway 
inflammation that leads to the production of proinflam-
matory cytokines [6, 7]. It also recruits inflammatory 
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cells such as neutrophils, eosinophils, lymphocytes, and 
macrophages by potentiating the action of histamine, 
which injures lung tissues and causes inflammation [8, 
9]. Targeting systemic and local oxidative stress using 
antioxidants/redox modulating agents, or boosting the 
endogenous levels of antioxidants are strategies for the 
treatment and management of COPD.

Traditional pharmacotherapy for drug delivery to the 
lungs can be classified according to the type of thera-
peutic agents [10, 11]. Unfortunately, COPD cannot be 
completely cured using pharmacotherapy alone owing 
to biological barriers, low drug bioavailability and asso-
ciated safety concerns [12, 13]. Advanced strategies for 
novel drug delivery systems (DDS) have recently dem-
onstrated promising results as a targeted drug delivery 
pharmacotherapy. Based on their innate physical prop-
erties, novel DDS can improve the pharmacokinetics of 
the loaded therapeutics and target cells to minimise the 
adverse effects of drugs [11, 14].

Reviews related to the importance and use of nanopar-
ticles for respiratory diseases are available [15]; However, 
a comprehensive summary of novel drug delivery systems 
has not been presented as yet. Domej et al. reviewed the 
general relevance of free radicals in the development and 
progression of both COPD and pulmonary emphysema 
as well as novel perspectives on therapeutic options. 
The review is very useful when selecting drugs to treat 
of COPD, but not while selecting delivery systems [16]. 
Other reviews exploring novel delivery systems related to 
oxidative stress are not mainly focused on chronic respir-
atory diseases but not COPD [17]. Owing to the particu-
lar pathogenesis and progression of chronic respiratory 
diseases, the delivery systems for COPD will, by neces-
sity, need to be different from those developed for other 
lung diseases. A comprehensive review that introduces 
the role of delivery systems in the treatment of oxida-
tive stress is very important. Therefore, in this review, we 
discussed the role of oxidative stress and the use of novel 
delivery systems in the treatment of oxidative and airway 
inflammation.

Redox systems in the lung
Under physiological conditions, ROS and reactive nitro-
gen species (RNS) can be naturally generated intracel-
lularly by mitochondrial respiration, xanthine/xanthine 
oxidase, or NADPH oxidase system [18]. Xanthine/
xanthine oxidase and the NADPH oxidase system are 
mainly located in phagocytes and epithelial cells [19]. In 
response to pathological stimuli, such as viral or bacte-
rial infections, chemical and mechanical factors, phago-
cytes and endothelial cells in the airways rapidly release 
large amounts of superoxide anion (O−

2) and hydrogen 
peroxide (H2O2), which is referred to as an oxidative 

burst. The highly specialized function of lungs facili-
tates oxygen exchange and is, thus, constantly exposed 
to exogenous ROS, such as cigarette smoke, industrial 
air pollutants, and airborne pollutants. Tobacco smoke 
is a mixture of over 4700 chemical compounds including 
oxidants, which are present at high concentration [20]. 
Industrial and other airborne pollutants are also sources 
of oxidants that could be responsible for increased preva-
lence of COPD in non-smokers [21]. In previous studies, 
we found that particulate matter (PM) with an aerody-
namic diameter ≤ 2.5  μm (PM2.5) significantly induced 
ROS generation through epigenetic regulation, leading 
to airway epithelial cell injury and aberrant inflammatory 
response [22, 23]. The sources of ROS and their influence 
can be seem in Fig. 1.

ROS modulate the function of all classes of biomolecu-
lar, targeting almost all substrates in the cell. Lipids are 
the most susceptible to oxidation, which results in lipid 
peroxidation [24]. Lipid peroxidation products such as 
malondialdehyde, 4-hydroxynonenal and isoprostanes, 
impair membrane function, inactivate membrane-bound 
receptors, and increase tissue permeability. ROS can act 
on proteins to cause side-chain oxidation, backbone frag-
mentation, unfolding, and misfolding, all resulting in loss 
of activity [25]. ROS can also damage nucleic acids and 
cause DNA–protein crosslinking, strand breaking, and 
alteration in purine and pyridine bass structures, result-
ing in DNA mutations [26]. The marker of DNA dam-
age is represented by 8-hydroxydeoxyguanosine. These 
harmful actions lead to different forms of lung injury 
such as tissue damage, cell activation, and proliferation. 
Additionally, the damage of the mitochondrial mem-
branes and protein structure can enhance the generation 
of ROS and lead to DNA impairment and cell death by 
apoptosis [27].

In healthy lungs, antioxidants, such as catalase 
(CAT), superoxide dismutase (SOD) and glutathione 
peroxidase (GPx) provide an endogenous biological 
defence against cellular or organ injury caused by ROS. 
These antioxidant genes are predominantly regulated 
by nuclear factor-erythroid 2-related factor 2 (Nrf2) 
signalling, which plays a key role in sensing and defy-
ing oxidative stress [28]. As a transcription factor, Nrf2 
is generally located in the cytoplasm by forming a het-
erodimer with its repressor Kelch-like ECH-associated 
protein 1 under physiological condition. In response 
to oxidative stress, Nrf2 is liberated from the inactive 
state and then translocated into the nucleus, promot-
ing the expression of antioxidant enzymes by binding 
to the antioxidant response element [28]. The normal 
function of Nrf2 signalling is crucial for the mainte-
nance of physiological processes in the lungs. Experi-
ments in Nrf2 knockout mice show enhanced ROS 
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accumulation, inflammatory response, cellular injury 
in the airway, and increased sensitivity to physical 
or chemical stimuli [29–32]. Defective Nrf2 signal-
ling was determined in COPD patients and correlated 
with a decline in lung function and cigarette pack-year 
[33, 34]. Data from clinical and basic research have 
identified the protective effects of Nrf2 on COPD. 
For instance, Nrf2 restored corticosteroid sensitiv-
ity of peripheral blood mononuclear cells from COPD 
patients and, human monocytic U937 cells exposed 
to cigarette smoke extract [35]. Recent findings on 
the mechanisms of Nrf2-mediated lung protection in 
COPD have been reviewed by Barnes [36]. Although it 
is difficult to develop specific and effective Nrf2 ago-
nist, drugs and strategies targeting Nrf2 signalling are 
being considered in the treatment of COPD.

Mechanisms and damaging effects of oxidative stress 
in COPD
Oxidative stress is now recognised as a major predis-
posing factor in the pathogenesis of COPD and an 
excellent target for COPD therapies [37]. Oxidative 
stress involved in the pathogenesis of COPD is not 
only the result of the increased burden of oxidants but 
also owing to a decrease in antioxidative potential [38]. 
There is clear evidence of increased oxidative burden 
in patients with COPD. Increased levels of free-radical 
biomarkers have been detected in the epithelial lin-
ing fluid, breath and urine of cigarette smokers and 
patients with COPD [39–41]. The levels of H2O2 and 
arachidonic acid is found to be markedly increased 
in the exhaled breath condensate of COPD relative to 
those of the healthy controls [42–44]. Oxidative stress 

Fig. 1  Sources of ROS and differences between a healthy lung and a lung with COPD
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involves several mechanisms that result in the obstruc-
tive symptoms observed in COPD (Table 1).

The pathogenesis of COPD involves several pathoge-
netic processes including oxidative stress, inflammation, 
protease/antiprotease imbalance, apoptosis, and cellular 
senescence [43, 58] (Fig.  2); however, the relative con-
tribution of each of these pathologies to COPD varies 
among patients.

The major pathological features of COPD are 
obstructive bronchiolitis, emphysema, and mucus 
hypersecretion [59]. Oxidative stress might result the 
activation of the proinflammatory transcription fac-
tor, NF-κB, impaired antiprotease defences, cellular 
senescence, and corticosteroid resistance. Oxidative 
stress can impair the function of antiproteases, such 
as α1-antitrypsin and secretory leukoprotease inhibi-
tor, thereby accelerating the breakdown of elastin in 
the lung parenchyma. Oxidative stress accelerates lung 
ageing because of the defective function of endogenous 
antiageing molecules such as sirtuins, which have a 
role in genomic stability and can protect against ageing 
[60]. The reduced activity and expression of sirtuin-1 
eventually leads to cellular senescence. Senescent cells 
also release generate inflammatory proteins includ-
ing TNF-α, IL-1, IL-6, CXCL8, CCL2, and MMPs [61]. 
Corticosteroid resistance is caused by an imbalance 
in the expression of the proinflammatory enzymes 
in COPD patients. The damage caused by oxidative 
stress increases proinflammatory enzyme expression 
in COPD patients via a decrease in HDAC activity [62, 
63] and an increase in histone acetyltransferase activ-
ity [6]. Therefore, patients with COPD respond poorly 
to corticosteroid treatment, which fails to suppress 

inflammation even in high doses of inhaled or oral cor-
ticosteroids are used [64]. Additionally, oxidative stress 
can reduce anti-inflammatory defence, such as CAT 
activity, which has been demonstrated to be signifi-
cantly reduced in patients with COPD [48, 49]. The lev-
els of serum nitro-tyrosine [39] and lipid-peroxidation 
products increase in patients with COPD, resulting in 
increased systemic inflammation via the production of 
proinflammatory cytokines, ultimately causing cachexia 
[65] and thromboembolic events [66].

Oxidative stress also causes small-airway fibrosis. 
Epithelial cells are activated by cigarette smoking-
related vascular irritation and activation and result in 
the production of inflammatory mediators [67]. Epi-
thelial cells in the small airways express TGF-β, which 
induces local fibrosis and narrowing of small airways. 
Oxidative stress causes airflow obstruction that leads 
to tissue hypoxia and could stimulate an inflammatory 
response [68]. It can also damage and cause apoptosis of 
airway epithelial cells [69–71]. These airway-epithelium 
injuries decrease the protective capacity of the epithe-
lium against inhaled oxidants and further enhance 
inflammation. Therefore, oxidative stress causes airway 
inflammation, which gives rise to a further oxidative 
burden, thereby forming a vicious cycle.

ROS are known to increase mucus hypersecretion 
through neutrophilic activity [72] and contribute to the 
pathogenesis of chronic bronchitis. Increased neutro-
phil numbers in the airways can be detected in patients 
with acute COPD exacerbations. Epithelial growth fac-
tor receptors (EGFRs) play an important role in mucus 
hyperplasia and secretion. EGFRs can be activated by 
neutrophilic inflammation through neutrophil elastase 

Table 1  Main mechanisms of oxidative-burden related COPD

iNOS, inducible nitric oxide synthase isoenzymes; SLPI, secretory leukocyte protease inhibitor; α1AT, alpha-1-antitrypsin; IL-1, interleukin 1; NF-κB, nuclear factor kappa 
B; IL-8, interleukin-8; GM-CSF, TNF-α, tumor necrosis factor-α; granulocyte macrophage colony-stimulating factor; iNOS, inducible nitric oxide synthase; HDAC: histone 
deacetylase

Mechanism Outcome Refs.

Imbalance of biological molecules Reduced antioxidant and antiprotease enzyme activity (SOD, CAT, GPx, α1 antit-
rypsin);

Altered expression of ROS-related enzymes (decreased in CAT, GPx, SOD, and 
increase in iNOS);

Activation of metallo proteinases

[45–49]

Intracellular signaling Altered expression of ROS related enzymes (decreased in CAT, GPx, SOD, and 
increase in iNOS)

[50, 51]

Mitochondrial respiration Altered mitochondrial function [46, 48, 52, 53]

Upregulation of gene transcription (NF-κB and, 
AP-1) and increase in cellular cytokine produc-
tion

Increased gene expression of inflammatory mediators and cytokines (IL-1, TNF-α, 
IL-8, GM-CSF, iNOS)

[54]

Nuclear histone acetylation/deacetylation balance Decreased HDAC2 activity and protein expression chronic inflammation (chronic 
remodelling)

[55, 56]

Remodelling of DNA/chromatin Decreased histone deacetylase 2 [57]
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secretion and might contribute to mucus hypersecre-
tion [73].

Further, oxidative stress can increase the risk of bron-
chial hyperresponsiveness (BHR). Previous reports 
state that half of population of patients with COPD are 

diagnosed with BHR [74, 75]. ROS can induce tachy-
kinin release from the capsaicin-sensitive sensory 
that act on the neurokinin receptors in the airways to 
induce BHR [76]. Also, lipid-peroxidation products 
are reactive molecules that can cause smooth-muscle 

Fig. 2  Cigarette smoke-related vascular irritation and activation in patients with COPD. Oxidative irritants including tobacco smoke have a direct 
effect on the epithelial cells, macrophages, and oedematous basal membranes. The airway smooth muscle markedly increased under excess 
exposure to ROS. Irritants activate macrophages to release several chemotactic factors including CCL2, which attract inflammatory cells to the 
lungs and acts on CCR2 to attract monocytes. LTB, CXCL1, and CXCL8 act on CCR2 to attract neutrophils. Neutrophil elastase causes hypersecretion 
of mucus. CXCL9, CXCL10, and CXCL11 act on CXCR 3, which attracts TH1 and TC 1 cells. TC1 cells, through the release of perforin and granzyme B, 
induce apoptosis of type I pneumocytes, thereby contributing to emphysema. IFNγ and TNFα released by TH1 stimulate inflammation. Activated 
macrophages provide oxidative signalling to neutrophils and TH1 cells, which cause an imbalance in the protease/antiprotease system and 
overexpression of MMP-9 and Ne. The increased expression of Ne induces TNF-α by the NF-κB signalling pathway and accelerates apoptosis of 
epithelial cells. Oxidative stress activates P13K leading to the phosphorylation and inactivation of HDAC2. Macrophages generate ROS and NO that 
form ONOO-peroxynitrite and might also inhibit the activity of HDAC2. These modifications of HDAC2 result in corticosteroid resistance in COPD 
patients. Oxidative stress also drives accelerated ageing through the activation of P13K and reduction in sirtuin-1 levels, which leads to cellular 
senescence and release of inflammatory proteins, further increasing oxidative stress. ROS can induce tachykinin release from the capsaicin-sensitive 
sensory that acts on the neurokinin receptors in the airways to induce bronchial hyperresponsiveness. P13K, phosphoinositide 3-kinase; IL, 
interleukin; TGF, transforming growth factor; MMP, matrix metalloproteinase; MUC5AC; Ne, neutrophil elastase; ROS, reactive oxygen species; CCL, 
CC-chemokine ligand; CCR, CC-chemokine receptor; CXCL, CXC-chemokine ligand; CXCR, CXC-chemokine receptor; TH1, T helper1 cells; TC1, type 1 
cytotoxic; NO, nitric oxide; ONOO−, peroxynitrite
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contraction and subsequently contribute to BHR [77]. 
BHR is a strong predictor of the progression of air-
way obstruction in early COPD patients who continue 
smoking.

Damage caused to DNA by oxidative stress can be 
repaired by efficient DNA-repair machinery. However, 
failure to repair double-stranded DNA breaks leads to 
an increased risk of developing lung cancer in COPD 
patients [78]. ROS also result in protein carbonylation 
that may lead to the generation of circulating autoanti-
bodies that cause damage to alveolar cells, particularly in 
severe COPD [79].

Therapy strategies
Recent therapeutic choices for COPD include anticho-
linergics, β2-agonists, and inhaled corticosteroids, all 
of which ameliorate symptoms rather than curing the 
disease [80, 81]. There are no clinically available treat-
ments that prevent COPD progression. Currently, several 
endogenous non-enzymatic and enzymatic antioxidants 
antioxidants are widely used to combat oxidative stress 
in the lungs. The commonly used nonenzymatic anti-
oxidants include glutathione [82], ascorbic acid [83], uric 
acid [84], α-tocopherol [85], and proteins used to prevent 
the Fenton and Haber–Weiss reactions [86]. The enzy-
matic antioxidants mainly include catalase, SOD isomers, 
and GSH-associated enzymes [87–89]. Although oxi-
dative stress is an excellent target, these agents are not 
very effective. The most common obstruction faced by 
conventional antioxidant drugs involves airway immune 
response, mucous hypersecretion, inflammation, and 
low bioavailability. Overall, studies of anti-oxidants in 
COPD have been disappointing. There remains a consid-
erable need to develop novel drug therapies for patients 
with COPD. However, the introduction of a novel DDS 
can help improve the pharmacokinetic behaviour of drug 
molecules inside a biological entity, such as the rapid 
absorption of the nano/mirco-drug owing to its high sur-
face area. DDS can enable sustained release in the lung 
tissue, prolong drug circulation time, reduce dosing fre-
quency, and improve patient compliance. Local DDS, 
such as inhaled medicines, might be an alternative that 
could decrease the incidence of side effects associated 
with high drug-serum concentrations.

Novel drug delivery systems
Novel DDS have gained increasing attention in the treat-
ment of COPD owing to their advantages of targeted 
deposition, sustained release, biodegradation, reduced 
dosing frequency and well controlled size and surface 
charge. Owing to their small size, high surface-volume 
ratio, high stability, and unique physicochemical proper-
ties, nano/microcarriers can be utilized to incorporate 

hydrophilic and hydrophobic drugs as well as other 
biologics. These unique characteristics make nano/
mircocarriers a promising platform for improving the 
solubility, dissolution, and bioavailability of therapeutics. 
Novel DDS include liposomes, polymeric nanoparticles, 
solid lipid nanoparticles, polymeric micelles, dendrimers, 
nanoemulsion, nanosuspension, and microspheres, and 
microparticles (Fig. 3). However, the application of DDS 
in COPD is still in its early stages. The progress in design-
ing novel DDS against oxidative stress, oxidative-stress 
triggered inflammation, and challenges in translating 
technology into the market are discussed in the following 
sections.

Liposomes
Liposomes are among the most established drug deliv-
ery platforms owing to their flexibility, biocompatibility, 
biodegradability, and nonimmunogenicity. Liposomes 
constructed using amphiphilic phospholipids have a 
spherical lipid structure containing an aqueous core 
[90]. The hydrophilic (aqueous core) and hydrophobic 
shell (spherical lipid structure) enable the transport of 
hydrophilic, hydrophobic, and amphiphilic molecules 
and make liposomes convenient for use in combina-
tion therapy, which is crucial for COPD treatment [91]. 
Many lipids commonly used to prepare liposomes have 
good compatibility with the lung tissue and can facilitate 
the intracellular delivery of several therapeutic agents via 
fusion with the plasma membrane lipids, receptor-medi-
ated endocytosis, and phagocytosis owing to the diver-
sity of the amphiphilic lipid molecules [92]. Liposomes 
are used in transporting hydrophilic, hydrophobic, and 
amphiphilic antioxidants as well as antioxidant enzymes 
to different organs and tissues for the treatment of oxida-
tive stress-induced damage (Table 2).

Liposomes containing antioxidants are being studied 
for acute oxidant-related COPD. To date, liposomes have 
been widely used in the delivery of molecules with anti-
oxidant properties, including the lipophilic antioxidants 
α-tocopherol; hydrophilic antioxidant glutathione, NAC, 
and the antioxidant enzymes SOD and CAT. However, 
the effectiveness of SOD and CAT is limited owing to 
their unfavourable physicochemical properties. Liposo-
mal-entrapment markedly increases the activity of these 
enzymes [103]. Other antioxidant-loaded liposomes 
show promising results. For example, Hoesel et al. tested 
NAC-loaded liposomes and showed that they reduced 
lung permeability index in acute (4-h) CEES-induced 
injury by a 59%; Proinflammatory mediators in the bron-
choalveolar lavage fluids from oxidant-expose lungs 
(CEES caused a 20-fold, fourfold, and 1.6-fold increase in 
CINC-1, IL-1β, and TNF-α, respectively) were reduced 
to baseline levels [99]. Curcumin-loaded liposomes are 
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potential and safe delivery systems to prevent chronic 
inflammatory conditions and can be modified by coating 
their surface with chitosan or hyaluronan to protect both 
the phyto drug and vesicles and improve the local efficacy 
of curcumin. These liposomes improved the nebulisation 
performance and provided relatively good protection 
against oxidant-induced damage to the lungs. Particu-
larly, a synergic effect of curcumin and hyaluronan was 
observed which resulted in a proliferative effect and a 
subsequent enhancement of the metabolic activity of cells 
[102]. To protect liposomes from degradation in vivo and 
prolong their activity, PEG was added to the surface of 
the liposomes, which generated liposomes with a hydro-
philic ‘sterically stabilised’ surface. PEGylated liposomes 
have a lower affinity for macrophages in the mononuclear 
phagocyte system.

A major difficulty in translating liposome treatment 
from research to the clinic is delivery. Inhaled pharma-
cologic therapy is a cornerstone treatment for patients 
with COPD [104]. The administration of liposome could 
improve lung maintenance and lessen side effect. Thus, 
dry inhaled powder, Arikace and Pulmaquin, are cur-
rently in clinical-development phases [105]. Arikace is 

a dipalmitoyl-phosphatidylcholine and cholesterol lipo-
some loaded with amikacin to treat Pseudomonas aer-
uginosa infections that affect the lung and ultimately lead 
to cystic fibrosis. Pulmaquin is a ciprofloxacin liposome 
used to the treat lung infections [106].

However, to date, inhaled liposome therapy has several 
limitations. Liposomes are associated with drug leak-
age owing to their relative instability during storage and 
nebulization and are also unstable during dehydration. 
For the product to be effective, it is essential to main-
tain the physical properties of liposomes after inhalation. 
Therefore, new approaches for preparing liposomes of 
increased stability are needed.

Nanoparticles
Nanoparticles offer a new approach for the targeted 
delivery of drugs to the lungs [107]. They have been used 
mainly to target the intracellular cell adhesion molecule 
and platelet endothelial cell adhesion molecule receptors 
present on the endothelial cells of the pulmonary airway. 
Nanoparticles can be used as carriers to transport drugs, 
such as NADPH oxidase inhibitors, SOD and CAT, to 
prevent oxidative stress in the respiratory system [108]. 

Fig. 3  Representative nanoparticles and microparticles used for delivering antioxidants in COPD
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Table  3 lists relevant studies focused on nanoparticle-
based therapy for COPD.

Solid lipid nanoparticles
Solid lipid nanoparticles (SLNs) are biocompatible and 
markedly more stable than liposomes. Their production 
can be easily scaled up (high-pressure homogenisa-
tion and simple emulsification); and they are innocu-
ous compared to polymeric nanoparticles. Castellani 
et  al. prepared a SLNs based DDS using a melt-emul-
sion method to encapsulate proanthocyanidins and 
that showed it lowered oxidative stress by reducing 
ROS production. SLNs demonstrated non-significant 
toxicity against airway epithelial cells. The uptake and 

persistence of SLNs in airway epithelial cells in  vitro 
were more extensive compared to free drugs and dem-
onstrated prolonged residence time when adminis-
tered in vivo. SLNs were taken up in a dose-dependent 
manner and persisted in cells up to 16  days. Further, 
SLNs were stable at 4  °C in double-distilled water for 
up to 2  months [109]. Carvalho et  al. prepared SLNs 
containing carvacrol using a fusion-emulsification 
method. The polydispersity index (PDI) of the prod-
ucts was 0.126 ± 0.015 and the average size of SLNs was 
78.72 ± 0.85 nm. SLNs containing carvacrol minimised 
the inhalation injury by significantly reducing malondi-
aldehyde levels and minimized the histological changes 
[110].

Table 2  Relevant studies focusing on liposomes for oxidative stress

DPPC: L-a-dipalmitoylphosphatidyl-choline; NAC: N-acetylcysteine; TBARS: thiobarbituric acid reactive species

Nanocarrier 
composition

Drug Method 
of preparation

Size Route 
of administration

Mode of action Ref

DPPC, cholesterol and 
stearylamine

CAT or SOD Reverse-phase evapora-
tion

– Intravenous Decrease lipid per-
oxidation products 
(malondialdehyde, 
conjugated dienes, 
lipid hydroperoxides)

[93]

DPPC a-Tocopherol Reverse-phase evapora-
tion

320 ± 40 nm Intratracheal Reduce myeloper-
oxidase activity and 
reverse of phorbol 
myristate acetate-
induced changes in 
lung edema, lipid 
peroxidation, enzyme 
and alkaline phos-
phatase activities

[94]

DPPC and cholesterol Cu, Zn SOD and CAT​ Reverse-phase evapora-
tion

200 nm Intratracheal, instil-
lation

Increase antioxidant 
activity of alveolar 
type II cell, increase 
lung antioxidant 
enzyme levels

[95, 96]

DPPC SOD and/or CAT​ Reverse-phase evapora-
tion

0.1–0.4 μm Intratracheal Prevent the chronic 
vascular and paren-
chymal damage due 
to oxygen toxicity

[97]

DPPC NAC Reverse-phase evapora-
tion

- Intratracheal Increase pulmonary 
glutathione

[98]

DPPC NAC, glutathione, 
a-tocopherol

Thin-film hydration 
method

100 nm Intratracheal instillation Reduce CINC-1, IL-1β, 
and TNF-α

[99]

Phospholipid and 
cholesterol

NAC Reverse phase evapora-
tion and spray drying

∼100 nm Inhalation Against TBARS produc-
tion

[100]

DPPC a-Tocopherol Solvent evaporation 
method

- Intraperitoneal, injec-
tion

Reduce acute inflam-
matory, cell influx and 
suppress collagen 
formation in lung 
tissue

[101]

Chitosan, hyaluronan, 
and phospholipids

Curcumin Sonication, stirring 130 nm A549 cells Cell relative metabolic 
activity ≥ 80% after 
treated with hydro-
gen peroxide

[102]
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However, SLNs have several limitations concerning 
their application, including unpredictable drug-release 
behaviour and the potential for gelation owing to the 
polymorphism of solid lipids [134, 135].

Inorganic nanoparticles
Inorganic nanoparticles are composed of noble met-
als such as gold and silver or inorganic materials such 
as calcium phosphate, carbon, silicon oxide, and iron 
oxide. Inorganic nanoparticles generally possess versa-
tile properties suitable for pulmonary delivery including 
wide availability, rich functionality, good biocompat-
ibility, and potential capability of targeted delivery. Inor-
ganic nanoparticles have also been assessed as potential 
nanocarriers for COPD. For example, cationic metallic 
nanoparticles are being used for gene delivery because 
they can easily bind to anionic DNA/RNA [136]; gold 
nanoparticles can be used for targeted delivery to epi-
thelial cells in COPD [111]. Hood et  al. described anti-
body conjugates loaded with ferrous and ferric chloride 
antioxidant nanoparticles for endothelial targeting which 
could target the endothelial delivery of CAT and SOD. 
These inorganic nanoparticles protected from proteoly-
sis CAT and SOD and enabled endothelial active delivery, 
which provided specific protective antioxidant and anti-
inflammatory effects in animal models of acute inflam-
mation and/or oxidative stress [106]. Gil et al. introduced 
inorganic cerium oxide (IV) nanoparticles conjugated 
with the antioxidative enzymes, SOD and CAT, to scav-
enge oxygen and nitrogen radicals. The results showed 
that SOD/CAT and the nanocarrier could complement 
each other and provide a synergetic antioxidant activity. 
Nonetheless, this approach needs to be explored further 
in in vivo studies [112]. Antioxidant enzyme nanocarrier 
formulations can be used to target endothelial cells to 
generate anti-inflammatory effects.

Inorganic nanoparticles exhibit intrinsic oxidant-gen-
erating properties. Some silver nanoparticles were found 
to induce oxidative stress in a dose- and time‐dependent 
manner, as indicated by the depletion of GSH and induc-
tion of ROS, SOD, and CAT [137, 138]. Avoiding the oxi-
dation of nanoparticles is the most important aspect in 
the design of antioxidant inorganic nanoparticles.

Polymeric nanoparticles
Polymeric nanoparticles have an adaptable nature with 
physicochemical qualities that can change to accommo-
date different purposes. Different polymers can be used 
to reduce dosing frequency and target specific cells or 
organs, adjust the release pattern, and adjust the particle 
size and surface charge to escape alveolar macrophage 
clearance or facilitate transepithelial transport. The com-
monly used polymeric materials include natural polymers 

such as albumin, chitosan, gelatin and HA; synthetic pol-
ymers such as PEG, PVA, PLA; and copolymers, such as 
PLGA. Moreover, it has been recognised that polymers 
usually do not induce a strong immune response [139]. 
Mohamed et al. used PGA-co-PDL and DOTAP to pre-
pare nanoparticles loaded with miR146a to reduce the 
expression of the IRAK1 target gene. miR146a delivered 
as miR-146a-NPs reduced the IRAK1 expression to 40% 
and dampened the IL-8 promoter-reporter output. These 
results demonstrate the potential of PGA-co-PDL NPs 
as a delivery system for miR-146a to treat COPD [122]. 
By transforming polymer nanoparticles into micropar-
ticles via spray drying, researchers have demonstrated 
the potential of transforming polymer nanoparticles into 
industrial preparations.

The development of a biodegradable NP-based DDS 
further optimize the application of polymeric nanoparti-
cles as they can effectively avoid the accumulation of pol-
ymeric materials following repeated dosing. CS, HA, and 
PLGA have been frequently reported to have promising 
prospects. Biodegradable hydroxybenzyl alcohol-incor-
porated polyoxalate (HPOX) is a novel biodegradable 
nanoparticle material used to combat oxidative stress in 
airway inflammatory diseases. During the degradation of 
peroxalate ester linkages, HPOX leads to the releases of 
HBA in vitro. HPOX administered intranasally induces a 
significantly reduced expression of iNOS and attenuates 
allergic inflammation. No cytotoxicity was observed with 
cells treated with HPOX nanoparticles less than 100  μg 
[115]. Biodegradable nanoparticles includes PLGA and 
PEG which enable the biodegradation of nanoparticles 
after administration [140, 141]. Further advancements 
have made by using biodegradable polymeric hydrogel 
for pharmacological applications. For example, sodium 
alginate (ALG)-Fe has tissue-mimicking, mechanical 
properties and biocompatibility [142].

Biodegradability and biopersistence of nanoparti-
cles can influence nanoparticle-cell interactions, which 
may have direct effects on cellular or organelle oxida-
tive status, or indirect effects through inflammatory pro-
cesses and enzymatic detoxification pathways [143, 144]. 
Although the introduction of biodegradation provides 
opportunities to overcome airways defence and avoid 
the accumulation of polymeric materials, it has poten-
tial safety issues in other aspects. For example, the com-
plete degradation of PLGA take months. The degradation 
products, lactic acid and glycolic acid, can accumulate 
and cause changes in a disturbance in the microenviron-
mental pH [145]. Therefore, it is highly recommended to 
determine the polymer degradation rate and long-term 
safety before inhaled polymeric DDS are used clinically.
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Dendrimers
Dendrimers represent a promising class of nanocar-
riers for drug delivery to the lungs. The commonly 
used polymeric materials include natural polymers, 
such as poly(amidoamine) (PAMAM), ploy(L-lysine) 
(PLL), polyamides, polyesters (PGLSA-OH), poly-
propylenimine (PPI), ploy (2,2-bis(hydroxyl methyl) 
propionic acid), and ployethers [146]. PEGylated den-
drimers have been used to reduce toxicity, improve 
pharmacokinetic profiles, and improve aqueous solu-
bility. The degree of PEGylation can significantly effect 
dendrimer splitting and retention. Ryan et  al. exam-
ined the potential utility of PEGylated poly(lysine) 
dendrimers as pulmonary delivery agents. Larger 
PEGylated dendrimers may be retained in the lungs 
and enable controlled drug delivery [127]. Zhong et al. 
investigated the systemic and lung cellular biodistribu-
tion of generation 3, PAMAM dendrimers (G3NH2) 
[128]. PAMAM dendrimers prolonged systemic cir-
culation and accumulated effectively in the lungs 
through passive circulation. PAMAM dendrimers also 
show potential in delivering biomacromelucles, such 
as siRNA [129, 130].

Lipid‑polymer hybrid nanoparticles
Lipid-polymer hybrid nanoparticles (LPNs) exhibit 
complementary characteristics of both polymeric nan-
oparticles and liposomes, particularly in based on their 
physical stability and biocompatibility. LPNs have been 
demonstrated to exhibit superior efficacy for in  vivo 
cellular delivery. Thanki et al. developed lipidoid-mod-
ified (lipid like materials) LPNs consisting of PLGA and 
lipidoid. Lipidoid-modified LPNs showed strong gene 
silencing effects in the human non-small lung carci-
noma cell line H1299 [131]. Lipidoid-modified LPNs 
offer promising prospects for the efficient and safe 
intracellular delivery of siRNA for COPD [147]. Lipi-
doid consist of an alkylated tetraamine backbone. Dif-
ferent analogues have been obtained, depending on the 
degree of alkylation. Compared to the commonly used 
cationic lipids such as DOTAP, lipidoids contain multi-
ple secondary and tertiary amines. Therefore, they are 
more efficient in interacting with anionic siRNA mol-
ecules without significantly increasing the net charge 
of the LPNs. Another LPNs are a core–shell type LPNs 
composed of a PLGA core encapsulating a potent anti-
oxidant Mn-porphyrin dimer (MnPD) and a cationic 
lipid (DOTAP) shell that binds the pHDAC2. The trans-
fection of pHDAC2 combined with the elimination of 
ROS by MnPD exhibited a significant enhancement of 
intracellular HDAC2 expression levels, suggesting that 
the multi-antioxidative activity of MnPD plays a crucial 

role in the expression of HDAC2. The nanocarriers of 
LPNs are suitable for delivering drugs for COPD [123]. 
Efficient and simple large-scale production of nanopar-
ticles has already been developed; however, attempts 
continue to scale-up the production of LPNs and sim-
plify their preparation.

Multifunctional nanoparticles
Multifunctional nanomaterials integrating therapeu-
tic and imaging modalities have opened a new era in 
the present therapeutic strategies, namely, theranostics. 
Two-dimensional (2D) nanosheets, a type of brand-new 
nanomaterial, which could integrates multiple func-
tionalities of various materials to obtain an ‘all-in-one’ 
platform is a potential starting point for translational 
research [148]. Passi et al. designed a multifunctional silk 
fibroin-based carrier for the delivery of antioxidant and 
imaging agents. A one-step desolvation method was used 
to prepare sulforaphane (antioxidant drug)-loaded silk 
fibroin nanoparticles (SFSNPs). These anionic SFSNPs 
were further coupled with CeNPs and PEI-passivated 
carbon dots (CDs) to form self-assembled CeNP-CD@
SFSNPs nanocomposites. The synthesised CeNP-CD@
SFSNPs nanocompositescould could efficiently reduce 
ROS levels while simultaneously enabling imaging of the 
cells [133]. Such multifunctional nanocomposites could 
be potential candidates for the delivery of drugs to pre-
vent oxidative stress, simultaneously, enabling the detec-
tion of pathological conditions in patients.

Nanotechnology provides a new dimension to the tar-
geted drug-delivery approach, with multiple benefits in 
COPD. However, nanomaterials for transporting thera-
peutics need to be assessed for the potential health haz-
ards, especially since different nanoparticles have been 
demonstrated to induce toxicity related to their nanome-
tre size, opening a the new field of nanotoxicology [149]. 
Nanoparticles also generate and contribute to oxidative 
stress via direct and indirect cellular interactions. Nano-
particle interaction and damage to internal cellular struc-
tures can lead to oxidation, which further exacerbate the 
severity of oxidative stress. Additionally, nanoparticles 
may indirectly interact with cells to alter ROS produc-
tion and emission through modified cellular phagocytic 
activity and oxidative burst. Liu et al. evaluated the oxi-
dative stress caused by silica nanoparticles (SiO2 NPs). 
The fluorescent probe, DCFH-DA, was used to detect 
ROS by measuring the fluorescence intensity. Interest-
ingly, the fluorescence was about 1.7 times stronger 
in cells exposed to SiO2 NPs than in those exposed to 
microsized SiO2 particles. The finding suggested that the 
oxidative damage in cells exposed to SiO2 NPs was more 
serious than that in A549 cells exposed to microsized 
SiO2 [150]. This is because SiO2 NPs have a smaller size 
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and larger surface area, which can more efficiently inter-
act with cellular or subcellular structures. However, there 
is an overwhelming amount of toxicity data derived from 
environmental health studies, which shows that nano-
particles can induce oxidative stress. Whether the results 
apply to nanoparticle therapeutics remains controversial. 
The induced toxicity and oxidative stress of nanoparticles 
must be considered when designing nanoparticles for the 
treatment of oxidative stress-induced COPD.

Nanoparticle technology offer effective approach for 
drug delivery in COPD. However, several issues remain 
to be resolved prior to its use in a clinical setting. To date, 
no clinical studies using nanoparticles in the treatment 
of oxidative stress have been registered at the ‘clinical 
trials.gov’ database. Inhaled pharmacologic therapy is a 
cornerstone of treatment for patients with COPD, which 
have a wide range of advantages such as requirement of 
low concentrations of drug to reach therapeutic efficacy, 
surpassing first pass metabolism and a very low incidence 
of side effects. From an aerodynamic viewpoint, nano-
particles cannot be directly used for inhalation because 
they are not in the optimal size range for inhalation 
(ideal median mass aerodynamic diameter  (MMAD) for 
deposition in the small airways and alveoli of the lungs 
should be 1 to 5  µm). Individual nanoparticles used for 
inhalation are prone to exhalation instead of deposition 
in deep lung owing to the low inertia of nanoparticles. 
Additionally, nanoparticles have larger surfaces, which 
results in an increase their free energy and increased the 
interaction between particles. The high degree of interac-
tion between nanoparticles leads to particle agglomera-
tion or drug-crystal growth [151, 152]. To address these 
problems, nanoparticles should be entrapped within 
microparticles. The solid matrix can prevent the inter-
action between nanoparticles, limit their mobility, and 
increase their long-term stability. More importantly, it 
can improve aerosolization properties and improve pul-
monary administration.

Microparticles
Microparticles are rapidly gaining popularity owing to 
their controlled-release properties, high drug loading and 
entrapment efficiencies, particle size, therapeutic ben-
efits, and compatibility, among other advantages. In par-
ticularly, the delivery of microparticles via inhalation is 
becoming an area of remarkable interest for researchers 
in the field of respiratory medicine [153].

Microparticle inhalers have become increasingly 
attractive for the pulmonary delivery of locally and sys-
temically effective medications. Dry powders show 
appropriate morphologies and suitable aerosol proper-
ties for inhalation drug delivery. Manufacturing methods 
including jet milling, spray drying, spray freeze drying 

and supercritical fluid  (SFD) technology are capable of 
generating particles ranging from 1 to 5 um in size and 
have been used to prepare dry powders with desired 
properties. Depending on the particle size, microparti-
cles are deposited in the lungs via the three mechanisms, 
namely, gravitational sedimentation, inertial impaction, 
and Brownian diffusion (Fig. 4). As particles with larger 
diameters (usually > 10 μm) are suitable for deposition in 
the oropharynx and those with smaller diameters (usu-
ally < 0.5  μm) are easily exhaled, microparticles in the 
range of 1 to 5  μm are optimal for achieving effective 
pulmonary deposition. This phenomenon is referred to 
as an impaction; particles with aerodynamic diameters 
between approximately 1 and 5 μm are deposited slowly 
in the narrow airways and bronchioles by sedimenta-
tion [154]. In addition to particle size, other properties 
influence aerosol performance, namely, particle density, 
shape, crystallinity and polymorphism, inter-particulate 
forces and surface roughness [155].

Relevant studies focusing on microparticles for oxida-
tive stress are summarized in Table 4.

Microscale powders
Microscale dry powder  Advanced particle engineering 
design technology has been used to prepare inhalable 
microscale powders. The representative image of micro-
scale dry powder can be seen from Fig. 5A. Muralidharan 
et al. reported the treatment of pulmonary inflammation 
by inhalation of microparticulate powders with dimethyl 
fumarate, an antioxidant Nrf2 activator. The spray-dried 
and co-spray-dried particles were prepared by advanced 
spray drying of an organic solution in a closed mode 
and employing D-mannitol as an aerosol performance 
enhancer. The dried powder had high drug loading with 
good in  vitro aerosol dispersion performance. Spray-
dried mannitol has a MMAD of 0.56 μm and a fine par-
ticle fraction (FPF) of 49%. Using in vitro studies of lung-
deposition model, studies reported that aerosol particles 
can reach the lower pulmonary tract and treat inflamma-
tion during COPD [159]. A similar co-spray dried pow-
der was described by Trotta et al. In their study, inhalable 
microparticles containing BD and RES were prepared and 
characterised to develop a multi-drug inhalable formula-
tion with antioxidant and anti-inflammatory activities for 
the treatment of COPD [162]. The preparation of micro-
scale powder is simple and easy to scale-up; however, 
drug loading and short duration of action are commonly 
encountered challenges [179].

Porous microparticles  The short systemic circulation 
time of microparticles remains a challenge owing to the 
rather short duration of action [6, 7]. Aerosolization 
of particles is an important property for inhalation and 
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depends on particle–particle and particle–wall interac-
tions. Microparticles with pores have a lesser tendency 
to aggregate, exhibit decreased phagocytosis by alveolar 
macrophages, and have higher aerosolization efficiency 
(Fig.  5B). The most widely exploited method for pre-
paring porous microparticles is the multiple emulsion 
(w/o/w) approach with a porosity-inducing agent (such as 
β-cyclodextrin). Zhang et al. developed BD-loaded large 
porous microparticles (LPPs) for inhalation. The opti-
mised formulation showed desirable aerodynamic behav-
iour to allow for drug delivery to the lungs [170]. Porous 
microparticles can also be used to load other types of 
antioxidative drugs for COPD. Many new materials have 
also been used for the preparation of porous particles 
because of their excellent biocompatibility, biodegradable 
and other properties. Jeong et al. developed a new fam-
ily of biodegradable polymers, vanillyl alcohol-containing 
copolyoxalate (PVAX), which could scavenge hydrogen 
peroxide and exert potent antioxidant and anti-inflam-
matory effects. PVAX microparticles reduced oxidative 

stress and suppressed the expression of pro-inflammatory 
TNF-α and iNOS. Porous PVAX microparticles with 
encapsulated dexamethasone show great potential as a 
therapeutic system to treat airways inflammatory diseases 
[114]. However, PVAX microparticles have a large diam-
eter (13 μm), which can negatively influence the deposi-
tion into the deep lungs if administrated by inhalation. 
Porosity\makes large-scale manufacturing difficult, and 
the requirement of particle flow-ability increases the dif-
ficulty in designing microparticles. Therefore, more inno-
vation is needed to generate new pharmaceuticals for this 
market.

Mucoadhesive microparticles  To prolong drug action 
in the lungs, mucoadhesive polymers have been explored 
for COPD. Mucoadhesive polymers have structures and 
functional groups with high affinity for mucosal sur-
faces. For example, amino groups in chitosan undergo 
electrostatic interactions with the anionic groups of the 
mucus, which increases the mucoadhesiveness of micro-

Fig. 4  Manufacturing methods, jet milling, spray drying, spray freeze drying and SFD, of preparing microparticles and their deposition mechanism
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particles. Anionic alginate can form hydrogen bonds with 
the mucin layer of the mucosa [183]. Solid lipid micro-
particles (SLMs) have a strong ability to form hydrogen 
bonds with the mucin layer of the mucosa to control drug 
release. The therapeutic approach using FP-loaded micro-
particles offers a remarkable potential for the treatment 
of COPD. Amore et al. described alginate- and chitosan-
based mucoadhesive SLMs for the effective delivery of 
fluticasone propionate to treat COPD. SLMs have a useful 
dimensions (MMAD is 3.5–4.0 μm) for pulmonary release 
of FP to the secondary bronchi [171]. Liu et al. prepared 
budesonide mucoadhesive microparticles containing hya-
luronic acid by spray drying. The MMAD of microparti-
cles was 3.12–5.35 μm, which was in the inhalable range; 
however, the FPF was 35.6% which had to be further 
improved. The study showed that budesonide loaded in 
the mucoadhesive microparticles exhibited a significantly 
prolonged Tmax, which substantially delayed absorption 
and prolonged the retention of budesonide. This resulted 
in an increased bioavailability in an animal model owing 
to the mucoadhesive ability of hyaluronic acid [165]. 
Despite the success of mucoadhesive microparticles for 
the pulmonary delivery of antioxidant drugs, the release 
pattern and drug encapsulation efficiency should be con-

sidered when using microparticles. The redispersion of 
mucoadhesive microparticles is not feasible and should 
be evaluated before administration.

Nanocomposite microparticles
Nanocomposite microparticles in research  Studies com-
bining the merits of nanoparticles with the delivery con-
venience have been conducted by spray drying nanopar-
ticles with or without additional excipients; the particles 
obtained using this approach are termed nanocomposite 
microparticles (NCMPs), which have the advantage of 
both nanoparticles and microparticles. The represent 
image of NCMPs can be seen from Fig. 5C, D. Under phys-
iological conditions, NCMPs disassociate into the original 
nanoparticles and maintain the properties of the nanocar-
riers (nano complexes or nanoparticles), including their 
drug release and delivery advantages (Fig.  6). NCMPs 
exhibit better in  vitro antioxidant activity than micro-
particles containing the non-encapsulated drug, which 
makes it a good candidate for the treatment of oxidative 
stress [100, 184]. Most of the NCMPs were synthesised 
using non-water-soluble or biodegradable polymers to 
atomise the aqueous suspension. Such microparticles can 
maintain the structure of nanoparticles after the drying 

Fig. 5  Morphology of A microscale dry powder [180]; B porous microparticles [170]; C matrix NCMPs [181]; D hollow NCMPs [182]
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process and translate into inhalable microparticle pow-
der, which is more suitable for the treatment of COPD. 
NAC was efficiently encapsulated in liposomes produced 
by the reverse-phase evaporation method. Powders con-
taining these liposomes presented suitable properties for 
pulmonary administration. A MMAD of 7  μm and res-
pirable fraction above 30%, maintained or increased anti-
oxidant activity after the drying process and recovered 
nano sized liposomes after aqueous redispersion. NAC 
dry powder possessed a higher antioxidant activity than 
the non-encapsulated drug in solution or dry powder 
containing the non-encapsulated NAC [100]. Mohamed 
et al. prepared NCMPs of microRNA (miR-146a) contain-
ing PGA-co-PDL nanoparticles for dry powder inhalation 
using l-leucine and mannitol as excipients. The micropar-
ticles maintained the bioactivity of miR-146a; however, 
after dispersion, the nanoparticles size increased, from 
244.8 ± 4.40 nm to 409.7 ± 10.05 nm [122]. The micropar-
ticles showed a high FPF of 51.33% and MMAD ≤ 5 µm 
suggesting that deposition in the respirable region of the 
lungs would be possible. The selection of excipients and 
drying parameters is crucial for maintaining the least 
change in nanoparticles. In vitro drug release from micro-
particles depends on drug concentration in the nanopar-
ticles, morphology of the final carrier, and the presence 
of pharmaceutical adjuvants [185, 186]. Generally, stud-
ies with NCMPs using drug-loaded nanoparticles aim to 
achieve a stable formulation with cellular uptake, long tis-
sue retention times and sustained drug release. NCMPs 
are a promising approach for pharmaceutical nanoparti-
cle processing and novel drug-delivery platforms.

To better control drug release, drug-loaded nanopar-
ticles embedded within swellable microparticles rep-
resent another promising approach for drug delivery to 
the alveolar region where macrophage clearance occurs. 
Sherbiny and Smyth developed curcumin-loaded PLGA 
nanoparticles with chitosan-grafted-PEG or chitosan 
using spray drying. This process resulted in a series of 

respirable amphiphilic hydrogel microparticles derived 
by adjusting the PLGA content. The PLGA nanoparti-
cles and the hydrogel microspheres showed sizes ranging 
from 221–243 nm and 3.1–3.9 μm, respectively. Hydrogel 
microparticles had desirable biodegradation rates, high 
drug loading (up to 97%), and good sustained release. 
Hydrogel microparticles had a minimal propensity to 
induce TNF-α release and showed delayed and reduced 
macrophage uptake [175]. These studies revealed that 
swellable microparticles could used as potential carriers 
for sustained pulmonary drug delivery. Current research 
on swellable microparticles for antioxidant delivery is still 
in its infancy. However, the key requirement of NCMPs 
is the spontaneous release of unaffected nanoparticles 
following pulmonary deposition. The in vitro and in vivo 
release patterns of swellable microparticles should be 
considered before further investigation.

Considerations in translating of NCMPs to the clinic  The 
lung itself is an extremely complex structure, function-
ing as a significant barrier protect the respiratory system 
from pollutant particles and microorganisms. Many of the 
processes associated directly with respiratory functions 
present significant challenges for particle deposition, such 
as air humidification, temperature control in the thoracic 
and tracheobronchial regions, and gas exchange in the 
alveolar-interstitial region. Thus, particles must overcome 
lung-geometry barriers as well as lung physiology with 
high humidity (around 90%) during the respiratory phase, 
which can interfere with particle size and deposition. Par-
ticles must avoid mucociliary clearance and overcome 
the pulmonary surfactant layer that covers the alveolar 
epithelium in deep lungs. The fate of NCMPs includes 
the following three processes: First, the NCMPs need to 
translocate across the lung barrier and reach the blood-
stream; NCMPs associate with the lining fluid or cells 
and are thus retained in the lungs for a long time; they 
are phagocytosed by macrophages. Overall, depending 

Fig. 6  Preparation of nanocomposite microparticle and their reconstitution
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on the final particle destination, epithelial tight junctions, 
immunological cells, and lung lining fluids that represent 
additional barriers that must be overcome (Fig. 7).

Inhalable microparticles in clinical applications
Inhalable microparticles can be used to treat oxidative 
stress in COPD. Newly investigated inhalable micropar-
ticles are currently under clinical study. Dumont et  al. 
used the Particle Replication In Non-wetting Templates 
(PRINT) technology to produce dry powder microparti-
cles with uniform shape and size which is currently under 
Phase 1 study. Two new inhaled formulations of ribavi-
rin (Ribavirin-PRIN-CFI and Ribavirin-PRINT-IP) were 
developed to achieve efficient delivery to the lung and 
minimise bystander exposure [178].

Therapies against oxidative stress and anti-inflam-
matory drugs are the mainstay treatments for COPD. 
However, frequent drug administration is associated 
with potential side effects. Thus, to ensure that drugs 
are administered less often, effective and safe sustained 
release drugs from of biodegradable microparticles is 
required for pulmonary delivery.

Conclusion and future perspectives
Oxidative stress plays a major role in the pathogenesis 
and progression of COPD. It can cause airway inflam-
mation, which further contributes to the oxidative bur-
den. Although the mechanisms of airway inflammation 
and oxidative stress in COPD are apparent, the lack of 
an efficient DDS causes improper treatment that leads 
to chronic and fatal lung pathophysiology. There is an 
immediate need to develop novel DDS that can effec-
tively deliver COPD therapeutics. The findings presented 

in this review suggest that nano/microtechnology-
based therapeutics can be a more effective approach to 
treat oxidative stress. DDS have their advantages and 
disadvantages. Identification of the ideal nanoparti-
cles properties is essential before making nanoparticles 
into microparticles to elicit the desired response and to 
acquire in-depth knowledge of the molecular and cellu-
lar mechanisms of oxidative stress in COPD. Liposomes 
are composed of biodegradable ingredients. They are 
easy to prepare, nonimmunogenic and show good aero-
solization in solid form. However, there are also some 
requirements (mucus barrier, aerodynamic properties, 
clearance mechanism, absorption, and release proper-
ties) to be fulfil prior to clinical. SLNs (or nanostructured 
lipid carriers (NLC) improve drug retention and prolong 
drug release. For dendrimers and multifunctional nano-
particles, understanding the manufacturing and control 
requirements is very important. LPPs and NCMPs, such 
as LPNs, polymer nanoparticles, or biodegradable nan-
oparticle-loaded microparticles maybe the best option 
in COPD to prevent oxidative stress. However, despite 
some encouraging results, the clinical use of nano/micro-
particles in the pulmonary field is still in the early stages. 
More research is needed to achieve efficient delivery of 
antioxidants to the lungs. Most importantly, potential 
lung toxicity (e.g., those caused by inorganic nanoparti-
cles) and particle interaction with the immune systems 
could be risk factors that are far more severe than inflam-
mation in COPD. Carefully designed preclinical studies 
on the safety and efficacy will help to move the nano/
micro technology-based therapeutics closer to clinical 
evaluation in human subjects.

Fig. 7  What happens to an aerosol drug after deposition in the lungs? (modified from [187])
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