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Abstract

Oxidative stress is intensely involved in enhanding severity of various chronic respiratory
diseases (CRDs) including asthma, chronic obstreigiulmonary disease (COPD), infections
and lung cancer. Even though there are varioudiegianti-inflammatory therapies, which are
not enough to control the inflammation caused @ueatious contributing factors such as anti-
inflammatory genes and antioxidant enzymes. Theldeto an urgent need of novel drug
delivery systems to combat the oxidative stresds Taview gives a brief insight into the
biological factors involved in causing oxidativeests, one of the emerging hallmark feature in
CRDs and particularly, highlighting recent trends ivarious novel drug delivery carriers
including microparticles, microemulsions, microsgass nanopatrticles, liposomes, dendrimers,
solid lipid nanocarriers etc which can help in cetibg the oxidative stress in CRDs and
ultimately reducing the disease burden and impigvire quality of life with CRDs patients.
These carriers improve the pharmacokinetics andvhitability to the target site. However,
there is an urgent need for translational studiegatidate the drug delivery carriers for clinical

administration in the pulmonary clinic.
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List of Abbreviations

S.No.| Abbreviation | Explanation

1. COPD Chronic obstructive pulmonary disease

2. CRD Chronic respiratory diseases

3. ROS Reactive oxygen species

4, RNI Reactive nitrogen species

5. NADPH Nicotinamide adenine dinucleotide phosphatdrogen
6. VEGF Vascular endothelial growth factor

7. Nrf2 Nuclear erythroid 2 p45-related factor 2

8. PDE Phosphodiesterase type 4

9. NF«B Nuclear transcription factor

10. MAPK p38 P38 mitogen-activated protein kinases

11. NTHi Nontypeablélaemophilus influenzae
12. 3-NT 3-nitrotyrosine

13. NSCLC Non-small-cell lung cancer

14. SCLC Small-cell lung cancer

15. AP-1 Activator protein

16. LOX Lipoxygenase

17. iINOS Inducible nitric oxide synthase
18. COX2 Cyclooxygenase 2

19. DNA Deoxyribonucleic acid

20. MMP Matrix metalloproteins




21. PIG3 p53 inducible gene 3

22. SLM Solid lipid microparticles

23. ERK Extracellular signal-regulated kinase

24. LMP Lymphocyte-derived microparticles

25. PLGA Poly(lactic-co-glycolic acid)

26. PVAX Polymeric (vanillyl alcohol-containing colyoxalate)
27. TNFo Tumor necrosis factor-alpha

28 IL-6 Interleukin-6

29. ME Micro emulsion

30. FP Fluticasone propionate

31. S-SMEDDS Solid self-microemulsifying drug deliy system
32. TPGS Tocopheryl polyethylene glycol succinate

33. ECGME Etoposide, coix seed oil and ginsenoRid2 microemulsion
34. G-Rh2 Ginesenoside Rh2

35. IPM Isopropyl myristate

36. LTB4 Leukotriene B4

37. NO Nitric oxide

38. PE Pulmonary embolism

39. TBA-RS Thiobarbituric acid reactive species

40. ICAM Intracellular cell adhesion molecule

41. PECAM Platelet endothelial cell adhesion mdkecu

42. NOX NADPH oxidase inhibitors

43. SOD Superoxide dismutase




44, LPS Lipopolysaccharide

45, HSPC Hydrogenated soy phosphatidylcholine
46. SPC Soy phosphatidylcholine

47. FDA Food and drug administration

48. NAC N-acetyl cystine

49. Gold-PAMAM | Polyamidoamine

50. Gold-PPI Polypropyleneimine

51. RNA Ribonucleic Acid

52. CFTR Cystic fibrosis transmembrane conductaegelator
53. SLN Solid lipid nanocarriers

54. NLC Nanostructured lipid-based nanocarriers
55. SLN-PTX Solid lipid nanocarriers-paclitaxel

56. AUD Area under the curve

57. PEG Polyethylene glycol

58. ARE Antioxident response element

59. GST Glutathione S-transferases

60. GPX Glutathione Peroxidase

61. DDS Drug delivery systems

62. CF Cystic fibrosis

63. TPs Transdermal patches

64. Raw Airway resistance

65. Gayn Dynamic lung compliance

66. LTRA Leukotriene receptor antagonist




67. FeNO Fractional exhaled nitric oxide

68. LABA long-acting b2-agonists

69. rhDNase Recombinant human deoxyribonuclease

I ntroduction

An imbalance between increased oxidative agentsaatidxidant defense mechanisms is known
as oxidative stress, which plays a critical role tire pathogenesis of multiple disorders,

especially chronic respiratory disease like asth@@PD, respiratory infections and lung cancer
[1]. There are various external and internal fagtarhich can increase the severity of respiratory

diseases (Figure 1).

Studies involving asthmatics have demonstratedeasad levels of reactive oxygen species
(ROS) [2] and reactive nitrogen intermediates (RNHhese primarily include superoxide anions
(O2), hydrogen peroxide (D,) and hydroxyl radicals (OH). The major externaure@s of
oxidative stress in asthma include air pollutio)lgns, cigarette smoke and the influx of
inflammatory cells into airways post allergen expes Whereas, internal factors include
mitochondrial dysfunction and metabolic factorstsas obesity/metabolic syndrome [2, 3]. In
addition, asthma patients also have depleted ad#dok defenses, including superoxide
dismutase, glutathioneand catalase .An increasdhén levels of oxidative stress, either
exogenous (smoking, air pollution etc.) or endogsn@yenerated by immune cells such as
macrophages, neutrophils and eosinophils) is linkeshore severe asthma [4]. Whilst NADPH
oxidase-dependent complex and the cytosolic xaatliridase system is involved in the

generation of ROS, the interaction of nitrite angletoperoxidase or eosinophil peroxidase—



derived ROS results in RNI burden [4, 5]. The cautiiggers of asthma exacerbations include
respiratory infections, environmental pollutantsd acertain drugs (e.g., aspirin) [6]. These
activate differential inflammatory profiles and torn, differential oxidative burden during
exacerbations [7]. Moreover, increased levels ofdatwe stress markers (plasma lipid
peroxides) have been reported in asthma patieptriexcing exacerbations [8].

Low levels of oxidative stress initiate the relea$@ntioxidant and anti-inflammatory genes via
the activation of nuclear erythroid 2 p45-relatadtér 2 (Nrf2). In nucleus, Nrf2 binds to and
activates antioxidant response element (ARE) leagiregulation of genes encoding
antioxidant-detoxifying proteins, including antidants (GPx), thiol metabolism-associated
detoxifying enzymes (GSTs) and stress-responsesdéf@-1) [9]. Evidently, Nrf2 seems to be
protective against cigarette smoke-induced COPINré3-deficient mice exposed to cigarette
smoke exhibited greater bronchoalveolar inflamnmtenhanced alveolar expression of 8-oxo-
7,8-dihydro-2'-deoxyguanosine, increased apoptidsendothelial and type Il epithelial cells and
most importantly, greater degree of emphysema wbenpared to control mice [10]. However,
high intensities of oxidative stress trigger theivation of pro-inflammatory intracellular
signaling leading to the expression of inflammataytokines, chemokines and adhesion

molecules [11] resulting in increased airway inflaation and airway hyper-responsiveness.

Although glucocorticosteroids remain the mainstagrapy for the management of asthma, they
are not adequate to control oxidative stress-indlamvay inflammation due to their ability to

interfere with the expression of anti-inflammatagnes as well as antioxidant enzymes [12].
Hence, there is an urgent need to develop newegiest targeting oxidative stress to control or
prevent airway inflammation. One potential approaolild be the use of nanotechnology to

improve antioxidant activity and lung function [113}].



COPD is a multi-factorial disease that is primardgused by the external factors such as,
cigarette smoking and/or exposures to biomass snadkpollution and a variety of occupational
exposures to chemical dust and fumes. All thesefaistors are also frequently implicated in the
increases in the oxidative burden and ROS/RNI enltimgs, as well as systemically [15]. For
example, airway smooth muscle cells from COPD p#dieexhibited increased ROS levels
compared to healthy individuals [16]. Likewise, theutrophils harvested from the peripheral
blood of COPD patients have been shown to produare ROS compared to healthy individuals
[17]. Increased levels of ROS can then initiate iadyrof biochemical reactions, leading to
damaged cellular components (proteins, lipids, mndleic acids). Moreover, ROS also initiates
inflammatory cascades via multiple mechanisms, sischrotein kinase pathways, transcription
factors, and genomic expression of pro-inflammategulators. All these factors result into an
‘over-activated’ immune system. Notably, the higlardative burden may lead to significant
reductions in the VEGF levels in the lungs, whi@s lbeen associated with the development of
emphysema [17]. Inhalation of air pollutants resuift the induction of oxidative stress in the
lungs. For instance, inhalation of carbon partiglessent in air pollution, are retained by the
lung tissues and induces oxidative stress [18].ddeer, exposure to particulate matter from
biomass/fossil fuels depletes anti-oxidants inurell cells [19]. Occupational exposure (such as
exposure to welding fumes) has been linked to Bggmitly increased oxidative burden in the

lung [20].

Even though there arevarious options availablarfertreatment of COPD like PDE4 inhibitors,
NF-kB inhibitors, MAPK p38 inhibitorsp,-agonistsand corticosteroids. However, none of them

reduces the progression and inflammation of COPDhis T indicates the need



forinvestigationsfocusing on delivering such poi@ntherapeutics directly to the small airways

in reducing thedisease features and pathologyeodlitease.

Respiratory infections, especially wiktycobacterium tuberculosis results in increased oxidative
burden and inflammation in the lungs [21]. In amuhf tuberculosis is also linked to increased
risk of developing COPD [22]. Similarly, pulmonairnfection with Sreptococcus pneumoniae
(common bacterial pathogen in CRDs) also inducedatixe stress that is depended on the
pneumococcal auo lysin LytA, and independent otdyad-derived HO, and pneumolysin [23].
Non-typeableHaemophilus influenzae (NTHi), also a major bacterial pathogen in CRDas h
been shown to induce ROS formation in human-deriy@dnary cell lines (alveolar
macrophages, human-lung fibroblast, and epithell lines and blood-derived neutrophils)
[24]. Moreover, mice infected with NTHi showed opeyduction of oxidant, 3-nitrotyrosine (3-
NT) in the lungs [24]. Furthermore, respiratoryaVimfections also affect redox homeostasis,

which has been reviewed by Khomietal .[25].

Lung cancer is the leading cause of death amorigstiacers especially in men all over the
world [26]. Lung cancer can be classified as Nomdsieell lung cancer (NSCLC) and small-cell

lung cancer (SCLC). NSCLC contributes to 85% otlad lung cancers [27]. The causes of lung
cancer are attributed to smoking, inhalation oflygetl air, noxious gases like ozone (03),
sulphur dioxide (SO2), nitrogen dioxide (NO2) anatnm-organisms. Cigarette smoke accounts
for 90% of lung cancer deaths [28]. It has carcermsgyincluding nitrosamines, acrolein, and
poly- hydrocarbons. Along with, ROS/RNI producednfr smoke contributes to cancer
development. ROS initiates signaling cascades hyading the production of chemokines and
cytokines thereby, causes chronic inflammation Wwhip regulates nuclear transcription factor

(NFxB), activator protein (AP-1), lipoxygenase (LOX)itrit oxide synthetase (iNOS) and
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cyclooxygenase (COX2) [29]. It also activates orsws such as c-jun, c-myc and c-fos, further
induces over-expression of c-jun has been repootednciliate growth factors for NSCLC [30].
ROS/RNI also oxidizes protein and lipid moieties ¢grbonyl groups introduction in amino
acids, the formation of protein-centered alkyls, landialdehyde production etc. which
eventually brings about the loss of histidine raes] oxidative scission, elevates mutagenesis
and genotoxic products. Furthermore, these interéttt DNA and modify polymerases, repair
enzymes causing DNA- damage [31]. The most commiA nodification is 8-OH-G and is
found to be 10 folds elevated in the urine of sek8&2]. In situations of inflammation in lungs,
matrix metalloproteins (MMPSs) interacts with growthctor, cytokines, chemokines, cell
adhesion factors, apoptotic ligands, and angiogctors but over expression of MMPs induces
tumor progression and metastasis [33]. During loagcer, p53 is mutated causing defective
apoptosis. p53 intervenes mitochondrial apoptamad by up-regulation of ROS [30]. The
P1G3 protein responsible for oxidation-reductiomjet is over-expressed in the tumor, thus fails
to initiate apoptosis [34]. However, anti-oxidahetapy would contribute to balance oxidant
levels in the body such as Thioredoxin (MOL-294% leeen used against lung cancer, dietary
supplements (Ascorbic acid, Vitamin [carotene, Selenium etc.) reduce oxidative stress t
some extent [35]. MMPs are an important componétieinflammatory cascade in lungs [33],
therefore nano-formulation based targeted drugveslior gene therapy has the potential to

control disease progression and provide us witeteebunderstanding.

A variety of anti-oxidant therapies have been psmgbfor CRDs [36], however, their targeted
delivery and efficacy remains a challenge for mamggatients with CRDs. Targeting oxidative

stress and associated lung/systemic inflammatiomitiging modern drug delivery strategies
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could indeed improve disease progression, sunaval most importantly, quality of life in

patients with chronic respiratory diseases.

There is an emerging need of new therapeutic iatgéions, pharmaceutical agents, and drug
delivery to target the oxidative stress, an impdrthallmark feature in various chronic
respiratory diseases such as asthma, COPD, respirafections and lung cancer. Various
natural and synthetic active moieties have beempgs®d with potent anti-oxidant and anti-
inflammatory properties in such diseases. The teia in the area of drug delivery systems
particularly the emerging concept of advanced atieti release drug delivery approaches such
asmicroparticles, microemulsions, microspheres,oparticles, liposomes, dendrimers, lipid
nanocarriers, solidlipidnanocarriers, nanostructuigid carriers, are gaining massive attention
and can help in combating the state of oxidatiwesstin CRDs. The various novel drug delivery
systems and approaches with their applicationsiigeting oxidative stress are detailed below

(Figure 1):

1. Microparticles

During the past decade, more attention has beendi the development of micro-particulate
drug delivery carriers as these systems have beltdivery of therapeutics to disease
sites,particularly in treating pulmonary diseas®g B8]. Particle size plays an important role in
the delivery of drugs to the target site withoutefing the non-target sites. It has been reported
that the particle <0.pm cannot be retained in the airway for a prolonge@ period due to the
easy exhalation of such particles. On the other gatticles with >1@m diameter is suitable for
deposition in the oropharynx. The microparticleli#b um size range is considered asanideal to

achieve efficacious pulmonary deposition [39, 40].
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Amore et al. described alginate and chitosan-basedmucoadhesiiet Ipid microparticles
(SLMs) for the effective delivery of fluticasone opionate to treat chronic obstructive
pulmonary diseases (COPDSs). The developed SLMs mere effective in controlling oxidative
stress-induced lung inflammation including ERK1/&hway activation and cigarette smoke
extract-inducedsurvivin expression [39]. Lymphoegitgivedmicroparticles (LMPs) stimulate
oxidative stress in endothelial cells [41]. &@ial.(2014) identified that LMPs cause apoptosis of
alveolar epithelial and bronchial cells by the \aatiion of p38 mitogen-activated protein kinase
signaling with an increase in cellular oxidativeess and arachidonic acid production [42].

The first report on the expression of lung vascukamdothelial growth factor in
benzo(a)pyrenefed mouse model ofa lungtumour wakged by Bandi and co-workers. PLGA
micropatrticles released budesonide in a sustairather for over 21 days. Microparticles have
also showed potential of inhibiting the angiogefaictors in lung cancer on local delivery with a
sustained release in benzo(a)pyrene-fed mice.iithistion resulting is attributed to the reduced
malondialdehyde accumulation, glutathione deplet@scular leakage, and vascular endothelial
growth factor and c-myc expression.Inhibition of idative stress by the developed
micropatrticles is especially beneficial in treattmghours [43].

In a study, Yoet al. fabricated porous poly(lactide-co-glycolide) migaaticles by water-in-oil-
in-water multi-emulsion method for effective pulnaoy delivery of anthocyanin. Ammonium
bicarbonate and starch were used as a porogen isoous additive, respectively. Prolonged
residence (up to 20 days) of anthocyanin was recbid lung epithelium of BALB/c mice. The
microparticles showed a sustainediitro release profile of anthocyanin and antioxidanivegt

for 2,2-diphenyl-1-pikryl-hydrazyl radicals for aempod of 5 days. Developed microparticles
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have been recommended as a potential drug deloarier for effective relief of oxidative stress
in pulmonary diseases like COPD [44].

Porous polymeric (vanillyl alcohol-containing copokalate - PVAX) microparticles containing
dexamethasone as a therapeutic agent to treatyainflammatory diseases have been reported
by Jeongt al. The drug-loadedmicroparticles significantly reddooxidative stress level and
inhibited expression of pro-inflammatory tumor resis factor-alpha (TNk) and inducible
nitric oxide synthase in the lungs of ovalbuminitdeged asthmatic mouse models. The results
suggested the potential applicability of PVAX bagedrous microparticles as therapeutic
systems in treating asthma [45].

It has been established thatvitro exposure of human alveolar cells to hydrogen pdeox
causes microparticle generation by p38 activatideri et al. reported inhibition of p38
phosphorylation-dependenthydrogen peroxide-indugadtroparticlesin alveolar cells by
pirfenidone. Pirfenidone inhibited hydrogen per@xidduced microparticle generation in both
flow cytometry and solid phase thrombin generatmmethods. Inhibition of p38 mediated
procoagulant microparticle generation by pirfenieldmas been disclosed first time by these
researchers [46].

The fundamental mechanism of tungsten oxide mictagb& and nanoparticle toxicity has been
reported in human lungcarcinoma (A549) cells. Therage size of synthesized microparticles
and nanoparticles was 3.8& and 53.84 nm, respectively. Nanoparticles redwetidviability
and membrane damage in a dose-dependent manneignficant gain in tail DNA and
micronuclei formation was observed after 24 h. TH¢A damage induced by tungsten oxide
nanopatrticles could be due to the increased levigiflammation and oxidative stress, which is

correlated with an increase in malondialdehyde I$eand depletion of reduced glutathione
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content, catalase. Nanoparticles inhibited G2/Msphaf the cell cycle. The results showed that
themicroparticles did not instigate toxic effect§].

Spray driedresveratrol and budesonide inhalableapéticles have been reported for effective
therapy of chronic lung diseases. Cytotoxicity ggadf the microparticles were carried outin rat
alveolar macrophages. The formulations were furtbsted to access the biological response of
alveolar macrophages in terms of cytokine expressitree radical scavengingand nitric oxide
production. The results showed that the alveolarcroghages toleratedresveratrol and
budesonide. The microparticles decreased intere@ki(IL-6) and (TNFe) levels in
lipopolysaccharide-induced alveolar macrophagek [47

Bot et al. investigated the applicability of lipid-based loW and porous spray dried
microparticles (PulmoSpheres™) for the effectivdiveey of human immunoglobulin. An
improved release profile of immunoglobulinwasobséfvrom the synthesized microspheres once
added to an aqueous environment. The results shgstersic bio-distribution of
microparticlesinupperand lower respiratory tractB#LB/c mice .Also, the receptor-mediated
loading of alveolar macrophages relates to the mogthimmune responses against xenotypic
epitopes was observed. The formulation approacbngpatible with local and systemic delivery
via there respiratory mucosa [48]. Vehrirgy al. reportedformoterol fumarate dihydrate,
mometasonefuroate or glycol pyrrolate, containiogpps phospholipid microparticles delivered
using 1,1,1,2-tetrafluoroethane as a propellant fidimulation containing drug microcrystals
associated with porous particles improved suspanstability than the suspensions without
porous particles [49].

2. Microemulsions
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Microemulsions are gaining popularity due to theirque propertiessuch as ease of preparation,
stability, clarity, increased bioavailabilityetc. [50]. Akhuemokhan et al. formulated
microemulsion (ME) of fluticasone propionate (FBy pulmonary delivery using mesh or jet
nebulizers and compared with the marketed nebulisespension of the same drug
(Flixotide®nebules). Jet nebuliser effectively delivered thegdwhile the mesh nebuliser failed
to deliver the microemulsion. The delivery of mienaulsion from the nebulizer was controlled
by the viscosity, particle sizeand aerodynamic igartsize distribution. The aerodynamic
particle size distributions produced by microenuisi using a jet nebuliser showed these to be
promising results [51].

Effective pulmonary delivery of atorvastatin frorolid self-microemulsifying drug delivery
system (S-SMEDDS) has been reported. The attempprepare microemulsion (ME) was
firstty done using isopropyl myristate (IPM). Theicm@emulsion was examined for
physicochemical characterization, phase diagram,séability studies. The microemulsion was
spray dried to obtain solid S-SMEDDS using a comatiam of sugars and leucine with or
without polyethylene glycol 6000n-vitro cytotoxicity studies were carried out for both the
formulations (microemulsion and S-SMEDDS) usinguagl cancer cell line. Lecithin/TPGS
(2:3), lecithin/oil (1:1) and surfactant/co-surfaat (1:1) were identified as optimized ratios for
the formulation of the microemulsion. The improvadotoxic activity on lung cancer cells was
observed when the atorvastatin was deliveried dAatktocopheryl polyethylene glycol succinate
in S-SMEDDS [52].

Mikhail et al. reported improved and more consistent absorptiolNedral and Sandimmun
(cyclosporin) from microemulsion in patients witm transplants for cystic fibrosis. The results

of respiratory function tests remained stable [$3jnningaet al investigated the comparative
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immunosuppression effect of microemulsions contgriacrolimus and cyclosporin in 413 adult
lung transplant recipients. Tacrolimus was fountessuperior to cyclosporinwith respect to the
incidence of lymphocytic bronchitis score, bronditi® obliterans syndrome, arterial
hypertension, and treatment withdrawal. More frexuiabetes mellitus was reported in patients
who received tacrolimus when compared with thegpé8 received cyclosporin. No significant
difference was observed in mortality between tegtedps [54].

The applicability of etoposide, coix seed oil, agidsenoside Rh2 containing microemulsion
(ECGME) in lung cancer treatment has been validated the mechanism underlying the
enhanced antitumor efficacy has been explored. €Boside Rh2 (G-Rh2) (3% w/w) was
selected as optimum concentration to formulate aeicrulsion with small particle and high drug
encapsulation efficiency. The intracellular fluaresce of human non-small cell lung cancer
cells treated with fluorescein isothiocyanate-laldetnicroemulsion was significantly highén.
vivo anticancer study results showed significant infohitnon-small cell lung cancer tumor
xenograft growth and induced tumor cells apoptwsisice treated with microemulsion [55].

Oral bioavailability of the quercetin, a plant-dexdl anti-oxidan tand anti-inflammatory agenthas
significantly improved frommicroemulsionwhen compéirtothe suspension in an experimental
mousemodel of airways allergic inflammation. Aftermunization with ovalbumin, the animals
received daily oral doses of microemulsion (3 orr@/kg body weight in an oil-in-water
microemulsion content 0.02:0.2:1 of lecithin:castoBolutol HS15), suspension (10 mg/kg
body weight in carboxymethylcellulose 0.5% in wgtervehicle for a period of 22 days. The
control group received dexamethasoneasa positineatalrug. Orally administered suspension
failed to interfere with leukocytes, while microelsion inhibited leukocytes in a dose-

dependent manner. A significant decrease in IL-8 Hn4 levels were recorded in animals

16



treated with microemulsion. However, it failed tadarfere with chemokine (CCL11), cytokines
(IFN-yandlipid (LTB,) levels. Microemulsion also inhibited the actieati of nuclear
transcription factor kappa B, P-selectin expressiat the production of mucus in lungs [56].

3. Microspheres
Microspheres are small and spherical particles WthOOOum diameters [57]. The influence of
the reactive oxygen species (ROS) scavenger Tempgbulmonary hypertension has been
described by Mizerat al. They described NO synthase activity and prodactibNO oxidative
products (NOx) after pulmonary embolism (PE). WI&sphadex microspheres suspended in
PSS were applied in right jugular vein as the pularg microembolism, thechanges in perfusion
pressure in isolated salt solution-perfused lutigs,activity of NO synthase and NOx plasma
concentration were measured in rats. Tempol wadsieapmtraperitoneally before pulmonary
embolism which demonstrates the significant redwuciin the basal perfusion pressure [58].
The selective pulmonary vasodilation effect of dtduguanylate cyclase and a low dose of 5-
Cyclopropyl-2-[1-(2-fluoro-benzyl)-1H-pyrazolo[3 d}pyridin-3-yl]-pyrimidin-4-ylamine (BAY
41-2272) has been reported in dogs with an acutragnary embolism. Evaluation of arterial
blood gas and hemodynamic were carried out in mobedized vehicle treated dogs and in
embolized dogs treated with intravenous injectioob BAY 41-2272 microspheres.
Thiobarbituric acid reactive substances and plasyeic guanosine 3',5-monophosphate
concentrations were determined byafluorometricandcommercial enzyme immunoassay
method, respectively. A decrease in pulmonary wargeressure and pulmonary vascular
resistance was recorded in animals treated with BAY272 [59].
The effects of sildenafil on the hemodynamic changaused by acute pulmonary embolism

have been examined in anesthetized dogs and Hatedoperfused lung preparation. Acute
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pulmonary embolism was induced by intravenous tigas microspheres (300m) to increase
mean pulmonary artery pressures by 20mmHg. Plakmbarbituric acid reactive species were
determined to measure oxidative stress. Sildemafg found toreduce mean pulmonary artery
pressures in dogs and attenuated the increasedatime stress after acute pulmonary embolism.
Similar results were recorded in rat isolated ysxtl lung preparation [60].

Souza-Costat al. analyzed the hypothesis that L-arginine would redhe strength of oxidative
stress and pulmonary hypertension during acute quémy embolism. The study involved
isolated lung perfusion rat models of acute pulmprambolism. Sephadex microspheres were
injected into the pulmonary artery. The oxidatiness and NO production were recorded based
on the results of thiobarbituric acid reactive seec(TBA-RS) and nitrite/ nitrate (NKp
concentrations obtained. L-Arginine reduces thengjth ofacute pulmonary embolism-induced
pulmonary hypertension by about 50% through antiaxi mechanisms with increased NO
synthesis [61].

4. Nanoparticles

These are the particles having a size range ofOwhOand are the new approach for targeted
delivery of the drugs [62]. Nanoparticles due t® small size have a tendency to behave as
vessels for drugs, which in turn can reach anyoregif the humanbody [63]. The Intracellular
cell adhesion molecule-1 (ICAM-1) and platelet ethédal cell adhesion molecule (PECAM)
receptors present over the endothelial cells ofmpulry airways are targeted by these
nanopatrticles. Therefore, these can be used agrsafor NADPH oxidase (NOX) inhibitors,
superoxide dismutase (SOD) and catalase in ordpreteent oxidative stress in the respiratory
system [64]. Murcet al. demonstrated that delayed the intracellular accatioun of anti-ICAM-

1 nanoparticles incorporated with catalase helppréwent oxidative stress in the endothelial
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cells of the airways. These nanoparticles are @ptdk/ the endothelial cells and remain there for
1hr and then delivered to lysosomes after 2-3hrsiégradation. Due to this delayed delivery to
lysosomes, the antioxidant activity of catalaseex¢ended and thus is able to prevent any
oxidative injury to the lungs [65]. Pu and co-waskaliscovered the potential of curcumin-
loaded nanoparticles in treating oxidative stresd @flammation. Upon release, curcumin
decreases the surplus amount of oxidants formedidmpolysaccharide (LPS)-stimulated
macrophages (Figure 2). Thus, these have the dipailfitargeting disorders associated with
oxidative stress [65]. Chest al developed nanoparticles encapsulated with Ceriuiglepxlso
known as nanoceria and determined their potersiahaantioxidant. As it contains both*d
Ce" ions, it causes redox reactions that are resplengilb reducing the level of ROS [66]

(Figure 2).
5. Liposomes

Liposomes are the drug delivery system suitable efocapsulation of both hydrophilic and
lipophilic drugs. Liposomes are attracted towardsnmnary delivery, following inhalation local
drug effect is observed in the lungs with prolongkdation of action [67, 68]. Liposomal
constituents phospholipids, cholesterol used ioslijpgnes preparation are typically analogous to
pulmonary surfactants in mammals [69, 70]. Manyorep suggest liposomal constituents are
found to compatible with alveolar macrophages, bgdnated soy phosphatidylcholine (HSPC)
and soy phosphatidylcholine (SPC) liposome expostioe prolonged nebulization
(concentrations up to 150mg/mL) has no effect anltings of sheep. Liposomes found to be
safe for inhalation in studies performed on humaitumnteers. Studies reveal liposomes are

suitable for delivery of genes, antimicrobial ageahd antidiabetic drugs [71].The delivery of
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liposomal formulation containing amikacin by Insrise(Arikace®) in nebulized form is one of

the FDA approved formulation [72].

Chennakesavulu and co-workers investigated thevetgli of colchicine and budesonide
encapsulated in liposomes for Idiopathic Pulmorfabyosis. Thin layer film hydration method
was used for preparation, optimized formulation msegarticle size was 100 nm. The
formulation is lyophilized by addition of mannitas cryoprotectant and carrién-vivo efficacy

studies were performed in adult male Wistar ratgposomal dry powder for inhalation
prolonged drug retention in lungs with reduced exyst absorption. The liposomal lyophilized
powder was stable for 6 months at 25 + 2°C 68% RH and refrigerated conditions (2 °®)

[73].

These are the drug delivery systems used for bligion of both hydrophilic and lipophilic anti-
oxidants for the management of diseases relateditiative stress. Suntres showed the potential
of Glutathione-loaded liposomes as an antioxidantlie treatment of hypoxia-associated lung
damage or paraquat-induced lung injury. During @n@cal trials, it was found that 10% of the
dose of liposomes was retained in the lungs foA&4rours following treatment and pulmonary
retention was enhanced by 18%. Thus, prolongecdtiete causes decreased discharge of
glutathione from liposomes. He also proved thadomes encapsulated with N-acetyl cysteine
(NAC) showed the anti-oxidant property. As a resfitNOS-induced lung damage, NAC
initiates MAPK (Mitogen-activated protein kinaseptpway and decreases inflammatory
responses (Figure 3). When these liposomes are ta&dV route, their half-life was increased

from 6min to 30 min. Thus, these enhance the durdiime of the drug in the target organ [69].

Glavaoet al. prepared cationic liposomes encapsulated withiagfine and three antioxidants
i.e. NAC, Vitamin C and Vitamin E using the methafdhydration of lipid film. They decrease
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the lung damage caused by sepsis and improvesvalumate in rats. They also decrease

nitrates/nitrites level and increases the lifelgéalar macrophages [74] (Figure 3).

6. Dendrimers

These are the branched systems containing a cargarsurrounded by star-shaped branches.
Various ligands could be attached at the surfacéafgeted release [75]. Esumi and co-workers
developed Gold-PAMAM (Polyamidoamine) dendrimersl &gold-PPI (Polypropyleneimine)
dendrimers by reduction of HAuQNith sodium borohydride and compared their antiarid
action. These dendrimers act by terminating thedaiiie action of hydroxyl radicals. The
catalytic activity of these dendrimers dependstantype of terminal group present over them.
Gold-PAMAM dendrimers were found to have more antlant activity than that of Gold-PPI
dendrimers. When their activity was compared wissoabic acid, the rate constant of Gold-
PAMAM dendrimers was 85 times more than ascorbid.athus, these have the potential of
being used as a drug delivery system for targebixigative stress [76]. Feliet al. prepared
cationic poly (amidoamine) dendrimers (PAMAM-MH using RNA sequencing and
computational approaches. These cause down-regulafi genes related to cell cycle at low
doses and is uptaken by lung cells and residegsmsbmes. Thus, biological methods help for
the prediction of cellular responses to these dgfivsystems [77]. Brockmagt al developed
dendrimers containing cysteamine i.e. an autophaayeing drug having bactericidal activity.
These preverhF508 mutation in Cystic fibrosis transmembrane catahce regulator (CFTR)
gene which is involved in causing cystic fibrosis.also reduced’seudomonas aeruginosa
development and causes breakdown of the mucus. siistem enhances bioavailability and

provides targeted delivery of cysteamine [78].
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7. Lipid Nanocarriers:

Lipid-basednanocarriers are the drug delivery sysiadely used for lipophilic drug delivery.
Solid lipid nanocarriers (SLN), nanostructured diypiased nanocarriers (NLC), liposomes are
widely used nanocarriers in drug delivery. Lipicsbd nanocarriers have several advantages in
comparison to polymeric nanocarriers, lipid usedanocarriers are non-toxic, free from organic

solvents, exhibit good tolerability in air-ways dids used are of biodegradable [79].

The nanosize of the lipid particles are easilyselized, they exhibit adhesion, accumulation,
and retention in the lungs as well as prolong theydelease. These are ideal properties of the
lipid nanocarriers make advantage in case of puamodrug delivery [37]. Lipid nanocarriers
are more prone to adsorption on to the epitheliuhiclv helps to escape from mucociliary

transport [80].
8. Solid Lipid Nanocarriers:

Solid lipid nanocarriers are next-generation lipianocarriers of emulsion-based formulations
where liquid oil is replaced with solid lipid. Sdfianocarriersprotect encapsulated drug, provide
controlled release of the drug, with enhanced paysstability. Large-scale batches can be
formulated in case of SLN using high shear homagensolid lipid nanocarriers can overcome

the limitations of liposomal drug delivery syste{33]. Liposomes cannot withstand the shear
force exerted by nebulizer, physical stress gepiieghon to the liposomal bilayer when aqueous
dispersion is converted into the respirable aerémwhulation. This leads to loss of originally

entrapped drug, this can be overcome by SLN basedfations [81].

Han and his co-workers encapsulated green fluonesceprotein plasmid (pEGFP) and

doxorubicin in solid lipid nanocarriers (SLN). Sace modification of SLN was done by
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transferrin-containing ligands for targeted delwvef drug and gene in lung cancén-vitro
efficiency was evaluated in human alveolar aderadcama cell line (A549 cells) whereas
in vivo transfection efficiency was evaluated incenibearing with A549 tumors. The particle
size of optimized nanoformulation was 267 nm wheris@ surface charge of nanocarriers was
+42mV. There was a remarkable therapeutic effett bothe delivery of plasmid (gene) and
drug doxorubicin. Ligand coating of nanocarrierpioved therapeutic efficiency of the carriers

targeting lung cancer cells in combination delivefyene and a chemotherapeutic agent [82].

Videira and colleagues formulated solid lipid namoiers (SLN) of paclitaxel to enhance
solubility and delivery to lungs. The SLN basedtatation increased the accumulation of drug
at the target site (in lung cancer) which resuitedugmentation of paclitaxel therapeutic index.
Compared with marketed formulation Taxol®, SLN leddaclitaxel was found 20 folds higher
cytotoxic effect. Lipid content of SLN based nancigalate systems improves permeation
through the cell wall, which leads to an escalairellular internalization of drug loaded in
SLN. Increase in cellular internalization is exgecfor enhanced cytotoxicity response of SLN
based particles. SLN loaded paclitaxel inhalatiwhil@ted improved efficacy in comparison to
intravenous administration of Taxol® in experiméntaetastasis stage of tumor model.
Pulmonary administration of SLN-PTX by inhalatioashhigh therapeutic efficacy within 2-
weeks, metastases in the lung surface were redocgdubstantial level. On the extension of a

treatment, the tumor was completely disappearefd [83

Wanget al. developed curcumin loaded SLN by the solvent-tnpecmethod and its efficacy
was tested in ovalbumin (OVA)-induced asthma maod€le size of optimized nanoparticles
based formulation was 190 nm, with -20.7mV zetapbal, entrapment of curcumin was found

to be 75%. Pharmacokinetic studies performed inbovain-induced asthma allergic model

23



developed in the rat, a high concentration of comouwvas observed in lungs and liver in case of
SLN formulationsIn-vivo administration of curcumin loaded SLNs shown pireent inhibition

of T-helper-2 type cytokines interleukin-4 and nteakin-13. In comparison to curcumin alone,

SLN based formulations exhibited active suppressiomyper responsiveness and infiltration of
inflammatory cells. The study reveals SLN basednidations as better delivery system

strategies for the treatment of asthma [84].

Hu et al. prepared SLN of epirubicin inhalable formulatiaor flung cancerin-vitro studies
revealed formulations remains stable while nebtibna and the respirable fraction was
improved compared to the solution. There was notoyicity of blank SLN on A549 alveolar
epithelial cells.In-vivo studies revealed increased drug concentratiohsnigs in case of SLN

compared to epirubicin solution for treatment afdwcancer [85].

9. Nanostructured Lipid Carriers:

Solid lipid nanocarriers exhibit limitations suck law potential drug loading and on storage,low
ordered lipid modification is transformed to highdyderedp-modification. This leads to few
imperfections in by perfect crystal lattice whiclkeatls to drug expulsion on storage.
Nanostructured lipid carriers are next generato8LtN in which solid lipid is mixed with liquid
lipid at the ratio of 70:30 to 99.9:0.1. By the duioh of the liquid lipid to the solid lipid matrix

it maintains lipid in a less ordered form which moywes drug loading and stability of

nanocarriers (decrease drug expulsion) [86].

Moreno-Sastre and co-workers worked on nanostredtlipid carriers (NLC) for pulmonary

delivery of tobramycin. Hot melt homogenizationheitjue was utilized for preparation of NLC
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and particle size of optimized formulation was 260 with 93% encapsulation efficiency. Lipid-
based nanoparticles labeled with infrared dye wesed forin-vivo administration studies in
BALB/c mice. Formulations labeled using infrarecedyere administered using MicroSprayer™
aerosolizer after suspending in phosphate buffimesdt was instilled by spraying into lungs
with help of syringe plunger. After immediate adisiration nanoparticles dispersed in entire
lungs, after 2 hours drug administration was fotmdystemic and detected in kidney and liver
and it was less intense in the spleen. After 4&$a0uug was disappeared in other organs and
remained in lungs were as free drug cleared fastether organs and there was no presence of
the drug in lungs. Apart from the improved sustdinglease of drug from NLC formulatioins,
vitro studies revealed there was no effect on cell hgbirhe in-vitro study was performed to
check the effect of mucus on nanocarriers by agptin of artificial mucus layer, which

revealed the mucus layer has no effect on SLNs [87]

Patil-Gadheet al. formulated montelukast loaded NLC for pulmonaryplagations. The
optimized formulation with particle size 184.6+Aih with >95% encapsulation was subjected
to lyophilization for inhalable dry powder by addir8B% mannitol. The lyophilized powder
density was 0.051+0.002 g/cc with a mass mediamrdeaneter of 15.1 £ 1.4 um. Thevivo
studies in Wistar rat revealed amplified bioavallah with longer residence and targeting factor
11.76 times in comparison to montelukast aqueoligtign. This suggested NLC based dry

powder for inhalation improve efficacy with redudedicity [88].

Pardeike and colleagues developed NLC based fotimoga of itraconazole, optimized
formulation exhibited 98.78% entrapment. Tonicity the formulation was adjusted with

glycerol and subjected to sterilization which dat affect size are zeta of the formulation. There
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was burst release of drug from the optimized foatiah. Using jet stream and an ultrasonic

nebulizer there was no effect on size and entrapoferanocarriers [89].

Patlolla and co-workers developed NLC of celecolib high-pressure homogenization. The
particle size of the optimized formulation was 22@4#m and >90 % entrapment. Fine particle
fraction and median mass aerodynamic diameter foerel to be 75.6+/-4.6 and 1.6+/-0.13p in
in-vitro aerosolization studiesn-vivo studies were performed in Balb/c mice, celecoxltCN
formulations showed 4 fold increase in AUC(t)/Dlumg tissue compared to celecoxib solution.
The systemic clearance of celecoxib solution wa®20iter/hour were as celecoxib NLC
clearance was 0.93 liters/hour. The study revemafsaved bioavailability with minimal dosing

interval [83].

Miscellaneous

Mucoadhesive drug delivery system

Mucoadhesive drug delivery is mediated by the adgon between the mucus layer over the
mucosal epithelial, mucin moieties and polymer/obsmer with increased dosage residence
time to the site of absorption [90]. This systenbéneficial over other srug delivery systems
(DDS) including oral controlled drug release ashds increased residence time in the
gastrointestinal tract, better targeting at thecsjmesite and elevated flux of drug at the target
site. The nasal cavity has a mucosal layer of 1BDehf allowing a residence time of 15-30 min

to particulate matter. Increased residence timgagds the mucociliary activity due to the

existence of foreign particulate matter. The phesmmom of the mucoadhesive system is,
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polymer/copolymer absorbs water from the mucosgéridollowed by penetration into the
mucus for localization of drug in the nasal cavityyming a gradient across the membrane for
controlled drug release [91, 92]. Co-polymers aedufor nasal based mucoadhesive DDS such
as poly (amidoamine) dendrimer, methylcellulosedrbyyl ethyl cellulose, poloxamer, poly

(vinyl pyrrolidone), thiolated poly (acrylic acid)oly (dimethyl siloxane) etc [93-96].

In a study by Zhang Lamt al. fabricated mucoadhesive DDS based budesonidditnsan
microparticle and characterized drug release ardidhtures of theallergic asthma using mice
model. The therapeutic action was identified by sneiag the IL-4 and IL-5 in bronchoalveolar
lavage and mRNA. From this study, it is evidentttdaug release lasted for 12 or 18 hr
depending on the molecular weight of chitosans lalso reported that after consecutive seven
days of treatment, eosinophil number and IL-4 &5llin MRNA was found to be decreased.
Mucoadhesive DDS chitosan-budesonide decreasebufjalose by 50% for effective treatment

[97, 98].

Anotherstudy by Sulet al. reported the use of mucolytic adjuvant includMecetylcysteine
(NAC) and recombinant human deoxyribonuclease (rag#) to deliver highly compact DNA
nanopatrticle in the treatment of cystic fibrosigjCFurthermore, it was reported that PEGylated
NAC and combination of NAC with rhDNase nanopaetichbenetration increased by 3 and 6-
folds repectively [99, 100]. Another strategy of coadhesion phenomenon is by coating
mucolytic agents over the surface of nanopartislesh as the use of DNase which cleaves the

accumulated DNA in the mucus of CF, non-specificglD1].

Montelukast loaded xyloglucan microspheres haven lwemsidered ideal lung delivery as DPI

due to entrapment efficacy, mucoadhesion, flowgbiknd controlled drug release from
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microspheres. It has been suggested that the nesidéme of Montelukast-xyloglucan
microsphere is 6 h and has a low frequency of ddministration. It has been reported as an
ideal system for antihistamine delivery via pulmgnaute [102, 103]. Ruget al. reported that
mucoadherent particles do not disintegrate incstatndition while it only occurs when patrticles
are bound to mucus. Therefore, mucociliary cleadncces play role in particle disintegration,

thus such a combination can be utilized for pulmmggene therapy [104, 105].

Transdermal patches:

The largest organ in the human body by mass is wkim a surface area of 16.1-21.5 sq. ft.
transdermal patches (TPs) has various advantagascownventional drug delivery such as a
potential alternative to hypodermic injection amdl@rug delivery systems that can also be used
for drugs which undergo rapid first-pass metabolgith better patient compliance[106] .

Kim and et.al. Studied the effective use of adrenerfi receptor agonist tulobuterol TPs for
prophylactic treatment in asthma and COPD, theiegimpn of TPs has shown decreased airway
resistance (Ry) and increased dynamic lung compliancg,{dn clinical study. Katsunuma &

al proved that TPs can be used for continues and-gonttherapy for pediatric asthma [107],
especially which are undergoing leukotriene recegittagonist (LTRA) therapy, and the results
showed a tremendous rise in volume of peak expyaflow (% PEF) without intensifying
fractional exhaled nitric oxide (FeNO) [108]. Anethstudy by Mochizuket al involved testing
the effectiveness of TPs in elderly people (H)hpreved that elderly people with COPD when
treated with TPs and inhaled long-acting b2-agsnisABA) salbutamol, showed an adherence
rate of 90.3 1 1.6% for TPs whereas 75.5 1 2.9%.ABA. Such studies clearly demonstrate the

potential of TPs indifferent age group of peoplé&wahronic respiratory diseases [109].

Conclusions
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Investigating the role of oxidative stress in CRIRe asthma, COPD, respiratory infections and
lung cancer can help in designing potential andebéherapy for CRDs. The concept of novel
drug delivery systems and approaches such as maitrdps, microemulsions, microspheres,
nanopatrticles, liposomes, dendrimers, lipid nanoea;, solid lipid nanocarriers, nanostructured
lipid carriers has shown a tremendous revolutiothenrecent times with an emerging potential
for CRDs when blended with the biological discogsrio target oxidative stress and ultimately
reducing the diseases pathology. The discussededglmethods such as nebulization and dry
powder inhalation of the nanoparticle and micrapkatdrugs are advantageous as they escape
mucociliary clearance and can encounter the deegettasites. There are various future
challenges, whichstill warrant attention in combgtthe oxidative stress in CRDs using drug
delivery, which is underway. Rigorous studies aeé@ done to maximize drug delivery and
minimize the toxicity, which includes modificatioof surface by PEG, mucolytic agents,
osmotic pressure gradient for improved penetrattmough mucus by using mannitol and
optimization of the formulation to upgrade the gtah deep lung deposition, and distribution.
Several physiochemical characteristics of the dargwulation influence the pulmonary drug
delivery including the size of particle, charge,rptwlogy, and biodegradability. However, the
concept of drug delivery targeting at the cellubenrd molecular level using the novel drug
delivery concepts are providing a new directionthe pulmonary clinic providing better
treatment, maximal patient compliance with minimsine effects.

References

[1] H.S. Park, S.R. Kim, Y.C. Lee, Impact of oxidative stress on lung diseases, Respirology (Carlton, Vic.),

14 (2009) 27-38.

[2] J. Qu, Y. Li, W. Zhong, P. Gao, C. Hu, Recent developments in the role of reactive oxygen species in
allergic asthma, Journal of thoracic disease, 9 (2017) E32-e43.

[3] F. Holguin, Oxidative stress in airway diseases, Annals of the American Thoracic Society, 10 Suppl
(2013) S150-157.

29



[4] G. Riccioni, T. Bucciarelli, B. Mancini, C. Di llio, R. Della Vecchia, N. D'Orazio, Plasma lycopene and
antioxidant vitamins in asthma: the PLAVA study, The Journal of asthma : official journal of the
Association for the Care of Asthma, 44 (2007) 429-432.

[5] B.D. Patel, A.A. Welch, S.A. Bingham, R.N. Luben, N.E. Day, K.T. Khaw, D.A. Lomas, N.J. Wareham,
Dietary antioxidants and asthma in adults, Thorax, 61 (2006) 388-393.

[6] E.D. Bateman, S.S. Hurd, P.J. Barnes, J. Bousquet, J.M. Drazen, J.M. FitzGerald, P. Gibson, K. Ohta, P.
O'Byrne, S.E. Pedersen, E. Pizzichini, S.D. Sullivan, S.E. Wenzel, H.J. Zar, Global strategy for asthma
management and prevention: GINA executive summary, The European respiratory journal, 31 (2008)
143-178.

[7] P.A.B. Wark, P.G. Gibson, Asthma exacerbations . 3: Pathogenesis, Thorax, 61 (2006) 909-915.

[8] A. Nadeem, H.G. Raj, S.K. Chhabra, Increased oxidative stress in acute exacerbations of asthma, The
Journal of asthma : official journal of the Association for the Care of Asthma, 42 (2005) 45-50.

[9] H.Y. Cho, S.P. Reddy, S.R. Kleeberger, Nrf2 defends the lung from oxidative stress, Antioxidants &
redox signaling, 8 (2006) 76-87.

[10] T. Rangasamy, C.Y. Cho, R.K. Thimmulappa, L. Zhen, S.S. Srisuma, T.W. Kensler, M. Yamamoto, |I.
Petrache, R.M. Tuder, S. Biswal, Genetic ablation of Nrf2 enhances susceptibility to cigarette smoke-
induced emphysema in mice, The Journal of clinical investigation, 114 (2004) 1248-1259.

[11] U.M. Sahiner, E. Birben, S. Erzurum, C. Sackesen, O. Kalayci, Oxidative Stress in Asthma, The World
Allergy Organization journal, 4 (2011) 151-158.

[12] A.J. Dozor, The role of oxidative stress in the pathogenesis and treatment of asthma, Annals of the
New York Academy of Sciences, 1203 (2010) 133-137.

[13] K. Dua, G. Gupta, N. Koteswara Rao, M. Bebawy, Nano-antibiotics: a novel approach in treating P.
aeruginosa biofilm infections, Minerva medica, 109 (2018) 400.

[14] K. Dua, R. Awasthi, J.R. Madan, D.K. Chellappan, B.N. Nalluri, G. Gupta, M. Bebawy, P.M. Hansbro,
Novel drug delivery approaches in treating pulmonary fibrosis, Panminerva medica, (2018).

[15] R. Tkacova, Z. Kluchova, P. Joppa, D. Petrasova, A. Molcanyiova, Systemic inflammation and
systemic oxidative stress in patients with acute exacerbations of COPD, Respiratory medicine, 101
(2007) 1670-1676.

[16] W. MacNee, Oxidants/antioxidants and COPD, Chest, 117 (2000) 303s-317s.

[17] C.H. Wiegman, C. Michaeloudes, G. Haji, P. Narang, C.J. Clarke, K.E. Russell, W. Bao, S. Pavlidis, P.J.
Barnes, J. Kanerva, A. Bittner, N. Rao, M.P. Murphy, P.A. Kirkham, K.F. Chung, I.M. Adcock, Oxidative
stress-induced mitochondrial dysfunction drives inflammation and airway smooth muscle remodeling in
patients with chronic obstructive pulmonary disease, The Journal of allergy and clinical immunology, 136
(2015) 769-780.

[18] Y. Kasahara, R.M. Tuder, C.D. Cool, D.A. Lynch, S.C. Flores, N.F. Voelkel, Endothelial cell death and
decreased expression of vascular endothelial growth factor and vascular endothelial growth factor
receptor 2 in emphysema, American journal of respiratory and critical care medicine, 163 (2001) 737-
744,

[19] K. Donaldson, V. Stone, P.J. Borm, L.A. Jimenez, P.S. Gilmour, R.P. Schins, A.M. Knaapen, I. Rahman,
S.P. Faux, D.M. Brown, W. MacNee, Oxidative stress and calcium signaling in the adverse effects of
environmental particles (PM10), Free radical biology & medicine, 34 (2003) 1369-1382.

[20] I.S. Mudway, S.T. Duggan, C. Venkataraman, G. Habib, F.J. Kelly, J. Grigg, Combustion of dried
animal dung as biofuel results in the generation of highly redox active fine particulates, Particle and fibre
toxicology, 2 (2005) 6.

[21] J. Grigg, L. Miyashita, R. Suri, Pneumococcal infection of respiratory cells exposed to welding fumes;
Role of oxidative stress and HIF-1 alpha, PloS one, 12 (2017) e0173569.

[22] R.F. O'Toole, S.D. Shukla, E.H. Walters, TB meets COPD: An emerging global co-morbidity in human
lung disease, Tuberculosis (Edinburgh, Scotland), 95 (2015) 659-663.

30



[23] J. Zahlten, Y.J. Kim, J.M. Doehn, T. Pribyl, A.C. Hocke, P. Garcia, S. Hammerschmidt, N. Suttorp, S.
Hippenstiel, R.H. Hubner, Streptococcus pneumoniae-Induced Oxidative Stress in Lung Epithelial Cells
Depends on Pneumococcal Autolysis and Is Reversible by Resveratrol, The Journal of infectious diseases,
211 (2015) 1822-1830.

[24] P.T. King, R. Sharma, K. O'Sullivan, S. Selemidis, S. Lim, N. Radhakrishna, C. Lo, J. Prasad, J.
Callaghan, P. McLaughlin, M. Farmer, D. Steinfort, B. Jennings, J. Ngui, B.R. Broughton, B. Thomas, A.T.
Essilfie, M. Hickey, P.W. Holmes, P. Hansbro, P.G. Bardin, S.R. Holdsworth, Nontypeable Haemophilus
influenzae induces sustained lung oxidative stress and protease expression, PloS one, 10 (2015)
e0120371.

[25] O.A. Khomich, S.N. Kochetkov, B. Bartosch, A.V. Ivanov, Redox Biology of Respiratory Viral
Infections, Viruses, 10 (2018) 392.

[26] R. Siegel, D. Naishadham, A. Jemal, Cancer statistics for Hispanics/Latinos, 2012, CA: a cancer
journal for clinicians, 62 (2012) 283-298.

[27] Z. Chen, C.M. Fillmore, P.S. Hammerman, C.F. Kim, K.K. Wong, Non-small-cell lung cancers: a
heterogeneous set of diseases, Nature reviews. Cancer, 14 (2014) 535-546.

[28] M.S. Shiels, R.M. Pfeiffer, A. Hildesheim, E.A. Engels, T.J. Kemp, J.H. Park, H.A. Katki, J. Koshiol, G.
Shelton, N.E. Caporaso, L.A. Pinto, A.K. Chaturvedi, Circulating inflammation markers and prospective
risk for lung cancer, Journal of the National Cancer Institute, 105 (2013) 1871-1880.

[29] P.M. Forde, D.S. Ettinger, Targeted therapy for non-small-cell lung cancer: past, present and future,
Expert review of anticancer therapy, 13 (2013) 745-758.

[30] E. Szabo, M.E. Riffe, S.M. Steinberg, M.J. Birrer, R.Il. Linnoila, Altered cJUN expression: an early event
in human lung carcinogenesis, Cancer research, 56 (1996) 305-315.

[31] LJ. Roberts, 2nd, J.D. Morrow, Isoprostanes. Novel markers of endogenous lipid peroxidation and
potential mediators of oxidant injury, Annals of the New York Academy of Sciences, 744 (1994) 237-242.
[32] S. Loft, A. Astrup, B. Buemann, H.E. Poulsen, Oxidative DNA damage correlates with oxygen
consumption in humans, FASEB journal : official publication of the Federation of American Societies for
Experimental Biology, 8 (1994) 534-537.

[33] L. Nissinen, V.M. Kahari, Matrix metalloproteinases in inflammation, Biochimica et biophysica acta,
1840 (2014) 2571-2580.

[34] C. Venot, M. Maratrat, C. Dureuil, E. Conseiller, L. Bracco, L. Debussche, The requirement for the
p53 proline-rich functional domain for mediation of apoptosis is correlated with specific PIG3 gene
transactivation and with transcriptional repression, The EMBO journal, 17 (1998) 4668-4679.

[35] M.A. Birrell, K. McCluskie, S. Wong, L.E. Donnelly, P.J. Barnes, M.G. Belvisi, Resveratrol, an extract of
red wine, inhibits lipopolysaccharide induced airway neutrophilia and inflammatory mediators through
an NF-kappaB-independent mechanism, FASEB journal : official publication of the Federation of
American Societies for Experimental Biology, 19 (2005) 840-841.

[36] I. Rahman, W. MacNee, Antioxidant pharmacological therapies for COPD, Current opinion in
pharmacology, 12 (2012) 256-265.

[37] S. Weber, A. Zimmer, J. Pardeike, Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers
(NLC) for pulmonary application: a review of the state of the art, European journal of pharmaceutics and
biopharmaceutics : official journal of Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e.V,
86 (2014) 7-22.

[38] S. Jaspart, P. Bertholet, G. Piel, J.-M. Dogné, L. Delattre, B. Evrard, Solid lipid microparticles as a
sustained release system for pulmonary drug delivery, European Journal of Pharmaceutics and
Biopharmaceutics, 65 (2007) 47-56.

[39] E. Amore, M. Ferraro, M.L. Manca, M. Gjomarkaj, G. Giammona, E. Pace, M.L. Bondi, Mucoadhesive
solid lipid microparticles for controlled release of a corticosteroid in the chronic obstructive pulmonary
disease treatment, Nanomedicine (London, England), 12 (2017) 2287-2302.

31



[40] Z. Liang, R. Ni, J. Zhou, S. Mao, Recent advances in controlled pulmonary drug delivery, Drug
Discovery Today, 20 (2015) 380-389.

[41] C. Yang, B.R. Mwaikambo, T. Zhu, C. Gagnon, J. Lafleur, S. Seshadri, P. Lachapelle, J.C. Lavoie, S.
Chemtob, P. Hardy, Lymphocytic microparticles inhibit angiogenesis by stimulating oxidative stress and
negatively regulating VEGF-induced pathways, American journal of physiology. Regulatory, integrative
and comparative physiology, 294 (2008) R467-476.

[42] Q. Qiu, W. Xiong, C. Yang, X. Dai, X. Dan, Z. Yang, Y. Jiao, Y. Xiang, G. Liu, P. Hardy, Lymphocyte-
derived microparticles induce apoptosis of airway epithelial cells through activation of p38 MAPK and
production of arachidonic acid, Apoptosis : an international journal on programmed cell death, 19
(2014) 1113-1127.

[43] N. Bandi, S.P. Ayalasomayajula, D.S. Dhanda, J. Iwakawa, P.W. Cheng, U.B. Kompella, Intratracheal
budesonide-poly(lactide-co-glycolide) microparticles reduce oxidative stress, VEGF expression, and
vascular leakage in a benzo(a)pyrene-fed mouse model, The Journal of pharmacy and pharmacology, 57
(2005) 851-860.

[44] N.Y. Yoo, Y.S. Youn, N.M. Oh, K.T. Oh, D.K. Lee, K.H. Cha, Y.T. Oh, E.S. Lee, Antioxidant encapsulated
porous poly(lactide-co-glycolide) microparticles for developing long acting inhalation system, Colloids
and surfaces. B, Biointerfaces, 88 (2011) 419-424.

[45] D. Jeong, C. Kang, E. Jung, D. Yoo, D. Wu, D. Lee, Porous antioxidant polymer microparticles as
therapeutic systems for the airway inflammatory diseases, Journal of controlled release : official journal
of the Controlled Release Society, 233 (2016) 72-80.

[46] T. Neri, S. Lombardi, F. Faita, S. Petrini, C. Balia, V. Scalise, R. Pedrinelli, P. Paggiaro, A. Celi,
Pirfenidone inhibits p38-mediated generation of procoagulant microparticles by human alveolar
epithelial cells, Pulmonary pharmacology & therapeutics, 39 (2016) 1-6.

[47] V. Trotta, W.H. Lee, C.Y. Loo, P.M. Young, D. Traini, S. Scalia, Co-spray dried resveratrol and
budesonide inhalation formulation for reducing inflammation and oxidative stress in rat alveolar
macrophages, European journal of pharmaceutical sciences : official journal of the European Federation
for Pharmaceutical Sciences, 86 (2016) 20-28.

[48] A.l. Bot, T.E. Tarara, D.J. Smith, S.R. Bot, C.M. Woods, J.G. Weers, Novel lipid-based hollow-porous
microparticles as a platform for immunoglobulin delivery to the respiratory tract, Pharmaceutical
research, 17 (2000) 275-283.

[49] R. Vehring, D. Lechuga-Ballesteros, V. Joshi, B. Noga, S.K. Dwivedi, Cosuspensions of microcrystals
and engineered microparticles for uniform and efficient delivery of respiratory therapeutics from
pressurized metered dose inhalers, Langmuir : the ACS journal of surfaces and colloids, 28 (2012) 15015-
15023.

[50] A. Amani, P. York, H. Chrystyn, B.J. Clark, Evaluation of a Nanoemulsion-Based Formulation for
Respiratory Delivery of Budesonide by Nebulizers, AAPS PharmSciTech, 11 (2010) 1147-1151.

[51] A. Umerska, C.R. Mouzouvi, A. Bigot, P. Saulnier, Formulation and nebulization of fluticasone
propionate-loaded lipid nanocarriers, International journal of pharmaceutics, 493 (2015) 224-232.

[52] R.A. Ishak, R. Osman, Lecithin/TPGS-based spray-dried self-microemulsifying drug delivery systems:
In vitro pulmonary deposition and cytotoxicity, International journal of pharmaceutics, 485 (2015) 249-
260.

[53] S. Friman, L. Backman, A new microemulsion formulation of cyclosporin: pharmacokinetic and
clinical features, Clinical pharmacokinetics, 30 (1996) 181-193.

[54] L. Penninga, E.I. Penninga, C.H. Moller, M. Iversen, D.A. Steinbruchel, C. Gluud, Tacrolimus versus
cyclosporin as primary immunosuppression for lung transplant recipients, The Cochrane database of
systematic reviews, (2013) Cd008817.

32



[55] D. Qu, M. Guo, Y. Qin, L. Wang, B. Zong, Y. Chen, Y. Chen, A multicomponent microemulsion using
rational combination strategy improves lung cancer treatment through synergistic effects and deep
tumor penetration, Drug delivery, 24 (2017) 1179-1190.

[56] A.P. Rogerio, C.L. Dora, E.L. Andrade, J.S. Chaves, L.F. Silva, E. Lemos-Senna, J.B. Calixto, Anti-
inflammatory effect of quercetin-loaded microemulsion in the airways allergic inflammatory model in
mice, Pharmacological research, 61 (2010) 288-297.

[57] K. Dua, V.K. Rapalli, S.D. Shukla, G. Singhvi, M.D. Shastri, D.K. Chellappan, S. Satija, M. Mehta, M.
Gulati, T.D.J.A. Pinto, G. Gupta, P.M. Hansbro, Multi-drug resistant Mycobacterium tuberculosis &
oxidative stress complexity: Emerging need for novel drug delivery approaches, Biomedicine &
Pharmacotherapy, 107 (2018) 1218-1229.

[58] R. Mizera, D. Hodyc, J. Herget, ROS scavenger decreases basal perfusion pressure, vasoconstriction
and NO synthase activity in pulmonary circulation during pulmonary microembolism, Physiological
research, 64 (2015) 683-688.

[59] S.B. Cau, C.A. Dias-Junior, M.F. Montenegro, G. de Nucci, E. Antunes, J.E. Tanus-Santos, Dose-
dependent beneficial hemodynamic effects of BAY 41-2272 in a canine model of acute pulmonary
thromboembolism, European journal of pharmacology, 581 (2008) 132-137.

[60] C.A. Dias-Junior, D.C. Souza-Costa, T. Zerbini, J.B. da Rocha, R.F. Gerlach, J.E. Tanus-Santos, The
effect of sildenafil on pulmonary embolism-induced oxidative stress and pulmonary hypertension,
Anesthesia and analgesia, 101 (2005) 115-120, table of contents.

[61] D.C. Souza-Costa, T. Zerbini, I.F. Metzger, J.B. Rocha, R.F. Gerlach, J.E. Tanus-Santos, |-Arginine
attenuates acute pulmonary embolism-induced oxidative stress and pulmonary hypertension, Nitric
oxide : biology and chemistry, 12 (2005) 9-14.

[62] A.J. Omilor, J. Nguyen, R. Bals, Q.T. Dinh, Nanotechnology in respiratory medicine, Respiratory
research, 16 (2015) 64.

[63] M. Grzelczak, J. Vermant, E.M. Furst, L.M. Liz-Marzan, Directed self-assembly of nanoparticles, ACS
nano, 4 (2010) 3591-3605.

[64] L. Villegas, T. Stidham, E. Nozik-Grayck, Oxidative Stress and Therapeutic Development in Lung
Diseases, Journal of pulmonary & respiratory medicine, 4 (2014) 194.

[65] H.L. Pu, W.L. Chiang, B. Maiti, Z.X. Liao, Y.C. Ho, M.S. Shim, E.Y. Chuang, Y. Xia, H.W. Sung,
Nanoparticles with dual responses to oxidative stress and reduced ph for drug release and anti-
inflammatory applications, ACS nano, 8 (2014) 1213-1221.

[66] S. Chen, Y. Hou, G. Cheng, C. Zhang, S. Wang, J. Zhang, Cerium oxide nanoparticles protect
endothelial cells from apoptosis induced by oxidative stress, Biological trace element research, 154
(2013) 156-166.

[67] Z.Y. Ng, J.Y. Wong, J. Panneerselvam, T. Madheswaran, P. Kumar, V. Pillay, A. Hsu, N. Hansbro, M.
Bebawy, P. Wark, P. Hansbro, K. Dua, D.K. Chellappan, Assessing the potential of liposomes loaded with
curcumin as a therapeutic intervention in asthma, Colloids and surfaces. B, Biointerfaces, 172 (2018) 51-
59.

[68] D.K. Chellappan, Z.Y. Ng, J.Y. Wong, A. Hsu, P. Wark, N. Hansbro, J. Taylor, J. Panneerselvam, T.
Madheswaran, G. Gupta, M. Bebawy, P.M. Hansbro, K. Dua, Immunological axis of curcumin-loaded
vesicular drug delivery systems, Future medicinal chemistry, 10 (2018) 839-844.

[69] Z.E. Suntres, Liposomal Antioxidants for Protection against Oxidant-Induced Damage, Journal of
Toxicology, 2011 (2011) 152474.

[70] M. Saari, M.T. Vidgren, M.O. Koskinen, V.M. Turjanmaa, M.M. Nieminen, Pulmonary distribution
and clearance of two beclomethasone liposome formulations in healthy volunteers, International
journal of pharmaceutics, 181 (1999) 1-9.

33



[71] M. Rudokas, M. Najlah, M.A. Alhnan, A. Elhissi, Liposome Delivery Systems for Inhalation: A Critical
Review Highlighting Formulation Issues and Anticancer Applications, Medical principles and practice :
international journal of the Kuwait University, Health Science Centre, 25 Suppl 2 (2016) 60-72.

[72] C. Zylberberg, S. Matosevic, Pharmaceutical liposomal drug delivery: a review of new delivery
systems and a look at the regulatory landscape, Drug delivery, 23 (2016) 3319-3329.

[73] S. Chennakesavulu, A. Mishra, A. Sudheer, C. Sowmya, C. Suryaprakash Reddy, E. Bhargav,
Pulmonary delivery of liposomal dry powder inhaler formulation for effective treatment of idiopathic
pulmonary fibrosis, Asian Journal of Pharmaceutical Sciences, 13 (2018) 91-100.

[74] R.E. Beyer, The role of ascorbate in antioxidant protection of biomembranes: interaction with
vitamin E and coenzyme Q, Journal of bioenergetics and biomembranes, 26 (1994) 349-358.

[75] E. Abbasi, S.F. Aval, A. Akbarzadeh, M. Milani, H.T. Nasrabadi, S.W. Joo, Y. Hanifehpour, K. Nejati-
Koshki, R. Pashaei-Asl, Dendrimers: synthesis, applications, and properties, Nanoscale Research Letters,
9 (2014) 247-247.

[76] E. Vasile, A. Serafim, D. Petre, D. Giol, P. Dubruel, H. lovu, I.C. Stancu, Direct Synthesis and
Morphological Characterization of Gold-Dendrimer Nanocomposites Prepared Using PAMAM
Succinamic Acid Dendrimers: Preliminary Study of the Calcification Potential, The Scientific World
Journal, 2014 (2014) 103462.

[77] N. Feliu, P. Kohonen, J. Ji, Y. Zhang, H.L. Karlsson, L. Palmberg, A. Nystrom, B. Fadeel, Next-
generation sequencing reveals low-dose effects of cationic dendrimers in primary human bronchial
epithelial cells, ACS nano, 9 (2015) 146-163.

[78] S.M. Brockman, M. Bodas, D. Silverberg, A. Sharma, N. Vij, Dendrimer-based selective autophagy-
induction rescues DeltaF508-CFTR and inhibits Pseudomonas aeruginosa infection in cystic fibrosis, PloS
one, 12 (2017) e0184793.

[79] G. Pilcer, K. Amighi, Formulation strategy and use of excipients in pulmonary drug delivery,
International journal of pharmaceutics, 392 (2010) 1-19.

[80] M.A. Videira, L. Gano, C. Santos, M. Neves, A.J. Almeida, Lymphatic uptake of lipid nanoparticles
following endotracheal administration, Journal of microencapsulation, 23 (2006) 855-862.

[81] A. Elhissi, Liposomes for Pulmonary Drug Delivery: The Role of Formulation and Inhalation Device
Design, Current pharmaceutical design, 23 (2017) 362-372.

[82] Y. Han, P. Zhang, Y. Chen, J. Sun, F. Kong, Co-delivery of plasmid DNA and doxorubicin by solid lipid
nanoparticles for lung cancer therapy, International journal of molecular medicine, 34 (2014) 191-196.
[83] M. Videira, A.J. Almeida, A. Fabra, Preclinical evaluation of a pulmonary delivered paclitaxel-loaded
lipid nanocarrier antitumor effect, Nanomedicine : nanotechnology, biology, and medicine, 8 (2012)
1208-1215.

[84] W. Wang, R. Zhu, Q. Xie, A. Li, Y. Xiao, K. Li, H. Liu, D. Cui, Y. Chen, S. Wang, Enhanced bioavailability
and efficiency of curcumin for the treatment of asthma by its formulation in solid lipid nanoparticles,
International journal of nanomedicine, 7 (2012) 3667-3677.

[85] L. Hu, Y. Jia, WenDing, Preparation and characterization of solid lipid nanoparticles loaded with
epirubicin for pulmonary delivery, Die Pharmazie, 65 (2010) 585-587.

[86] A. Khosa, S. Reddi, R.N. Saha, Nanostructured lipid carriers for site-specific drug delivery,
Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie, 103 (2018) 598-613.

[87] M. Moreno-Sastre, M. Pastor, A. Esquisabel, E. Sans, M. Vinas, A. Fleischer, E. Palomino, D. Bachiller,
J.L. Pedraz, Pulmonary delivery of tobramycin-loaded nanostructured lipid carriers for Pseudomonas
aeruginosa infections associated with cystic fibrosis, International journal of pharmaceutics, 498 (2016)
263-273.

[88] A. Patil-Gadhe, A. Kyadarkunte, M. Patole, V. Pokharkar, Montelukast-loaded nanostructured lipid
carriers: part Il pulmonary drug delivery and in vitro-in vivo aerosol performance, European journal of

34



pharmaceutics and biopharmaceutics : official journal of Arbeitsgemeinschaft fur Pharmazeutische
Verfahrenstechnik e.V, 88 (2014) 169-177.

[89] J. Pardeike, S. Weber, T. Haber, J. Wagner, H.P. Zarfl, H. Plank, A. Zimmer, Development of an
itraconazole-loaded nanostructured lipid carrier (NLC) formulation for pulmonary application,
International journal of pharmaceutics, 419 (2011) 329-338.

[90] E. Mathiowitz, D.E. Chickering Ill, C.-M. Lehr, Bioadhesive drug delivery systems: fundamentals,
novel approaches, and development, CRC Press1999.

[91] A. Pires, A. Fortuna, G. Alves, A. Falcdo, Intranasal drug delivery: how, why and what for?, Journal of
Pharmacy & Pharmaceutical Sciences, 12 (2009) 288-311.

[92] A. Pires, A. Fortuna, G. Alves, A. Falcao, Intranasal drug delivery: how, why and what for?, Journal of
pharmacy & pharmaceutical sciences : a publication of the Canadian Society for Pharmaceutical
Sciences, Societe canadienne des sciences pharmaceutiques, 12 (2009) 288-311.

[93] V.D. Wagh, B. Inamdar, M. Samanta, Polymers used in ocular dosage form and drug delivery
systems, Asian Journal of Pharmaceutics (AJP): Free full text articles from Asian J Pharm, 2 (2014).

[94] Y. Sultana, M. Aqil, A. Ali, Ocular inserts for controlled delivery of pefloxacin mesylate: Preparation
and evaluation, ACTA PHARMACEUTICA-ZAGREB-, 55 (2005) 305.

[95] Y. Sultana, M. Aqil, A. Ali, Ocular inserts for controlled delivery of pefloxacin mesylate: preparation
and evaluation, Acta pharmaceutica (Zagreb, Croatia), 55 (2005) 305-314.

[96] A.M. Alhalafi, Applications of polymers in intraocular drug delivery systems, Oman journal of
ophthalmology, 10 (2017) 3-8.

[97] L. Zhang, L. Yang, X. Zhang, L. Jiaqi, L. Fan, M. Beck-Broichsitter, X. Zhang, U. Muenster, X. Wang, J.
Zhao, Sustained therapeutic efficacy of budesonide-loaded chitosan swellable microparticles after lung
delivery: Influence of in vitro release, treatment interval and dose, Journal of Controlled Release, (2018).
[98] L. Zhang, L. Yang, X. Zhang, L. Jiaqi, L. Fan, M. Beck-Broichsitter, X. Zhang, U. Muenster, X. Wang, J.
Zhao, Y. Zhang, S. Mao, Sustained therapeutic efficacy of budesonide-loaded chitosan swellable
microparticles after lung delivery: Influence of in vitro release, treatment interval and dose, Journal of
controlled release : official journal of the Controlled Release Society, 283 (2018) 163-174.

[99] B.S. Schuster, J.S. Suk, G.F. Woodworth, J. Hanes, Nanoparticle diffusion in respiratory mucus from
humans without lung disease, Biomaterials, 34 (2013) 3439-3446.

[100] B.S. Schuster, J.S. Suk, G.F. Woodworth, J. Hanes, Nanoparticle diffusion in respiratory mucus from
humans without lung disease, Biomaterials, 34 (2013) 3439-3446.

[101] C.S. Schneider, Q. Xu, N.J. Boylan, J. Chisholm, B.C. Tang, B.S. Schuster, A. Henning, L.M. Ensign, E.
Lee, P. Adstamongkonkul, Nanoparticles that do not adhere to mucus provide uniform and long-lasting
drug delivery to airways following inhalation, Science advances, 3 (2017) e1601556.

[102] H.S. Mahajan, S.A. Gundare, Preparation, characterization and pulmonary pharmacokinetics of
xyloglucan microspheres as dry powder inhalation, Carbohydrate polymers, 102 (2014) 529-536.

[103] H.S. Mahajan, S.A. Gundare, Preparation, characterization and pulmonary pharmacokinetics of
xyloglucan microspheres as dry powder inhalation, Carbohydrate polymers, 102 (2014) 529-536.

[104] C.A. Ruge, A. Bohr, M. Beck-Broichsitter, V. Nicolas, N. Tsapis, E. Fattal, Disintegration of nano-
embedded microparticles after deposition on mucus: A mechanistic study, Colloids and Surfaces B:
Biointerfaces, 139 (2016) 219-227.

[105] C.A. Ruge, A. Bohr, M. Beck-Broichsitter, V. Nicolas, N. Tsapis, E. Fattal, Disintegration of nano-
embedded microparticles after deposition on mucus: A mechanistic study, Colloids and surfaces. B,
Biointerfaces, 139 (2016) 219-227.

[106] M.N. Pastore, Y.N. Kalia, M. Horstmann, M.S. Roberts, Transdermal patches: history, development
and pharmacology, British journal of pharmacology, 172 (2015) 2179-2209.

35



[107] D.-W. Lee, E.-S. Kim, W.-S. Do, H.-B. Lee, E.-J. Kim, C.-H. Kim, The effect of tulobuterol patches on
the respiratory system after endotracheal intubation, Journal of dental anesthesia and pain medicine, 17
(2017) 265-270.

[108] T. Katsunuma, T. Fujisawa, M. Nagao, A. Akasawa, I. Nomura, A. Yamaoka, H. Kondo, K. Masuda, K.
Yamaguchi, A. Terada, M. lkeda, K. Nishioka, Y. Adachi, K. Kurihara, Effects of transdermal tulobuterol in
pediatric asthma patients on long-term leukotriene receptor antagonist therapy: results of a
randomized, open-label, multicenter clinical trial in Japanese children aged 4-12 years, Allergology
international : official journal of the Japanese Society of Allergology, 62 (2013) 37-43.

[109] H. Mochizuki, Y. Nanjo, H. Takahashi, Better adherence to a transdermal tulobuterol patch than
inhaled salmeterol in elderly chronic obstructive pulmonary disease patients, Geriatrics & gerontology
international, 13 (2013) 398-404.

36



Figure Ligands:

1. Fig. 1. Various internal and external factors which enleaoxidative stress in the lungs,
eventually increasing the severity of CRDs.
2. Fig 2.The action of Curcumin over NADPH oxidase

3. Fig. 3 Mechanism of N-acetyl cysteine in the managemeaokiglative stress.
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Fig. 1. Various internal and external factors which enhance oxidative stress in the lungs
eventually increasing the severity of CRDs.
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Fig. 2. The action of Curcumin over NADPH oxidase
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HIGHLIGHTS

1. Okxidative stresslevel contributes to severity of chronic respiratory diseases.

2. Deélivery of new antioxidant therapies vianovel drug delivery is urgently needed.

3. Novel vesicular drug delivery systems are gaining attention in targeting oxidative
stress.

4. Vesicular drug delivery providesimproved patient compliance and fewer side effects.



