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Abstract

Respiratory illnesses are prevalent around the world, and inhalation-based therapies provide an 

attractive, noninvasive means of directly delivering therapeutic agents to their site of action to 

improve treatment efficacy and limit adverse systemic side effects. Recent trends in medicine and 

nanoscience have prompted the development of inhalable nanomedicines to further enhance 

effectiveness, patient compliance, and quality of life for people suffering from lung cancer, chronic 

pulmonary diseases, and tuberculosis. Herein, we discuss recent advancements in the development 

of inhalable nanomaterial-based drug delivery systems and analyze several representative systems 

to illustrate their key design principles that can translate to improved therapeutic efficacy for 

prevalent respiratory diseases.
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1 | INTRODUCTION

Local delivery via inhalation is the means of delivering therapeutics and/or other excipients 

directly into the lungs with their preferential accumulation in specific lung areas or regions, 

particularly those with afflicted or diseased cells (Kuzmov & Minko, 2015; Lam, Liang, & 

Chan, 2012; Resnier, Mottais, Sibiril, Le Gall, & Montier, 2016), which is predominantly 

useful for treating various lung diseases (Roy & Vij, 2010). For the active component(s) to 

be available in a respirable form, they are delivered in a liquid or solid that is suspended in a 
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gaseous medium to form an aerosol, which is facilitated by different devices such as 

nebulizers or dry powder inhalers (DPIs) (Rogueda & Traini, 2007; Rubin & Williams, 

2014; Ruge, Kirch, & Lehr, 2013; Zhou, Tang, Shui Yee Leung, Gar Yan Chan, & Chan, 

2014). The lungs are an attractive delivery target for treating both respiratory and systemic 

diseases due to their very large surface area for the deposition of therapeutics (Patton & 

Byron, 2007; Sahay, Alakhova, & Kabanov, 2010), high vascularization to promote systemic 

delivery (Kleinstreuer, Zhang, & Donohue, 2008; Schneeberger-Keeley & Karnovsky, 1968), 

and ability to bypass degradation in the gastrointestinal (GI tract and first pass metabolism in 

the liver (Pison, Welte, Giersig, & Groneberg, 2006), while additionally providing a 

noninvasive alternative to intravenous (IV) or intramuscular (IM) injections (Z. Liang, Ni, 

Zhou, & Mao, 2015). Ideally, drug formulations designed for inhalation delivery must 

penetrate and deposit into the lungs at diseased cells, limit exposure to healthy cells, and 

either restrict or promote uptake into circulation for respiratory or systemic disease, 

respectively (X. Li, Vogt, Hayes, & Man-sour, 2014; O-H Sham, Zhang, Finlay, Roa, & 

Löbenberg, 2004; Thorley & Tetley, 2013). Key functional considerations for inhalation and 

systemic administration (like injections and oral formulations) for disease treatment are 

summarized in Table 1.

Our ability to manipulate and manufacture materials on the nanoscale has provided an 

impetus for the development of new formulation strategies for improving therapeutic 

efficacy and mitigating adverse side effects (Chakroun et al., 2018; Y. Li, Wang, & Cui, 

2016; Monroe, Flexner, & Cui, 2018; Stern & Cui, 2019). Since many therapeutic agents, 

such as small molecule drugs, nucleic acids, and peptides, exhibit poor stability alone for 

aerosolization, nanomaterial-based inhalation delivery systems have been developed to 

enhance their transport in aerosols and increase lung deposition and retention (Abdelaziz et 

al., 2018; Azarmi, Roa, & Löbenberg, 2008; Hu et al., 2013; Thorley, Ruenraroengsak, 

Potter, & Tetley, 2014; Yacobi et al., 2010). Many small molecule drugs have poor water 

solubility and short residence times, where direct inhalation of free drugs (both small and 

macromolecular) can lead to bolus release and severe lung toxicity; however, nanomaterials 

directly overcome these limitations and can provide added benefits through engineering of 

their size, shape, and surface chemistry (Beck-Broichsitter, Merkel, & Kissel, 2012). 

Nanomaterials improve inhalation delivery and therapeutic efficacy by enhancing drug 

bioavailability, mitigating effects of clearance mechanisms and degradation, controlling drug 

release, providing targeted delivery, and reducing necessary dosage and frequency, which 

leads to greater patient compliance and outcomes (Abdelaziz et al., 2018; Al-Hallak, 

Azarmi, Anwar-Mohamed, Roa, & Löbenberg, 2010; Haque, Whittaker, McIntosh, Pouton, 

& Kaminskas, 2016; Loira-Pastoriza, Todoroff, & Vanbever, 2014), which is illustrated in 

Figure 1. When compared to microparticles, nanoparticles (NPs) are more effectively 

internalized by cells but are too small to deposit sufficiently in the lungs alone (Gratton et 

al., 2008). Therefore, many nanomaterial systems have been extensively studied and 

developed for the treatment of respiratory diseases for administration with common 

aerosolization devices.

A wide range of materials have been employed in the design of nanoscale drug delivery 

systems for treating lung diseases, each with their own advantages and drawbacks (Madni et 

al., 2017). Generally, inorganic and nonbiodegradable NPs have been shown to induce 
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inflammation, whereas biodegradable systems are relatively innocuous and induce fewer 

adverse side effects (Driscoll et al., 1996; Grabowski et al., 2013; Mura et al., 2011; Rytting, 

Nguyen, Wang, & Kissel, 2008). Polymeric systems typically exhibit high stability during 

nebulization and storage, induce minimal toxicity, and have easily tailored surface properties 

and degradation rates, but their small size allows for easy penetration into systemic 

circulation, reducing retention in the lungs (Dailey et al., 2006; Fiegel, Fu, & Hanes, 2004; 

Mura et al., 2011; Rodrigues et al., 2015; Ryan et al., 2013). Lipid-based systems are 

commonly amphiphilic in nature, which allows for incorporation of both hydrophilic and 

hydrophobic drugs in one particle, and are composed of biocompatible lipids (closely 

mimicking components of the lung surface lining), thereby limiting their toxicity and 

prolonging their retention in the lung (Cipolla, Shekunov, Blanchard, & Hickey, 2014; 

Cryan, Devocelle, Moran, Hickey, & Kelly, 2006; Èller, Èder, & Gohla, 2000; Haque et al., 

2018; Lehofer et al., 2014; Nassimi et al., 2010; Weber, Zimmer, & Pardeike, 2014). 

However, lipid-based systems (for example, liposomes) have been found in some cases to 

suffer from burst release kinetics and instability during nebulization (Taylor, Taylor, 

Kellaway, & Stevens, 1990). Inorganic particles usually induce adverse effects to lung 

tissues (like oxidative stress), but their toxicity can be controlled by adjusting exposure time 

and dose (Ahmad et al., 2015; R. Liang, Wei, Evans, & Duan, 2014). Magnetic particles can 

be physically targeted to diseased sites in the lungs through an applied magnetic field for 

improved efficacy, while many metal NPs also display both imaging and therapeutic effects, 

yielding additional diagnostic and response-monitoring utility (Dames et al., 2007; 

Hasenpusch et al., 2012; Kumar Sukumar et al., 2013). While holistic comparative studies of 

different carriers have demonstrated that lipid-based systems have shown the best retention 

and accumulation in the lungs, the modification of nanocarrier surfaces with targeting 

moieties for diseased cells diminishes the differences of these systems for pulmonary 

delivery (Box 1) (Garbuzenko, Mainelis, Taratula, & Minko, 2014; Saad et al., 2008).

Regardless of their material properties, all nanomedicine systems face the same challenge of 

navigating the respiratory tract and overcoming the clearance mechanisms of the lungs for 

effective deposition and retention to yield improved therapeutic outcomes (Todoroff & 

Vanbever, 2011; Yang, Peters, & Williams Iii, 2008a; J. Zhang, Wu, Chan, & Watanabe, 

2011). Mucociliary clearance is the dominant clearance mechanism of the upper airways, 

where secreted mucus traps particles and the beating cilia of the epithelium propel particles 

out to then be coughed out or swallowed (Möller et al., 2008; Patton et al., 2010). Particle 

size and zeta potential are not critical particle parameters in influencing their clearance rate 

via the mucociliary escalator, whereas material properties and surface chemistry have a 

significant impact (Henning et al., 2010). Mucus itself is highly viscoelastic and adhesive 

and thus can serve as a barrier by immobilizing NPs, but particle surface properties of 

nanomaterials can be tuned to promote mucus penetration (Boylan et al., 2012; Lai et al., 

2011; Lai, Wang, & Hanes, 2008; Sigurdsson, Kirch, & Lehr, 2013; Suk et al., 2009; Tang, 

Fu, Watkins, & Hanes, 2009). In the lower airways, phagocytosis by alveolar macrophages 

(AMs) is the dominant clearing mechanism, where after internalization, particles are 

digested in lysosomes or particle-loaded macrophages are removed into the lymph or by the 

mucociliary escalator (Brain, 1992; Lombry, Edwards, Préat, & Vanbever, 2004). Size, 

shape, and charge density properties of particles influence their uptake by macrophages, 
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where small (<200 nm diameter) particles with high aspect ratios and low charge density are 

most likely to be best suited for avoiding macrophages (Champion & Mitragotri, 2009; 

Chono, Tanino, Seki, & Morimoto, 2006; Geiser et al., 2008; Makino et al., 2003). However, 

in the case of certain infections (like pneumonia and tuberculosis [TB]), the macrophages 

are the relevant drug target and nanomedicines should be designed to promote macrophage 

uptake (Lee, Loo, Traini, & Young, 2015b). Lastly, the pulmonary surfactant (PS) layer is a 

mixture of lipids and proteins that line the alveolar epithelium that are essential for 

breathing; nanomedicines can absorb PS-related components on their surface, which 

strongly influences their biological activity and the integrity of the PS layer (Geiser, 

Schürch, & Gehr, 2003; Guagliardo, Pérez-Gil, De Smedt, & Raemdonck, 2018; Raesch et 

al., 2015). Particle properties such as size, hydrophobicity, and surface charge influence 

surfactant stability and thereby toxicity, but nanomaterials can be decorated with different 

PS components to improve safety and delivery (De Backer, Cerrada, Pérez-Gil, De Smedt, & 

Raemdonck, 2015; Hidalgo, Cruz, & Pérez-Gil, 2015, 2017; Nag, Vidyashankar, Devraj, 

Garcia, & Panda, 2010). These physiological barriers must be considered when designing 

inhalable nanomedicines to maximize lung deposition and retention to increase therapeutic 

efficacy.

In this review, we highlight several examples of inhalable nanomedicine systems, focusing 

on their design and material properties that make them suited for pulmonary delivery and 

increase their therapeutic efficacy. We focus on the recent advances in the development of 

polymeric, lipid-based, and inorganic material systems in the context of inhalable treatments 

for some of the most common lung diseases, emphasizing lung cancer while also discussing 

chronic obstructive pulmonary disease (COPD), asthma, and TB. While inhalation is also an 

attractive strategy for the treatment of systemic diseases, and for some therapeutics, this 

route provides high absorption into the blood with a faster onset of action, such as insulin 

(Bi, Shao, Wang, & Zhang, 2008; Siekmeier & Scheuch, 2009), we note our discussion 

focuses solely on the treatment lung-resident diseases.

2 | INHALABLE THERAPEUTICS FOR LUNG CANCER

Lung cancer represents the second most common type of cancer worldwide and leading 

cause of cancer death, with 250,000 new cases and 150,000 deaths projected in 2019 (Siegel, 

Miller, & Jemal, 2019). Lung cancer is classified into two types: non-small cell lung cancer 

(NSCLC) representing ~85% of cases and small cell lung cancer (SCLC) representing ~15% 

of cases (Mittal et al., 2016). Typical treatment options include surgical resection for 

nonmetastatic lung cancers (only roughly 10–20% of NSCLC patients) and otherwise 

chemotherapy (Lemjabbar-Alaoui, Hassan, Yang, & Buchanan, 2015). However, early 

diagnosis is very challenging and thus most lung cancers are diagnosed in advanced 

metastatic stages, leading to chemotherapy as the primary means of prolonging survival, 

controlling symptoms, and improving the quality of life of lung cancer patients (Mangal et 

al., 2017). Therefore, research efforts in nanomedicine have been focused on improving the 

therapeutic efficacy and safety of chemotherapy agents for lung cancer with an increased 

interest in pulmonary administration.
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Pulmonary delivery of nanomedicines enhances lung cancer treatment by transporting 

encapsulated poorly water-soluble, potent anticancer drugs directly to their intended site of 

action, facilitating targeted and controlled release at tumor sites and reducing the necessary 

dosage and mitigating off-target side-effects (Hitzman, Wattenberg, & Wiedmann, 2006; 

Koshkina et al., 2001; Tomoda et al., 2009); however, inhalation distributes these drugs 

evenly around the lungs, potentially exposing both healthy and diseased cells to 

chemotherapy and inducing undesirable adverse effects on the lungs (Lee, Loo, Traini, & 

Young, 2015a). Drug deposition and distribution is influenced by the physical occlusion of 

the respiratory track by tumors, where tumors reduce the cross-sectional area of the airway 

and thereby divert airflow to nonoccluded areas and reduce drug deposition on tumor tissue 

(Carvalho, Carvalho, & Mcconville, 2011; Mangal et al., 2017). Modeling of the effects of 

tumors in terms of size and location on particle transport has revealed that most drugs 

deposit on the frontal end of the tumor (Z. Zhang, Kleinstreuer, Kim, & Hickey, 2002); this 

alongside the heterogeneity of tumor tissues further emphasizes the advantages and 

necessity of nanoformulations for treating lung cancer. By instilling enhanced tumor 

penetration, targeting capabilities, and means of overcoming multidrug resistance, 

nanomedicines improve the therapeutic efficacy of chemotherapy drugs and improve lung 

cancer patient outcomes (I. Kim et al., 2013; Markman, Rekechenetskiy, Holler, & 

Ljubimova, J. Y., 2013; N. R. Patel, Pattni, Abouzeid, & Torchilin, 2013).

Due to the potency of chemotherapy drugs, improving the targeting and accumulation in 

tumor tissues to enhance antitumor efficacy and reduce adverse side effects serves as an 

impetus for nanomedicine design. For cancer, the enhanced permeability and retention 

(EPR) effect is often accredited for nanomedicine accumulation in tumor tissues with 

systemic delivery, due to the tumor’s irregular vasculature and poor lymphatic drainage, as a 

passive means of targeting (Maeda, 2001). However, this phenomenon may not play a role 

with inhalable delivery, but the localization of therapeutics directly in the lungs does provide 

a means of passively targeting tumor tissues (Azarmi et al., 2006). More active targeting 

mechanisms, such a pH-triggered release and enzymatic responsivity, are able to further 

improve the therapeutic efficacy of these systems (Anderson & Cui, 2017; Danhier, 2016). 

In regards to lung cancer, active targeting by designing nanomaterials to interact with tumor-

specific ligands, such as the epithelial growth factor receptor (EGFR) (Rusch et al., 1997), 

folate receptor (Nogueira et al., 2015; O’shannessy et al., 2012), and the luteinizing 

hormone-releasing hormone (LHRH) receptor (Dharap et al., 2005), has been thoroughly 

studied and proven to enhance antitumor efficacy (Saad et al., 2008). By harnessing these 

targeting techniques, localized nanomedicine through inhalation is a viable, safe, and 

effective treatment strategy for lung cancer as has been shown in preclinical and clinical 

studies (Mangal et al., 2017).

In this section, we discuss the recent progress and advancements in the design and 

development of different nanomaterial systems for the treatment of lung cancer that address 

challenges faced in the field. We focus on the design of different polymeric, lipid-based, and 

inorganic material systems for pulmonary delivery and its translation to therapeutic efficacy 

for lung tumors.
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2.1 | Polymeric nanomaterials

Direct linking of drugs to polymers is an effective strategy for enhancing drug delivery by 

improving solubility and hindering premature degradation. Vanbever and coworkers 

designed a drug-polymer conjugate from the anticancer drug paclitaxel (PTX) and 

polyethylene glycol (PEG) that increased PTX retention in the lungs and thus improved its 

efficacy and reduced its pulmonary toxicity (Luo et al., 2016). PTX was modified with 

pentynoic acid and conjugated to hydrophilic PEG-N3 (either 6 kDA or 20 kDA molecular 

weight [MW]) via click chemistry to yield a hydrolyzable ester bond for PTX release and to 

increase PTX solubility. Following intratracheal (IT) instillation in healthy C57BL/6NRj 

mice, PEG conjugation was able to increase the maximum tolerated dose of PTX up to 100-

fold compared to Taxol® (free PTX formulation), enhancing the safety of PTX to healthy 

cells. When tested in a murine Lewis lung carcinoma model (LL/2-luc-M38), both PEG 

sizes were able to enhance antitumor efficacy of PTX after IT instillation after a single dose 

compared to free PTX for both IT and IV delivery, but the PTX-PEG 20 kDa conjugate 

showed an equivalent efficacy as the 6 kDa conjugate delivered at a 2.5-fold higher dose, 

suggesting the polymer MW plays a role in anticancer activity. They also investigated the 

induction of inflammation following inhalation therapy by detecting biochemical markers in 

the bronchoalveolar lavage (BAL) fluid of mice, specifically for the presence of lactate 

dehydrogenase (LDH, indicator of cell injury) and pulmonary cell number and distributions. 

The high dosage of PTX-PEG 6 kDa (50 mg/kg PTX equivalent) increased LDH and 

neutrophil levels 24-hr postinhalation delivery; however, this was lower than that induced by 

equivalent doses of PTX and was reversible. When compared to an equivalent dosage of free 

PEG-N3, there was only a slight increase in LDH and neutrophil levels, highlighting the 

compatibility of PEG. PTX-PEG was able to retain longer in the lungs and provide a means 

of sustained release with lower toxicity and superior antitumor efficacy compared to free 

PTX administered intratracheally, emphasizing PEGylation of PTX as an effective delivery 

system for inhalation treatment of lung cancer (Luo et al., 2016).

Dendrimers are typically smaller in size than many NP systems, and thus exhibit better 

interstitial diffusion, absorption, and tumor penetration properties (Kaminskas et al., 2014). 

Kaminskas and colleagues developed a 56 kDa PEGylated (PEG1100) polylysine dendrimer 

conjugated to the anticancer drug doxorubicin (DOX) through an acid-labile 4-

hydrazinosuphonyl benzoic acid linker as a system that controlled and prolonged exposure 

of DOX to lung-resident cancers (called D-DOX). In a Sprague Dawley rat model, the 

pharmacokinetics and biodistribution of DOX and the dendrimer itself (through 3H-labeling) 

were monitored. After 7 days, 15% of the D-DOX dose remained in the lungs after IT 

instillation (around 20% cleared from the mucociliary escalator and less than 1% recovered 

from AMs), whereas free DOX was rapidly cleared after 1 day, emphasizing the improved 

retention of the dendrimer system. In a MAT 13762 IIIB breast metastasized lung cancer 

model in female F334 rats, twice weekly administration (either IV or IT administration) of 

D-DOX or free DOX showed a >95% tumor burden reduction after 2 weeks for IT D-DOX 

compared to the IV DOX which averaged around a 30–50% reduction; inhalation of free 

DOX solution lead to extensive lung-related toxicity and death. Their results suggest that 

this dendrimer system as an inhalable drug delivery system prolongs chemotherapy drug 

exposure to lung-resident cancers and improves overall anticancer therapeutic efficacy, and 
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this group has further highlighted the advantages of this system with other animal models as 

well (Kaminskas et al., 2014; Leong et al., 2018; Ryan et al., 2016).

Combinations of different chemotherapy drugs have exhibited greater antitumor effects and 

can potentially lead to improved treatment outcomes. Chen and team showcased that 

combining multiple anticancer agents in a single copolymer NP system lead to enhanced 

lung cancer therapy after pulmonary delivery (Xu et al., 2019). They synthesized a methoxy 

poly(ethylene glycol)-poly(ethyenimine)-poly-(L-glutamate) (mPEG-OEI-PLG, 1:1:39 M 

composition ratio) copolymer carrier to codeliver DOX and cisplatin (CDDP), where the Co-

NPs were formed via electrostatic interactions with DOX loading and chelate interactions 

with CDDP loading with the polymer, as detailed in Figure 2a. The Co-NPs ranged in size 

from 43 to 73 nm (depending on the loading of only one drug or both) and exhibited good 

dispersion stability. In phosphate buffer saline (PBS), the particles exhibited a pH-dependent 

release of DOX and CDDP with accelerated release at lower pH values, where DOX 

released faster than CDDP due to the protonation of carboxylic acid groups in mPEG-OEI-

PLG and the increased hydrophilicity of DOX in acidic conditions, as seen in Figure 2b. An 

in vitro cytotoxicity assay on B16F10 melanoma cells revealed that Co-NPs exhibit higher 

cytotoxicity than either drug alone (as seen in Figure 2c), and the copolymer itself showed 

low cytotoxicity and good biocompatibility. In a B16F10 tumor-bearing C57BL/6 mice 

model, the biodistribution of the NP systems were compared after systemic or pulmonary 

administration, as detailed in Figure 2d, where free DOX was captured more by the 

reticuloendothelial system and Co-NPs showed higher and longer lung retention via 

pulmonary delivery that lasted 7 days (attributed to the mucoadhesive and penetration 

properties of PEG). Regarding anticancer efficacy, Co-NPs exhibited the greatest antitumor 

effect with lung weights most comparable to healthy mice lungs, as represented in Figure 2e, 

and no obvious side effects. Their NP system represents a very promising strategy for an 

inhalable lung cancer treatment, and they have emphasized the efficaciousness of pH-

responsive codelivery systems by developing several therapeutic systems (Xu et al., 2015, 

2019; Xu, Tian, Wang, Wang, & Chen, 2016).

In another combination therapy system, Youn and coworkers developed inhalable NPs self-

assembled from human serum albumin (HSA) conjugated to DOX and octyl aldehyde (OA) 

and adsorbed with apoptotic tumor necrosis factor (TNF)-related apoptosis-inducing ligand 

(TRAIL) protein, called TRAIL/DOX HSA-NP, that enhanced apoptotic effects against 

drug-resistant lung tumors (I. Kim, Jun Byeon, et al., 2013). HSA is highly biocompatible, 

biodegradable, and stable and functions as a nontoxic and nonimmunogenic carrier; DOX 

and OA’s hydrophobicity facilitate the self-assembly of the particles. In insensitive or 

resistant cancer lines, TRAIL is not effective alone, but when combined with a 

chemotherapy agent, it helps improve antitumor efficacy. The TRAIL/DOX HSA-NP were 

observed to be almost spherical with a size around 340 nm and stable after aerosolization. 

Cytotoxicity of the NPs was evaluated in H226 human lung squamous cell carcinoma cells 

over the course of 3 days, which are resistant to TRAIL and DOX; the TRAIL/DOX HSA-

NPs displayed synergistic cytotoxicity and apoptotic activity compared to DOX HSA-NPs 

and TRAIL HSA-NPs. Cytotoxic activity manifested 3 days after treatment, which was 

attributed to the delayed release of DOX from HSA. Using Cy5.5-labeling of TRAIL and 

DOX fluorescence, deposition in ICR mice was monitored after microspray aerosolization of 
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TRAIL/DOX HSA-NPs, showing high deposition in the lungs for 3 days. In BALB/c nu/nu 

mice bearing H226 cell-induced metastatic tumors, the antitumor efficacy of TRAIL/DOX 

HSA-NPs was evaluated. In mice treated with TRAIL/DOX HSA-NPs, tumors were found 

to be much smaller and lighter compared to those treated with either solo drug NP, and 

excised lungs were found to have less malignant surface lesions and tumor tissues for the 

TRAIL/DOX HSA-NP treatment group. The increased antitumor efficacy was attributed to 

the synergistic apoptotic effects of DOX and TRAIL. While this system was not directly 

compared to other routes of administration (like IV injection), this work showcases an 

inhalable anti-lung cancer drug delivery system that can potentially reduce DOX doses and 

minimize side effects to provide more effective and safer lung cancer treatment, even for 

drug-resistant cancers (I. Kim, Jun Byeon, et al., 2013).

2.2 | Lipid-based NPs

Many lipid-based material systems have been studied as drug carriers due to their high 

biocompatibility and ability to load multiple types of drugs in a single system. To improve 

cancer cell selectivity and tumor penetration, Rosière and team developed solid lipid 

nanoparticles (SLNs) modified with a folate-grafted copolymer to target lung cancer cell 

surfaces that proved to greatly increase tumor accumulation and retention (Rosière et al., 

2018). The copolymer (F-PEG-HTCC) was composed of folate conjugated to polyethylene 

glycol (PEG) and N-[(2-hydroxy-3-trimethylammonium) propyl] chitosan chloride (HTCC), 

where chitosan is very biocompatible and prolongs lung retention due to its mucoadhesive 

properties. The F-PEG-HTCC was coated onto PTX-loaded SLNs (prepared via 

nanoprecipitation) to create spherical particles of around 250 nm. Using fluorescence 

microscopy to assess cell binding and uptake, folate receptor-expressing HeLa 

adenocarcinoma ovarian cells and M109-HiFR murine lung carcinoma cells were treated 

with SLNs, showing improved uptake or at least binding via folate receptor targeting and a 

reduction in the half-maximum inhibitory concentration of PTX loaded in SLNs compared 

to free PTX. In a M109 tumor model in CD1 and BALC/c mice, endotracheal administration 

via microsprayer of coated SLNs showed a 32-fold higher PTX concentration in the lungs 

and longer retention (after 6 hr postadministration) compared to pulmonary delivery and IV 

injection of free PTX. The coated SLNs exhibited a favorable pharmacokinetic profile after 

pulmonary delivery with enhanced tumor penetration and limited systemic exposure as 

measured as PTX plasma concentrations. This study demonstrates the enhanced efficacy of 

decorating nanomaterial surfaces with targeting moieties for improving lung cancer therapy 

and emphasizes inhalation as an advantageous route of administering PTX for treating 

tumors (Rosière et al., 2018).

To overcome pump and nonpump cellular drug resistance that can present itself in lung 

cancer, Minko and coworkers developed a lipid-based nanomaterial system that successfully 

delivered chemotherapy and resistance suppressors that improved lung cancer treatment 

(Taratula, Kuzmov, Shah, Garbuzenko, & Minko, 2013). They developed a nanostructured 

lipid carrier (NLC) using a modified melted ultrasonic dispersion method loaded with DOX 

(to evaluate uptake) or PTX (to assess anticancer efficacy) with small interfering RNA 

(siRNA) targeted to MRP1 and BCL2 mRNAs (suppressors of pump and nonpump 

resistance, respectively) to suppress drug resistance complexed at its surface via electrostatic 
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interactions alongside a modified synthetic analog of LHRH conjugated to DSPE-PEG-

COOH (DSPE-PEG-LHRH) to allow for targeting to receptors overexpressed on the surface 

of lung cancer cells, as represented in Figure 3a. Upon nebulization of the NLCs, they 

showed no change in size and distribution, making them stable and suitable carriers for 

pulmonary delivery. Against A549 human lung adenocarcinoma cells in vitro, the PEGylated 

NLC showed high cell viability after 48 hr incubation, suggesting the particles are safe 

carriers, as shown in Figure 3b. Compared to free TAX, the LHRH-NLC-TAX-siRNAs 

particles showed a 120-fold increased cytotoxicity and a 16-fold increase compared to 

particles without siRNAs, as depicted in Figure 3c, and the complexed siRNAs were able to 

effectively downregulate gene expression of MRP1 and BCL2. To assess the in vivo 

biodistribution and antitumor efficacy of the NLCs administered via pulmonary delivery, an 

orthotopic A549-Luc lung cancer model in athymic nu/nu mice was used with a nose-only 

chamber for delivery. As detailed in Figure 3d, inhalation lead to a high accumulation of the 

administered dose retained in the lungs, whereas IV injection lead to most of the NLCs to 

accumulate in the liver. The LHRH targeting moiety on the surface of the NLCs enhanced 

tumor localization with much less retention in healthy lung tissues, as depicted in Figure 3e 

and f. In regard to antitumor efficacy, the inhalation of LHRH-NLC-TAX-siRNAs lead to the 

greatest reduction in tumor volume as monitored over 25 days. This effect was greater 

compared to mice treated with IV-injected TAX and inhaled LHRH-NLC-TAX, as detailed 

in Figure 3g. This study highlights the advantages of inhalation delivery for lung cancer 

therapy with a means of primarily localizing in tumor tissues over healthy lung tissues and 

other organs, leading to sufficient tumor suppression and a reduced risk of adverse side 

effects (Taratula et al., 2013).

Surface-modification of nanomaterials with targeting moieties readily improves 

accumulation in lung tumor tissues, and Yang and colleagues decorated liposomes with 

antibodies that increased their selectivity to lung cancer cells after pulmonary delivery (C. 

Lin et al., 2017). Antibodies for carbonic anhydrase IX (CA IX), a hypoxia-inducible 

enzyme overexpressed on tumor cell surfaces in NSCLC, were conjugated (via thiol addition 

to maleimide of DSPE-PEG45-Mal) onto the surface of liposomes (composed of DSPE-

PEG2000) loaded with the anticancer drug triptolide (TPL) to yield CA IX-TPL-Lips of 

around 160 nm in diameter. In PBS, the targeted and nontargeted liposomes displayed 

similar in vitro sustained release kinetics with about 25% of their contents released over 96 

hr. The liposomes displayed high stability over 14 days with no changes in particle size or 

precipitation. To assess the in vitro cytotoxicity of the liposomes, CA IX-positive A549 

human lung adenocarcinoma cells and A549 tumor spheroids were cultured in hypoxic 

environments and treated with liposomal and free TPL formulations. The targeted liposomes 

showed improved cellular uptake and a lower IC50 value than the nontargeted liposomes and 

free TPL, which was attributed to the targeted liposomes’ stronger penetration and binding 

affinity to NSCLC tumor cell surfaces. In an A549-Luc orthotopic BALB/c nude mouse 

model, liposomes and free TPL were administered endotracheally to observe biodistribution 

and assess antitumor efficacy. The CA IX-Lips showed prolonged residence in the lungs 

over 96 hr with no detection in other organs; however, this was not compared to nontargeted 

liposomes. Regarding anticancer efficacy, liposomes or free TPL were delivered via 

inhalation twice a week for 4 weeks; the targeted liposomes showed improved efficacy in 
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reducing tumor burden and extending the survival time of mice bearing orthotopic lung 

tumors compared to free TPL and nontargeted liposomes, as confirmed with hematoxylin 

and eosin (H&E) staining and mouse body weight. This inhalable liposomal formulation 

improved therapeutic efficacy and reduced off-target toxicity in the treatment of lung cancer, 

highlighting the additional benefit imparted by target moieties in enhancing tumor 

accumulation.(C. Lin et al., 2017) The team has further improved the antitumor efficacy of 

their liposomal system by also decorating the surface also with a cell-penetrating peptide to 

improve tumor penetration (C. Lin et al., 2018).

2.3 | Inorganic nanomaterials

Magnetic materials have been extensively explored as drug delivery systems, as they have 

both imaging and therapeutic properties. While magnetic hyperthermia can cause tumor 

ablation from heat generation from materials like superparamagnetic iron oxide 

nanoparticles (SPIO NPs), inadequate accumulation in tumor cells can induce resistance and 

damage healthy tissues. Panyam and coworkers developed a tumor-targeting SPIO NP 

system to overcome this challenge to provide an effective and noninvasive lung cancer 

therapy (Sadhukha, Wiedmann, & Panyam, 2013). They functionalized SPIO NPs with an 

EGFR-targeting peptide sequence (YHWYGYTPQNVI) to create a magnetic hyperthermia 

system that targets lung tumor cells after pulmonary administration. The resulting particles 

averaged around 369 nm in size after peptide functionalization and showed a concentration-

dependent heating rate in the presence of an alternating magnetic field (AMF). When 

compared to SPIO NPs decorated with a scrambled peptide, the EGFR-targeted SPIO NPs 

showed 4.5-fold higher cellular uptake in A549 human adenocarcinoma lung cancer cells 

and more efficient cell killing via magnetic hyperthermia in the presence of an AMF. SPIO 

NP dispersions were administered in an aerosol using ultrasonic atomization to Fox Chase 

SCID mice bearing orthotopic A549-Luc-C8 tumors to assess biodistribution and antitumor 

efficacy. Targeting to EGFR alongside pulmonary delivery enhanced SPIO NPs retention in 

lung tissue over a week with very low accumulation in other organs, suggesting less 

likelihood of negative side effects. Regarding anticancer activity, the magnetic hyperthermia 

from the SPIO NPs reduced tumor burden, where the EGFR-targeted SPIO NP treatment 

lead to the greatest reduction in tumor size and weight compared to nontargeted SPIO-

treated and untreated mice. This work showcases the increased efficacy and reduced off-

target effects from pulmonary delivery of EGFR-targeting SPIO NPs for lung-resident tumor 

growth inhibition via magnetic hyperthermia, while additional studies concerning the long-

term effects on lung tissues, such as inflammation, would further enhance the understanding 

of the safety of this system for long term treatment of lung tumors (Sadhukha et al., 2013).

Lung cancer detection and diagnosis remains a prevalent challenge in improving patient 

outcomes. In this context, Coll and team developed Gadolinium (Gd)-based ultra-small rigid 

platforms (USRPs) to serve as a theranostic agent with combined multimodal imaging and 

radiosensitizing properties that successfully provided inhalation-based simultaneous lung 

cancer therapy and response monitoring (Dufort et al., 2015). Through a top-down process, 

gadolinium oxide was encapsulated in a polysiloxane matrix with an near-infrared-

fluorescent dye (Cy5.5) and a chelating species (DOTA) covalently grafted onto the surface 

of the particles (which complexed on average 10 Gd species), as detailed in Figure 4a. These 
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small particles (less than 5 nm in diameter on average) can be detected in the lungs after 

administration through ultrashort echo-time magnetic resonance imaging (UTE-MRI) and 

fluorescence imaging while also acting as a radiosensitizing agent to kill cancer cells. To 

assess the theranostic properties of this system in vivo, USRPs were administered 

intratracheally using a microsprayer to nude mice bearing orthotopic H358-Luc human 

bronchioalveolar carcinoma tumors. Previous studies assessing the pharmacokinetics and 

biodistribution of the USRPs show the USRPs travel from the airways to lung tissues to the 

kidneys with negligible hepatic clearance and no observation of an increase in pulmonary 

and renal inflammation markers, suggesting the USRPs have suitable biocompatibility 

(Bianchi et al., 2014). Tumor tissues could be detected using the USRPs using UTE-MRI 

and fluorescence tomography, as detailed in Figure 4b, where nebulized USRPs showed 

stronger localization with tumor tissues compared to IV-injected USRPs and better lung 

retention over 24 hr. After nebulization, the USRP deposition around tumor nodules was 

sufficient for generating radiosensitization after subjecting mice to one dose of 10 Gy 

conventional radiation 1 day after inhalation of USRPs; this increased the mean survival 

time of mice treated with USRPs and irradiation compared to mice receiving irradiation 

alone (122 vs. 77 days). Additional studies assessing the effects on tumor burden would also 

shed more light on the therapeutic efficacy of the system. Considering the difficulties in 

diagnosing lung cancers, this USRP system provides a facile and noninvasive means of 

simultaneously detecting and treating lung tumors with negligible side effects or toxicity to 

healthy tissues. This system can be further optimized by the addition of targeting moieties 

which could help improve tumor accumulation and radiotherapy (Dufort et al., 2015; 

Morlieras et al., 2013).

To address challenges in selectivity and radiosensitivity for lung cancer therapies, Nyugen 

and colleagues developed a folate receptor-targeted multifunctional dual drug-loaded 

nanoparticle (MDNP) system for localized chemoradiotherapy that exhibited increased 

tumor accumulation and safety (Menon et al., 2017). The MDNPs are composed of a 

polylactic-co-glycolic acid (PLGA) core to allow for controlled release of its components 

with a poly(N-isopropylacrylamide)-carboxymethyl chitosan (PNIPAAm-CMC) copolymer 

shell, which forms a semi-interpenetrating network that allows for temperature- and pH-

sensitivity (at slightly lower pH of tumor microenvironment) and degradability, and folic 

acid conjugated to the surface to target overexpressed folate receptor-α on lung cancer cell 

membranes. The particles (around 250–280 nm in diameter) are loaded with three agents: 

NU7441, a potent radiosensitizer; Gemcitabine (Gem), a chemotherapy agent; and SPIO 

NPs for magnetic resonance imaging (MRI) and hyperthermia therapy. When tested in vitro 

with healthy alveolar type-1 (AT1) cells and human dermal fibroblasts (HDFs), the nondrug-

loaded MDNPs showed high cell viability (above 80%), indicating the particles alone are 

relatively nontoxic. Against folate receptor-positive lung cancer cells, A549 human lung 

adenocarcinoma cells and H460 human lung carcinoma cells, the MDNPs showed dose-

dependent uptake which was further increased in the presence of a magnetic field. Loading 

with SPIOs allowed for the detection of H460 tumor-bearing athymic nude mice, showing a 

greater T2 signal intensity with folate-targeted particles compared to nontargeted particles. 

Regarding the system’s therapeutic efficacy, mice treated with drug-loaded MDNPs via 

nebulization and radiotherapy exhibited the slowest tumor growth and greatest reduction in 
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tumor volume over 10 days compared to control mice receiving radiotherapy or NU7441 and 

Gem alone. Histopathology of tissues from animals treated with nondrug loaded MDNPs 

showed no signs of toxicity, highlighting again the safety of the carrier. Altogether, these 

results highlight the synergistic effect of combined chemotherapy and radiation for lung 

cancer treatment alongside improved localization through the addition of a targeting moiety 

on the MDNP surface (Menon et al., 2017).

3 | INHALABLE THERAPEUTICS FOR CHRONIC PULMONARY DISEASES 

(CPDS)

Asthma and COPD are two of the most globally common and heterogeneously distributed 

CPDs (Soriano et al., 2017). Asthma is a currently incurable condition in which the upper 

airways become inflamed and produce excess mucus, causing shortness of breath, loss of 

aerobic function, and decreased quality of life (Beasley, Keil, von Mutius, & Pearce, 1998). 

COPD is also a chronic and currently incurable condition classified into two types: chronic 

bronchitis and emphysema. Chronic bronchitis results in inflammation, swelling, and mucus 

overproduction within the secondary bronchioles, while emphysema results in loss of shape 

and function of the alveoli in the lungs (Kessler et al., 2011). Both conditions result in 

stifling a person’s ability to breathe, eventually leading to long-term disability and 

significant impairments in quality of life. The prevalence of these two CPDs worldwide is 

significant; COPD is the third leading cause of death worldwide (Lozano et al., 2012; 

Quaderi & Hurst, 2018). Although asthma is not as mortal as COPD, the disease has greater 

morbidity and its own other deleterious effects; over 26 million Americans are impaired by 

asthmatic symptoms (Akinbami et al., 2012). Across the world, 339 million people live with 

asthma and 328 million live with COPD, either knowingly or possibly unknowingly 

(Ehteshami-Afshar, FitzGerald, Doyle-Waters, & Sadatsafavi, 2016).

Within modern pulmonary medicine, CPDs have commonly been treated with orally or 

systemically delivered adrenergic stimulants, oral and inhaled corticosteroids, and targeted 

treatments such as antileukotrienes and cromones (Chu & Drazen, 2005). However, current 

treatments only temporarily alleviate symptoms of CPDs and do not fully mitigate the 

impairments on aerobic function that these diseases impose. Furthermore, the overuse of 

corticosteroids is documented to result in systemic side effects—including impaired growth 

in children, decreased bone mineral density, skin thinning and bruising, and cataracts (Dahl, 

2006). Therefore, recent work in nanotherapeutics designed to treat CPDs have focused on 

creating nanomaterial systems that can reach the target site locally and mitigate off-target 

side effects through low cytotoxicity and high pharmacological potency (Lopes Da Silva, 

Ferreira Cruz, Rieken, Rocco, & Morales, 2017; Sadikot, 2018). Inhaled pulmonary delivery 

of nanomedicines enhances CPD treatment by transporting encapsulated poorly water-

soluble, potent treatments, directly to their intended site of action, facilitating targeted 

pulmonary release and reducing the necessary dosage while mitigating systemic side effects 

(Blank et al., 2017). Inhalation therapy poses a distinct advantage in distributing these drugs 

evenly and locally within the lungs, reaching all CPD-afflicted tissues in a controllable 

manner (Sahib, Abdulameer, Darwis, Peh, & Tan, 2012). Inhalation of nanotherapeutic 

systems is currently being extensively studied and has great potential for targeted drug 
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delivery in the treatment of CPDs (Ratemi, Sultana Shaik, Al Faraj, & Halwani, 2016; Yhee, 

Im, & Nho, 2016).

In this section, we discuss the recent work in the development of different nanotherapeutics 

for the treatment of CPDs, while also highlighting challenges to still be solved. We focus on 

the design of different polymeric, lipid-based, and inorganic material systems for pulmonary 

delivery and its translation to pharmaceutical and therapeutic efficacy for diseases such as 

asthma and COPD.

3.1 | Polymeric Nanomaterials

Gene therapies can provide long-term control of symptoms and significantly improve the 

quality of life of those suffering from lung diseases; many systems have been demonstrated 

via inhalation and injection to effectively localize in lung tissues with minimal side effects 

(Beck et al., 2002; Kaczmarek et al., 2016; A. K. Patel et al., 2019). In an attempt to improve 

patient compliance by lowering dosing frequency, Hanes and coworkers developed an 

inhalable long-lasting gene therapy composed of DNA-thymulin polymeric particles that 

were capable of inducing anti-inflammatory effects in asthma (da Silva et al., 2014). The 

biologically active thymulin-analog gene, methionine serum thymus factor (MSTF), 

prevents lung inflammation and remodeling in an allergic asthma model. The DNA NPs 

were composed of a single molecule of plasmid DNA compacted with block copolymers of 

poly-L-lysine and polyethylene glycol (CK30PEG), which have high biocompatibility, to 

yield CK30PEG-DNA NPs (encoding either MSTF or green fluorescent protein [GFP]) 

around 89 nm in diameter, as shown in Figure 5a. To confirm whether CK30PEG-DNA NPs 

mediate airway gene transfer in vivo, ovalbumin (OVA)-challenged BALB/c mice were 

intratracheally dosed with DNA NPs carrying either GFP plasmid DNA (CK30PEG-GFP) or 

MSTF plasmid DNA (CK30PEG-MSTF). Thymulin plasmids were detected in the lungs of 

OVA-challenged asthmatic mice up to 27 days after administration of DNA NPs. The 

alveolar collapse induced by OVA was mitigated in the lungs of mice treated with 

CK30PEG-MSTF compared with naked MSTF plasmids. A single dose of CK30PEG-

MSTF NPs prevented lung inflammation (as depicted in Figure 5b–d), collagen deposition, 

and smooth muscle hypertrophy in the lungs of the allergic asthma murine model, leading to 

improved lung mechanics. The total number of cells, such as eosinophils, neutrophils, and 

monocytes, in the bronchoalveolar lavage fluid (BALF) were higher in the OVA-saline 

control group than in the OVA-challenged group treated with the CK30PEG-MSTF NPs, as 

shown in Figure 5e. Mice in the OVA-saline group exhibited considerable subepithelial 

fibrosis and smooth muscle hypertrophy, hallmarks of the lung remodeling presented in 

patients afflicted with asthma; in comparison, CK30PEG-MSTF NPs attenuated these 

ultrastructural changes. Moreover, the CK30PEG-MSTF NPs did not elevate lung static 

elastance nor airway resistance, as depicted in Figure 5f and g, respectively. These findings 

showcase a long-acting system for asthma treatment through pulmonary delivery of 

therapeutic genes for CPDs (da Silva et al., 2014).

To overcome challenges in treating corticosteroid-resistant asthma, Hahn and colleagues 

designed Flt1 peptide-hyaluronic acid (HA) conjugate nanoparticles (Flt1-HA NPs) that 

treated neutrophilic pulmonary inflammation indicative of steroid resistance (H. Kim et al., 
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2013). These NPs were either loaded with dexamethasone (Dexa), a corticosteroid, or 5-

carboxyfluorescein diacetate N-succinimidyl ester (CFSE), a green fluorescent dye, and 

labeled with HiLyte 647 amine, a red fluorescent dye. The Flt1 peptide (GGNQWFI) serves 

as a key mediator in regulating neutrophilic inflammation, while HA is biodegradable and 

interfaces with HA receptors on the lung epithelium (Jiang et al., 2005; Varghese, Sun, Ns 

Hilborn, & Ossipov, 2009). Flt1-HA conjugates self-assemble into spherical NPs of around 

110 nm in diameter after loading with Dexa upon dissolution. These particles exhibited an 

initial burst release in vitro over 6 hr followed by a sustained linear release pattern. In vitro 

bioimaging showed efficient internalization of FITC-conjugated Flt1-HA NPs into A549 

lung epithelial cells by HA-receptor mediated endocytosis, and cytotoxicity assays showed 

high cell viability after treatment with Flt1-HA NPs. Ex vivo imaging for the biodistribution 

in ICR mice revealed long-term retention (up to 72 hr) of CFSE-loaded Flt1-HA NPs in 

deep lung tissues, likely due to the mucoadhesive property of HA. Furthermore, the NPs also 

reduced inflammation pathway-related cytokine levels of lipopolysaccharide (LPS)-

stimulated cells more efficiently than free Dexa. Moreover, according to the BAL cellularity 

and histological analysis, Dexa-loaded Flt1-HA NPs showed improved therapeutic effects in 

both eosinophilic and neutrophilic asthma mice models. Flt1-HA NPs overall showed 

successful and effective delivery and uptake into lung tissue in vivo with prolonged 

residence time as a means of treating steroid-resistant asthma (H. Kim, Park, et al., 2013).

To provide a means of targeting cells of the immune system responsible for pulmonary 

inflammation, Vij and coworkers developed an inhalable PEGylated immuno-conjugated 

PLGA nanoparticles (PINPs) system that were able to target neutrophils and modulate 

inflammatory responses associated with CPDs (Vij, Min, Bodas, Gorde, & Roy, 2016). The 

PINPs were prepared via emulsification of DSPE-PEG2000/DSPE-mPEG2000 with PLGA 

dissolved with either ibuprofen (IBF), a nonsteroidal anti-inflammatory drug, and/or Nile 

Red (NR) fluorescent dye and then incubated with NIMP-R14 antibodies for neutrophil 

targeting to yield PINP-NIMP-IBF NPs of around 344 nm in size. To assess the efficacy of 

neutrophil-targeted PINPs in transporting through the airway followed by specific binding 

and release of drug to neutrophils, C57BL/6 mice were intratracheally treated with 

Pseudomonas aeruginosa lipopolysaccharide (Pa-LPS) to induce pulmonary obstruction 12 

hr before intranasal PINP-NIMP-IBF instillation. After administration, quantification of 

NIMP-R14+ BALF cells and NF-κB (pro-inflammatory response-regulating transcription 

factor) activities showed that treatment with the PINP-NIMP-IBF decreased Pa-LPS-induced 

NF-κB activity and the number of NIMP-R14-PE positive neutrophils, demonstrating its 

ability to control the inflammatory response. Further study of biodistribution of PINPs in 

lung tissue is necessary; however, this model serves as an inhaled therapeutic system that 

treats symptoms of obstructive pulmonary diseases (Vij et al., 2016).

3.2 | Lipid-based nanomaterials

To prolong the effects of bronchodilating drugs in asthmatic patients, Yang and coworkers 

developed a liposomal formulation to deliver salbutamol sulfate (SBS), a highly water-

soluble bronchodilator, that increased lung retention to mitigate bronchoconstriction (Chen 

et al., 2012). SBS was encapsulated into soybean phosphatidylcholine (PC) liposomes, 

measuring around 57 nm in diameter, which formed into a vesicular phospholipid gel 
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(VPG). IT administration of liposomes loaded with the fluorescent dye 1,1-dioctadecyl 

tetramethyl indotricarbocyanine iodide (DiR) in Sprague Dawley rat model was assessed by 

a small animal imaging system and pharmacokinetic analysis, which showed that the 

liposomes were effectively distributed in the respiratory tract and lungs and sustained release 

of SBS for 48 hr. Guinea pigs were treated intratracheally with SBS liposome suspensions 

through a spray instillator, where SBS liposomes enhanced persistence of antiasthmatic 

effect of SBS for up to 18 hr, whereas free SBS solution lasted less than 8 hr. The results 

demonstrated that liposomes could increase the concentration and retention time of SBS in 

the lungs and therefore prolong its therapeutic effects to alleviate bronchoconstriction 

symptomatic of CPDs (Chen et al., 2012).

In a means of enhancing selectivity and minimizing premature drug release, Lanza and 

coworkers developed inhalable antiangiogenic Sn2 lipase-labile prodrug αVβ3-micelles that 

effectively suppress microvascular expansion and airway hyperresponsiveness, hallmarks of 

angiogenic inflammation of CPDs (Lanza et al., 2017). Because lung epithelial cells often 

overexpress αVβ3 integrins on their membranes in asthma due to increased angiogenesis, the 

micelles were designed to target these receptors for improved selectivity using an αVβ3-

peptidomimetic homing ligand (αVβ3-PEG2000-PE). Figure 6a and b illustrate the synthesis 

of fumagilin and docetaxel prodrugs (Fum-PD and Dxtl-PD, respectively) through 

saponification and esterification with 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine 

(PAzPC). The αVβ3-prodrug-micelles formed particles around 16 nm in size. The 

antiangiogenic effectiveness of αVβ3-mixed micelles incorporating Dxtl-PD and/or Fum-PD 

were shown to suppress neovascular expansion in the bronchi of house dust mite-challenged 

(HDM) rats after intranasal delivery of the micelles, compared to an empty-micelle control, 

as shown in Figure 6c. Less vascularity was observed in prodrug micelle treatment groups 

than in empty-micelle-treated rats, as depicted in Figure 6d. Respiratory resistance (Rrs) and 

respiratory system compliance (Crs) are two measures of resistance-to- or ease-of-airflow 

during inhalation, respectively, and were measured after application of αVβ3-prodrug-

micelles, as depicted in Figure 6e. Methacholine (MCh)-induced Rrs was higher in HDM 

rats receiving empty micelles than those treated with αVβ3-Dxtl-PD and αVβ3-Fum-PD 

micelles, which markedly and equivalently attenuated airway hyper-responsiveness. 

Additionally, Crs was improved after treatment with both prodrug micelles. Furthermore, 

inflammatory cell numbers within bronchoalveolar sites were reduced by both Fum and Dxtl 

nanotherapies, as represented in Figure 6f. These results demonstrate the potential of an 

inhaled antiangiogenic nanotherapeutic to ameliorate symptoms of asthma; assessments of 

biodistribution and any systemic toxicity would further validate the use of this system 

(Lanza et al., 2017).

In an attempt to increase lung retention and mitigate cytotoxicity of a potent asthma drug, 

Pokharkar and coworkers developed Montelukast-loaded nanostructured lipid carriers 

(NLCs) to form Montelukast-NLCs (MNLCs) (Patil-Gadhe, Kyadarkunte, Patole, & 

Pokharkar, 2014). Montelukast (MTK) is a cysteinyl leukotriene receptor antagonist (c-

LTRA) generally prescribed to asthma patients for use during exercise or to prevent aspirin-

induced asthma (Schäper et al., 2011). Melt-emulsification-ultrasonication techniques of 

homogenization were used to prepare MNLCs with a Precirol (solid lipid) to Capryol (liquid 

lipid) ratio of 7:3, to yield particles of around 185 nm in diameter. MNLC-DPI particles 
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were then formed for DPI by lyophilization using mannitol as a cryoprotectant and carrier. 

An in vitro cytotoxicity assessment was performed on A549 human lung adenocarcinoma 

cells, which revealed better cell viability of MNLCs compared to the free drug. The MNLCs 

were delivered intratracheally to Wistar rats to assess biodistribution, demonstrating 

improved bioavailability and longer residence of MTK with the MNLC system as compared 

to delivery of free MTK. Thus, these results demonstrate that lipidic nanoparticulate 

formulations improve lung MTK retention with reduced toxicity, which could lead to a 

potentially more efficacious asthma treatment utilizing MNLC-DPIs once therapeutic 

efficacy is assessed for this system against an in vivo asthma model (Patil-Gadhe et al., 

2014).

3.3 | Inorganic nanomaterials

Silver is generally a nontoxic and hypoallergenic metal, capable of cytoprotective and 

prohealing abilities, and has gained attention recently as a nanotherapeutic system (Franci et 

al., 2015; Modak & Fox, 1973). Jung and coworkers found silver nanoparticles (AgNPs) 

mitigate bronchial inflammation and hyper-responsiveness, which are common 

characteristics of CPDs (H. S. Park et al., 2010). Powders of free silver were dissolved in 

PBS and formed solubilized NPs of approximately 6 nm in size. OVA is a frequently used 

allergen that induces asthmatic pulmonary inflammation in laboratory mice (Nials & Uddin, 

2008), and OVA-challenged C57BL/6 mice were administered silver NPs through jet 

nebulization every 24 hr for 5 days to assess the NPs anti-inflammatory effect. After 

collection of BAL, they found that the increased levels of inflammatory cells and markers 

that are typical of asthma and airway hyper-responsiveness were reduced by the pulmonary 

delivery of AgNPs. Th2 cytokine expression, a primary signal for asthma-induction 

immunology, was also decreased. Reactive oxygen species (ROS) result in bronchial hyper-

reactivity and smooth muscle precontraction, and the increased intracellular ROS levels in 

BAL fluid collected after OVA challenge was decreased following the administration of 

AgNPs, suggesting AgNPs are capable of attenuating oxidative stress. Their results illustrate 

the potential of AgNPs as a promising therapeutic strategy, due to their antioxidant and anti-

inflammatory properties, for inhalation therapy for CPDs like asthma (H. S. Park et al., 

2010).

To address drug resistance and steroidal side effects, Faraj and coworkers developed an 

antibody-conjugated, polymer-coated SPIO NP system that hinders the inflammatory 

pathway triggered by interleukin-4 receptor α (IL4Rα) of the immune system to control 

asthmatic inflammation (Halwani et al., 2016). SPIO NPs have low intrinsic toxicity, easy 

surface functionalization, and are readily detected using MRI. The anti-IL4Rα-nanoparticles 

(anti-IL4Rα-NPs) are composed of a SPIO NP with a shell of dextran cross linked with 

polyethylene glycol (PEG2000) chains conjugated to anti-IL4Rα monoclonal antibodies and 

measure around 133 nm in diameter, as illustrated in Figure 7a. BALB/c OVA-sensitized 

mice were treated with anti-IL4Rα-NPs for in vivo characterization through intrapulmonary 

delivery using a microsprayer aerosolizer. Decreased levels of proinflammatory cytokine 

release in the lung tissue and BALF, as well as number of inflammatory cells, were 

observed, as shown in Figure 7b, d, and e. Moreover, anti-IL4Rα NPs dropped CD4+ and 

CD8+ T cell activity in lung tissue and inhibited their ability to release proinflammatory 
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cytokines to greater extent than the free antibody, as shown in Figure 7c. The anti-IL4Rα-

NPs localized within areas of lung tissue enriched in inflammatory cells, as confirmed by 

immunohistological staining. Moreover, they induced a sustained low level of lung 

inflammation for 1 week following the last instillation compared with the treatment with 

free anti-IL4Rα antibodies Overall, this NP system enhanced lung tissue penetrability and 

sustainability of the anti-IL4α antibodies after pulmonary administration to provide long-

lasting anti-inflammatory effects without the use of corticosteroids (Halwani et al., 2016).

Gold NPs have been extensively studied in drug delivery for their easily tunable optical and 

photodynamic properties for disease treatment and imaging. Geiser and coworkers 

developed an inhaled gold nanoparticle (AuNPs) system that validated the use of AuNPs as 

carriers for pulmonary delivery for COPD treatment (Geiser et al., 2013). The prepared 

AuNPs measured around 21 nm in diameter and were deliverable in an aerosol produced 

using a spark generator. Scnn1b-transgenic (Tg) murine models were employed, as they 

develop spontaneous chronic bronchitis, mucus hypersecretion, and emphysema, to 

recapitulate COPD in vivo. Scnn1b-Tg mice were administered AuNP aerosols for 2 hr, and 

AuNPs were mostly found as singlets or small agglomerates of less than 100 nm in diameter 

at the surface of and within the lung epithelium and as agglomerates greater than 100 nm in 

macrophages. Inhaled AuNPs accumulated in the alveolar epithelium of both Wt and 

Scnn1b-Tg mice; however, the Tg mice showed slower macrophagic uptake of AuNPs and 

higher epithelial internalization of the AuNPs. These results suggest inhalable AuNPs serve 

as a means of directly delivering to alveolar epithelial cells and macrophages in COPD via 

enhanced cellular uptake. However, more studies are needed to assess AuNP interactions at 

an immunological level and how they contribute to inflammation levels in Scnn1b-

transgenic mice (Geiser et al., 2013).

4 | INHALABLE THERAPEUTICS FOR TB

TB is a prevalent respiratory infection, infecting approximately one fourth of the world’s 

population, and led to 1.3 million deaths in 2017 (World Health Organization, 2018). Given 

the complexity of current drug treatment protocols for TB treatment—which often require 

multidrug cocktails (e.g., rifampicin [RIF], pyrazinamide [PYZ], isoniazid [INH], and 

ethambutol) taken for prolonged periods of time (e.g., 6 to 9 months)—patient compliance is 

a major obstacle in achieving successful eradication of the disease. Moreover, TB is 

especially difficult to eliminate, as Mycobacterium tuberculosis (MTB) persists within AMs 

(Natarajan, Kundu, Sharma, & Basu, 2011), and rather than becoming phagocytosed and 

eliminated in the AMs (as foreign particles are typically handled), M. tuberculosis is able to 

prevent phagosome-lysosome fusion within the AMs and uses them as a site for incubation 

(Zahrt, 2003). Current treatment with orally delivered drugs often fails to achieve sufficient 

drug concentrations within the AMs of pulmonary tissues to eradicate M. tuberculosis. 

Aerosolized nanomaterials have significant promise as drug delivery systems to treat TB 

owing to their high stability, high carrying capacity, and ability to deliver both water soluble 

and insoluble drugs (Gelperina, Kisich, Iseman, & Heifets, 2005; Yang, Peters, & Williams 

Iii, 2008a). Delivery directly to pulmonary tissues also has the advantage of requiring lower 

doses and minimizing side effects, as well as requiring less frequent administration, which 

can result in better patient compliance (Rojanarat, Nakpheng, Thawithong, Yanyium, & 
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Srichana, 2012). Further surface modification with targeting moieties makes inhalable 

nanomedicine delivery systems attractive as they can target AMs, mitigate systemic side 

effects, and reduce frequent dosing requirements (Natarajan et al., 2011).

In this section, we discuss the recent examples of different inhalable nanomedicine systems 

for the treatment of TB, highlighting the material design and efficacy of these systems and 

the present challenges still faced in the field. We focus on the design of various polymeric, 

lipid-based, and inorganic material systems for pulmonary delivery and its translation to 

therapeutic efficacy against TB.

4.1 | Polymeric nanomaterials

Polymersomes are nanosized vesicles made from amphiphilic block copolymers that have 

been extensively studied for their ability to encapsulate poorly water-soluble drugs and 

prevent their premature degradation. Moretton and colleagues developed polymersomes 

capable of delivering the antibiotic RIF (Moretton, Cagel, Bernabeu, Gonzalez, & 

Chiappetta, 2015). Polymersomes were formed with poly(ethylene glycol)-poly(ε-

caprolactone) (PEG-PCL) that self-assembled and to encapsulate RIF. The polymersomes 

were round in morphology, measured around 60 nm in size, and demonstrate suitable 

colloidal stability. In vitro release studies showed that all polymersomes exhibited a 

sustained release profile, with about 50% of the drug released after 6 hr. Furthermore, in an 

assessment of polymersome uptake in murine macrophages, the RIF concentration within 

macrophages was twofold higher with the polymersomes compared to free RIF. The 

polymersome design allowed for improved macrophage uptake, and further investigation of 

the suitability of the system as a respirable therapy for the treatment of TB is necessary 

(Moretton et al., 2015).

As nanosized materials are too small to deposit into the lungs through inhalation as dry 

powders, Goyal and colleagues developed nanoembedded microparticle formulations that 

deliver anti-TB drugs, RIF and INH, through pulmonary delivery that enhance antitubercular 

efficacy (Goyal, Garg, Rath, Datta Gupta, & Gupta, 2015). Four different materials were 

used to yield chitosan-, guar gum-, mannan-, or guar gum-coated chitosan-based NPs, which 

were then spray dried with mannitol to form microparticles to carry in NPs in an aerosol. An 

example of the scanning electron microscopy images of the chitosan particles and guar gum-

coated chitosan particles can be seen in Figure 8a. In vitro release studies in PBS revealed 

faster release for INH compared to RIF, which was attributed to differences in solubility, as 

seen in Figure 8b. A macrophage (J-774) uptake study revealed mannan and guar gum 

systems displayed highest uptake, which is attributed to targeting by these materials to 

mannan receptors on AMs, which is shown in Figure 8c. A cell viability study with J-774 

macrophages showed that the drug-loaded formulations were less toxic than the free drugs, 

as shown in Figure 8d. After pulmonary administration of the particles in female BALB/c, 

the nanoembedded microparticle formulations resulted in increased drug retention in the 

lungs as compared to free drug, where the mucoadhesive properties of guar gum further 

improved retention, as depicted in Figure 8e. Moreover, in a TB mouse model, mice treated 

with the drug-loaded particles had less microbial loads as compared to free RIF-treated 

mice, where the greater antitubercular activity of the guar gum particles was attributed to 
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their prolonged residence and macrophage targeting capabilities. This study highlights the 

advantages of utilizing inhalable nanoembedded microparticles for enhanced targeting to 

AMs to improve the efficacy of antitubercular drugs (Goyal et al., 2015).

4.2 | Lipid-based nanomaterials

To address challenges in macrophage targeting and drug resistance in TB, Bhardwaj and 

coworkers designed liposomes with improved targeting efficacy that increase residence of 

antitubercular drugs to reduce necessary dosing frequency (Bhardwaj, Kumar, Narang, & 

Murthy, 2012). The investigated liposomes were composed of egg PC and cholesterol (CH) 

and appended with mannan, a targeting ligand for receptors on AMs, to actively target 

infected cells (Yu, Liu, Liu, Zhang, & Xu, 2010). The liposomes were loaded with the 

antibiotic drugs RIF, INH, or PYZ, ranged in size from around 300 to 630 nm, and were 

formed into a DPI formulation with sucrose. The lyophilized DPI formulas exhibited a 

controlled release profile of the antibiotics from the liposomes in vitro. Compared to free 

drug powders, the DPI liposomal formulations were still detectable in the lungs in Wistar 

albino rats 24 hr after IT instillation, highlighting the enhanced retention imparted by the 

liposomes. The AM-targeting mannan ligand increased drug concentrations and retention in 

the lungs compared to the neutral liposomes. This system highlights the advantages of 

pulmonary delivery to increase antibiotic drug retention in the lungs by targeting AMs; 

however, studies using infected animal models are needed to further investigate the efficacy 

of the DPI liposomal formulations to treat TB (Bhardwaj et al., 2012).

In an attempt to mitigate incidence of antibiotic resistance in TB treatment, Fraziano and 

coworkers designed asymmetric liposomes that resemble apoptotic bodies that kill M. 
tuberculosis bacteria without antibiotic drugs. (Greco et al., 2012). The two-faced liposomes 

were composed of a combination of either L-α-phosphatidylserine (PS), L-α-PC, or L-α-

phosphatidic acid (PA). PS was used for its ability to mimic apoptotic bodies and thus 

promote uptake by macrophages, and PA was used to modulate vesicle trafficking and fusion 

inside macrophages to overcome blocked transport of phagosomes by MTB to lysosomes. 

The liposomes had a mean hydrodynamic radius of around 1,000 nm, as depicted in the 

fluorescence confocal microscopy images in Figure 9a. The apoptotic body-like (ABL) 

liposomes were found to be efficiently internalized by macrophages and induce an influx of 

Ca2+, which is associated with an increase in ROS, inhibition of bacterial growth, and 

inhibition of inflammatory responses. Preferential uptake into macrophages over alveolar 

epithelial cells was observed, as shown in Figure 9b, highlighting the enhanced 

internalization into macrophages via the PS outer layer. Furthermore, as shown in Figure 9c, 

ABL liposomes are also able to reduce the proinflammatory response caused by MTB in 

infected dTHP-1 macrophages. As depicted in Figure 9d, MTB colony forming units (CFUs) 

were reduced upon treatment with the ABL/PA liposomes. MTB-infected BALB/c mice 

were treated intranasally with liposomes, and INH, a common TB antibiotic, was 

incorporated in the drinking water of the mice for combined therapy. Within the lungs of 

treated mice, both the APL/PA formulation and APL/PA with INH resulted in a 100-fold 

decrease in CFU concentrations in comparison to untreated mice, while INH alone resulted 

in a two-fold decrease, as shown in Figure 9e. This system offers an approach to treating TB 

with an aerosolized liposomal formulation that does not require the incorporation of 
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antitubercular drugs; the formulation was both effective at eliminating MTB CFUs and 

mitigating inflammatory responses (Greco et al., 2012).

Expanding to other common lung-resident bacterial infections, Meers and colleagues 

developed inhalable liposomal amikacin, an antibiotic, that enhanced antibacterial efficacy 

against P. aeruginosa (Meers et al., 2008). Pseudomonas aeruginosa, like TB and other 

bacteria, frequently becomes a chronic infection in cystic fibrosis patients due to impaired 

mucociliary clearance; P. aeruginosa is particularly problematic for cystic fibrosis patients as 

it produces a hard-to-penetrate biofilm and that can result in increased tolerance to 

antibiotics and reduced phagocytic activity (Høiby, Ciofu, & Bjarnsholt, 2010). Liposomes 

composed of saturated lipid dipalmitoyl phosphatidylcholine (DPPC) and CH were prepared 

and loaded with amikacin to yield particles around 300 nm in size. Using sputum samples 

from cystic fibrosis patients, liposomes exhibited enhanced mucus and biofilm penetration. 

In vivo studies with Sprague–Dawley rats showed free drug (both amikacin and tobramycin, 

an antibiotic drug currently administered clinically to patients) is cleared within a few hours, 

whereas amikacin-loaded liposomes were found to have two release phases: a rapid release 

during the first 2 hr, and a larger (more than half of the administered drug), slower release 

over the course of 24 hr. Furthermore, a rat infection model was dosed three times a week 

over 14 days with amikacin-loaded liposomes, which reduced CFUs by two orders of 

magnitude and even resulted in undetectable bacteria concentrations in many of the treated 

mice. This study highlights the enhanced penetrative capabilities afforded by liposomal 

formulations to improve delivery of antibiotics across thick mucus and biofilm layers that 

are symptomatic of cystic fibrosis to increase antibacterial efficacy (Meers et al., 2008).

4.3 | Inorganic nanomaterials

Inhalable inorganic particles have not been extensively researched to treat TB. Much of the 

research in this area is currently at a preliminary stage, focusing instead on the feasibility of 

inorganic particles as a means of treating bacterial infections. The area is promising, 

however, with studies evidencing the ability to load inorganic nanomaterials with 

antitubercular drugs (Mohseni, Gilani, & Mortazavi, 2015). Horwitz and colleagues studied 

two systems of silica NPs that enhanced drug uptake into AMs (Clemens et al., 2012). The 

first system equipped mesoporous silica nanoparticles (MSNPs) with a polyethyleneimine 

(PEI) coating. PEI, being positively-charged, interacts with the negatively-charged MSNP 

surface and serves to enhance cellular uptake of its loaded RIF. The second equips the 

MSNPs with cyclodextrin-based, pH-operated valves which release INH only under acidic 

conditions; this feature allows only MSNPs internalized into macrophages by phagocytosis 

to release INH once inside the acidified endosomes. The NPs measured approximately 100 

nm in diameter for both systems, with hexagonal pores about 2 nm in size. In vitro testing 

with human macrophage-like THP-1 cells and with human peripheral blood monocyte-

derived macrophages showed that both types of MSNPs were effectively internalized. The 

PEI coating promoted the release of RIF into the cytosol by causing osmotic rupture of 

phagosomes. Moreover, the PEI-coated, RIF-loaded MSNPs killed more M. tuberculosis 
within macrophages than either free drug or naked RIF-loaded MSNPs. The INH-loaded, 

pH-gated MSNPs eliminated more M. tuberculosis from human macrophages as compared 

to free INH. Future work to investigate stability upon aerosolization as well as lung tissue 
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safety and side effects are needed to apply this as an inhalable therapy, but the MSNP system 

highlights key design features that promote uptake into macrophages to better TB treatment 

(Clemens et al., 2012).

5 | CONCLUSION

In the treatment of common respiratory diseases, inhalable nanomaterials have become a 

promising and attractive strategy over conventional free drug formulations as it provides a 

noninvasive means of maximizing therapeutic efficacy, reducing systemic toxicity, and 

mitigating off-target effects. Furthermore, nanomaterials can increase retention of 

therapeutic agents in lung tissues, prevent their premature degradation, and allow for 

sustained release in lung tissue. By decorating these systems with various targeting moieties, 

drug uptake to diseased cells is promoted while mitigating side effects to healthy cells. This 

is particularly advantageous for pulmonary delivery for treating lung cancer, CPDs, and 

bacterial infections, whereby nanomedicines can reduce necessary drug dosages and lower 

the dosing frequency to improve patient compliance and quality of life. Based on the 

material choices for these systems, their design features will ultimately influence their 

performance as inhalable therapies. Polymeric systems typically exhibit high nebulization 

stability with minimal toxicity to lung tissues but have lower retention times, as they often 

penetrate more easily into the systemic circulation. Lipid-based systems closely resemble 

the surfactant lining of the lungs and thus have better retention and safety in the lungs; 

however, some systems have shown nonideal nebulization stability and drug release. 

Inorganic systems often induce adverse side effects such as inflammation and oxidative 

stress, but many metallic systems have dual imaging and therapeutic properties that allows 

for response monitoring. For successful design of a inhalable nanomaterial system, the 

system must: (1) be readily aerosolized and stable in a liquid or solid aerosol; (2) effectively 

deposit on tissues throughout the lung at appropriate depths; (3) overcome clearance barriers 

in the lungs such as mucus, the mucociliary escalator, and AM uptake; (4) target diseased 

cells over healthy cells for preferential accumulation; and only then can the system function 

to (5) promote cellular uptake and induce biological effects.

Despite the advantages inhalable nanomaterials present for treating a variety of respiratory 

illnesses, there has been poor translation of these systems to the clinic, where there are no 

active or successful clinical trials currently. Generally, researchers developing inhalable 

nanomaterial formulations need to design systems that yield longer retention in the lungs 

with extended release patterns to maintain effective drug concentrations without inducing 

severe side effects. Many factors influence the toxicological potential of nanomaterial 

systems, such as their size, shape, surface charge, and biodegradability, and thus is it 

increasingly important to thoroughly evaluate the safety of these systems, particularly with 

respect to inflammatory and immunological responses these systems may elicit in the lungs. 

Most in vivo studies have been almost exclusively conducted in rodents, which have 

different respiratory system dimensions compared to humans and thus make it difficult to 

accurately mimic the pulmonary delivery of nanomedicine systems in humans using rodent 

models. Furthermore, depending on the methodology used to administer nanomedicines to 

the lungs (liquid instillation, IT instillation, nose-only exposure chambers), deposition 

patterns and plasma concentrations of drugs can be heterogeneous, thus it is important to 
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develop highly accurate in vitro models to recapitulate human lung environments that are 

representative of the disease model. Moreover, much of our understanding on lung clearance 

kinetics and mechanisms is founded on studies conducted that follow the entrapped drugs as 

opposed to its carrier or carrier components; these patterns may be different for the 

nanomaterial and are important to evaluate to assess tissue accumulation, permeation, and 

adverse side effects. Alongside improvements to nanomedicines, advances in aerosolization 

technology to enhance control over dosing and require easier-to-use devices will improve 

repeatability and patient compliance. Future translation of inhalable nanomaterial therapies 

to the clinic is achievable through addressing these challenges and rests on the design of 

targeting systems which will preferentially accumulate in and treat diseased cells over 

healthy cells for a variety of common respiratory diseases.
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BOX 1

PARTICLE SIZING IN RELATION TO LUNG DEPOSITION

The lungs are composed of a series of branching airways, divided into the conducting 

zone (upper airways, including the trachea, bronchi, and bronchioles) and the respiratory 

zone (lower airways, including the respiratory bronchioles, alveolar ducts, and alveolar 

sacs) (Crowder, Rosati, Schroeter, Hickey, & Martonen, 2002; Y. Lin, Wong, Qu, Chan, 

& Zhou, 2015; S. S. Park & Wexler, 2007). Particulate properties such as geometric size, 

shape, and density determine a particle’s inertia and thus influences where it will deposit 

along the respiratory tract (characterized as the aerodynamic diameter, AD) (Fu, Fiegel, 

Krauland, & Hanes, 2002; Joachim Heyder, 2004; Yeh, Phalen, & Raabe, 1976). There 

are three main mechanisms of airway deposition: inertial impaction, gravitation 

sedimentation, and diffusion (and interception for filamentous particles). Particles with an 

AD >5 μm deposit mostly in the upper airways via inertial impaction (as particles are 

unable to change their trajectory with tidal air); particles with an AD between 1 and 5 μm 

deposit mostly in the lower airways via sedimentation; and particles with an AD <1 μm 

remain mostly suspended in the airstream and are exhaled (with minor deposition usually 

through diffusion) (Balásházy, Martonen, & Hofmann2, W., 1990; Byron, 1986; 

Gagnadoux et al., 2008; Heyder, Gebhart, Rudolf, Schiller, & Stahlhofen, 1986; Jaques & 

Kim, 2000). Typically, nanomedicines systems are suspended in liquid or dry powder 

aerosol droplets, and it is the size and properties of these droplets that dictate deposition 

patterns.
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FIGURE 1. 
A wide variety of nanomaterial systems have been employed to develop inhalable 

nanomedicine systems (depicted here are liposomes, micelles, polymeric nanoparticles, 

dendrimers, and magnetic nanoparticles as examples of designs explored for this 

application). After administration with various aerosolization devices (jet nebulizer 

represented here), these systems are noninvasively delivered directly to lung tissues to 

passively target diseased cells. For a variety of respiratory diseases, this is advantageous as it 

enhances therapeutic efficacy and mitigates systemic toxicity, which can be further improved 

by decorating nanomaterials with targeting moieties for a particular lung disease
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FIGURE 2. 
Copolymer nanoparticle (NP) system for the pulmonary codelivery of doxorubicin (DOX) 

and cisplatin (CDDP). (a) Schematic representation of the copolymer NP showing the 

incorporation of DOX through electrostatic interactions and CDDP through chelate 

interactions to create Co-NPs. The Co-NPs are aerosolized to be administered to mice 

bearing lung tumors, where within the Co-NPs penetrate and enter tumor cells and begin to 

rapidly release their contents to induce cytotoxicity. (b) The encapsulated drug release of 

DOX (left) and CDDP (right) from the Co-NPs in PBS, showing faster release at lower pH. 

(c) Cytotoxicity assay results against B16F10 melanoma cells in relation to DOX 

concentration (left) and CDDP concentration (right), indicating the enhanced cancer cell 

toxicity of the codelivery system compared to either drug alone. (d) The in vivo 

biodistribution of DOX in main organs of mice after either systemic delivery (SD) or 

pulmonary delivery (PD) of free DOX or Co-NPs (H, heart; L1, liver; S, spleen; L2, lung; K, 

kidney) at different time points over 72 hr, showing increased retention from Co-NPs in PD. 

(e) in vivo antitumor efficacy in a B16F10 metastatic lung cancer mice model with the 

treatment timeline (top). Surgically removed lungs (left) and their average weight (right) for 

each treatment group (I, healthy mice control; II, PBS; III, free CDDP; IV, free DOX; V, 

CDDP-NPs; VI, DOX-NPs; VII, Co-NPs) after pulmonary delivery. (Reprinted with 

permission from Xu et al. (2019). Copyright 2019 Elsevier)
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FIGURE 3. 
Nanostructured lipid carrier (NLC) system for the pulmonary codelivery of paclitaxel (TAX) 

and siRNAs for resistance suppression to treat lung cancer. (a) Illustration of the NLC 

system, showing drugs loaded in the core (TAX), siRNAs complexed to cationic heads 

groups of the lipid particle (DOTAP), and lung cancer targeting moiety, luteinizing 

hormone-release hormone (LHRH) conjugated to DSPE-PEG on the surface. (b) Cell 

viability of A549 human lung adenocarcinoma cells after 48 hr incubation with blank NLC 

and PEGylated NLC, showing great biocompatibility of the carrier with increased safety 

after surface decoration with PEG. (c) in vitro cytotoxicity of the TAX-loaded NLCs and 

free TAX against A549 cells; the NLC systems showed enhanced cytotoxicity (lower IC50 

value) compared to free TAX, where the addition of resistance suppressing siRNAs on the 

surface even further enhanced cytotoxic activity. (d) in vivo distribution of fluorescently-

labeled (Cy5.5 dye) NLCs in mice after IV injection (left) and inhalation (right), showing 

increased accumulation and retention in lungs from pulmonary delivery. (e) Distribution of 

fluorescently-labeled NLCs in mice lungs bearing A549 tumors, highlighting improved 

targeting to tumor tissues by LHRH. (f) Bright-field and fluorescence microscope images of 

tumor tissues of mice treated with Cy5.5-loaded LHRH-NLCs, showing improved tumor 

targeting and retention with minimal accumulation in healthy lung tissues. (g) Tumor 

volume changes in mice after the beginning of treatment with repeated treatments every 3–5 

days (x-axis), emphasizing the enhanced antitumor efficacy of LHRH-NLC-TAX-siRNAs 

system (1, untreated mice; 2, inhaled LHRH-NLC; 3, IV injected TAX; 4, inhaled LHRH-

NLC-TAX; 5, inhaled LHRH-NLC-TAX-siRNAs). (Reprinted with permission from 

Taratula et al. (2013). Copyright 2013 Elsevier)
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FIGURE 4. 
Gadolinium-based ultra-small rigid platform nanoparticles (USRPs) as a theranostic agent 

for the imaging and treatment of lung cancer administered via nebulization. (a) Schematic 

representation of the USRP system and its components, which allow for ultrashort echo time 

magnetic resonance and fluorescence imaging alongside radiotherapy. (b) Localization of 

USRPs after pulmonary delivery in orthotopic H358-Luc tumor mouse model. (i) 

Fluorescence tomography imaging of mice 1, 5, or 24 hr after pulmonary administration or 

IV injection of USRPs (top), with bioluminescence and fluorescence imaging performed on 

isolated lungs showcasing colocalization of tumor cells with the USRPs at the same time 

points (bottom). ii) Biodistribution of USRPs in mice 24 hr after pulmonary administration 

or IV injection, showing enhanced accumulation in lung and tissue tumors followed by 

kidneys with little retention comparatively in the liver. iii) Before (top) and after (bottom) 

pulmonary administration of USRPs allows for detection of lung cancer tumors via magnetic 

resonance imaging (MRI) imaging. (c) Survival curve of H358 tumor-bearing mice without 

treatment (n = 6), after one irradiation (n = 11), or after USRP administration followed by 

one irradiation 24 hr later (n = 11), showing longer mean survival time for mice treated with 

USRPs and irradiation. (Reprinted with permission from Morlieras et al. (2013) and Dufort 

et al. (2015). Copyright 2013 American Chemical Society and Copyright 2015 John Wiley 

and Sons)
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FIGURE 5. 
Thymulin gene therapy in allergic asthma provided via DNA-nanoparticles (NPs) that 

mitigate airway remodeling and inflammation after pulmonary delivery. (a) Transmission 

electron micrograph of the CK30PEG-MSTF NPs where scalebar represents 200 nm. 

Inflammatory cytokine concentrations, (b) interleukin 13 (IL-13), (c) Eotaxin, and (d) 

interferon-γ (IFN-γ) in lung tissues of healthy control or ovalbumin-challenged mice, 

highlighting anti-inflammatory effect of the DNA NPs. (e) Total number of cells counted in 

bronchoalveolar lavage fluid of healthy or ovalbumin-challenged mice, showing reduction of 

cell numbers representative of an inflammatory response after treatment with DNA NPs. 

Lung function of mice as represented by (f) lung static elastance and (g) airway hyper-

responsiveness, highlighting reduction in elastance and resistance after treatment with DNA 

NPs. C, control mice challenged with saline; ovalbumin (OVA), mice challenged with 

ovalbumin; SAL, mice treated with saline; THY-NANO, mice treated with DNA NPs; THY-

pDNA, mice treated with naked plasmid DNA. Statistically significant (p < .05) results from 

C-SAL (*), C-THY-NANO (†), C-THY-pDNA (‡), OVA-SAL (**), or OVA-THY-NANO 

(#). (Reprinted with permission from da Silva et al. (2014). Copyright 2014 Elsevier)
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FIGURE 6. 
Synthesis and antiangiogenic effects of Sn2 lipase-liable prodrug micelles for the treatment 

of asthma. (a) Synthesis of fumagillin PAzPC prodrug and through saponification and 

esterification alongside structure of αVβ3-peptidomimetic-PEG2000-PE. (b) Synthesis of 

docetaxel prodrug. (c) i) 19F/1H magneitc resonance (MR) tomographic molecular imaging 

following antiangiogenesis treatment in HDM rats with αVβ3-Dxtl-PD micelles (right) 

revealed markedly reduced airway neovascular MR signal when compared to the control 

asthmatic animals receiving αVβ3-empty micelles (left). ii) Normalized lung signal 

quantification of 19F/1H MR tomographic molecular imaging (*p < 0.01). (d) Histogram of 

19F/1H MR tomographic molecular imaging results showing equivalent reduction in 

neovascularity with anti-angiogenesis micelles. (e) Pulmonary functional changes in HDM 

rats receiving αVβ3-Dxtl-PD, αVβ3-Fum-PD, or αVβ3-no-drug micelles. i) Respiratory 

system resistance (Rrs) was measured after increasing methacholine (MCh) concentrations 

showing attenuated reactivity among rats treated with αVβ3-Dxtl-PD or αVβ3-Fum-PD 

micelles(***p < 0.001). ii) Respiratory system compliance (Crs) in HDM rats following the 

MCh challenge showing greater compliance after the treatment with drug-loaded micelles 

(***p < 0.001). (f) Bronchoalveolar (BAL) cell profiles showing a lower percentage of 

eosinophils (EOS) in HDM rats receiving αVβ3-Dxtl-PD and αVβ3-Fum-PD micelles (left) 

and flow cytometry of BAL fluid (right) revealing that αVβ3-Fum-PD and αVβ3-Dxtl-PD 

micelles decreased αVβ3+ macrophage/monocyte numbers versus empty micelles(*p < 0.05, 

***p < 0.001). (Reprinted with permission from Lanza et al. (2017). Copyright 2017 

Ivyspring International Publisher)
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FIGURE 7. 
Design, inflammatory cell response, cytokine release, and immunohistological imaging of an 

anti-IL4Rα-NP system. (a) An illustration representing the design of the anti-IL4Rα NPs. 

(b) BALF levels of pro-inflammatory cytokines in mice treated with or without the anti-

IL4Rα-NPs, where cytokine levels decreased in mice treated with anti-IL4Rα-NPs. (c) i) 

CD4 and ii) CD8 T cells isolated from the lungs of ovalbumin (OVA)-challenged mice 

treated with or without the anti-IL4Rα-NPs, highlighting attenuated inflammatory marker 

expression from anti-IL4Rα-NP treatment. (d) Effect of the anti-IL4Rα-NPs on the BALF 

inflammatory cells in the treated OVA-challenged mice showing observed decrease in 

lymphocyte frequency. (e) frequencies of neutrophils and eosinophils isolated from the lungs 

of OVA-challenged mice treated with or without anti-IL4Rα-NPs, showing decreased levels 

of both cell types from the anti-interleukin-4 receptor α (IL4Rα)-NPs (for control vs OVA: 

*p < 0.05, **p < 0.01, ***p < 0.001; for OVA vs anti-IL4α-NPs: #p < 0.05, ##p < 0.01). 

(Reprinted with permission from Halwani et al. (2016). Copyright 2016 Springer Nature)
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FIGURE 8. 
Nanoembedded microparticles for the delivery of rifampicin (RIF) and isoniazid (INH) via 

pulmonary route for the treatment of tuberculosis (TB) (a) Scanning electron microscopy 

images of chitosan and guar gum chitosan nanoembedded microparticles, where the 

nanoembedded microparticles are either blank, loaded with RIF, or loaded with INH. (b) in 

vitro release study in PBS of different nanoembedded microparticle formulations loaded 

with either RIF or INH, where RIF-loaded formulations released drug at a slower rate than 

INH-loaded formulations. (c) In vitro cellular uptake of different formulations into J-774 

macrophage over time. Chitosan formulations displayed delayed cellular uptake, while 

mannan formulations and both guar gum formulations performed comparably, likely due to 

mannose moieties that allowing for targeting of mannan receptors on macrophages. (d) In 

vitro cell viability study in J-774 macrophages, showing reduced toxicity of nanoembedded 

microparticles as compared to free drug. (e) In vivo study to investigate drug distribution in 

the lungs of BALB/c mice over time of different formulations, where the various 

nanoembedded microparticles resulted in greater retention of drug as compared to free drug, 

with guar gum chitosan formulations exhibiting the longest retention time. (Reprinted with 

permission from Goyal et al. (2015). Copyright 2015 American Chemical Society)
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FIGURE 9. 
Asymmetric liposomes for the inhalable treatment of tuberculosis (TB). (a) Image of L-α-

phosphatidic acid (PA) liposomes via fluorescence confocal microscopy characterized with 

fluorescent phosphatidic acid to show asymmetric distribution of phospholipids (scale bar = 

16.3 μm). (b) In vitro uptake of apoptotic body-like (ABL) liposomes into different cell 

types, showing that ABL liposomes are more efficiently internalized into macrophages as 

compared to alveolar epithelial cells. (c) The effect of ABL liposomes on different cytokine 

secretion in dTHP-1 cells indicating that ABL liposomes reduce TB-infected cell 

inflammatory response. (d) The effect of different liposomal formulations on 

Mycobacterium tuberculosis (MTB)-infected dTHP-1 cells where the greatest colony 

forming units (CFU) reduction was observed with the ABL/PA formulation. (e) In vivo 

study with MTB-infected BALB/c mice treated with intranasally delivered ABL/PA, with or 

without isoniazid (INH) incorporated in drinking water, to see effects on CFUs in lung, 

spleen, and liver. In all organs, reduction of CFUs was observed with combined ABL/PA and 

INH therapy (in comparison to MTB-infect control mice: *p < 0.001, **p < 0.05, #p = not 

significant). (Reprinted with permission from Greco et al. (2012). Copyright 2012 National 

Academy of Sciences)
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