Inhalable nanotechnology-based drug for pulmonary diseases
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Abstract

Pulmonary diseases account for nearly a third of all deaths, according to a list of the world’s top 10 causes of death published by WHO. Current therapies for pulmonary diseases can only just relieve symptoms rather than restore lung function fully. Pulmonary inhalation administration is an ideal approach to locally treat lung disease. However, the complexity of the lung structure often causes difficulties in the progression of pulmonary inhalation preparations. Nanotechnology provides a potential strategy for the preparation of inhalable drugs, which may be a way to conquer the physiological barrier of lungs and significantly improve the bioavailability of drugs. In recent years, pulmonary inhalable administration has aroused wide attentions. However, inhalable administration of nanotechnology-based drug therapeutics for pulmonary diseases is remain in infancy and needs overcome greater challenges than expected. This review describes the categories inhalable drugs and describes the inhalable drugs for lung diseases.
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Introduction

Pulmonary diseases are defined as diseases which affect the lungs, consisting of chronic obstructive pulmonary disease (COPD), fibrosis, asthma, infections such as tuberculosis (TB), and lung cancer. Lung diseases account for nearly a third of all deaths, according to a list of the top 10 causes of death globally published by WHO. Among them, lung cancer is thought to be one of the major deaths worldwide.[1] Also COPD and lower respiratory tract infections lead to more than 6 million deaths annually globally.[
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2, 3 ADDIN EN.CITE ] What’s more, TB leads to about 1.4 million people globally lost their life according to the WHO.[4] Not only that, the fatality rate of pulmonary fibrosis even exceeds some of cancers.[5] Current therapies for pulmonary diseases can only just relieve symptoms rather than restore lung function fully. The treatment efficiency is low, the toxicities are obvious, and adverse effects are not to be ignored.
Recently, inhalable treatments have been aroused wide attention on the treatment of pulmonary diseases. The thin alveolar epithelium, large surface area, and lack of primary metabolism are all contribute to effective drug absorption in the lung.[6] Though the inhalable therapies have advantages on pulmonary diseases treatment, challenges for this still exist. For example, inhaled particles must first be deposited in the respiratory system to produce therapeutic effects, which is affected by many factors, including particle shape, density and size, air velocity and volume, and  duration between inhalation and expiration.[7]
The recently developing area of nanotechnology has brought great hope for the development of drug delivery systems with targeted and controlled release characteristics for pulmonary diseases. In the past decades, many new advanced and novelty methods have been emerging in this field.[8] Nanotechnology has been widely used to maintain the biological of proteins, and overcome the physiological obstacles of lung protein transport, for example, poor epithelial permeability, enzymatic degradation, mucociliary clearance and phagocytosis by alveolar macrophages, especially the use of polymeric nanocarriers.[9] Pulmonary delivery via nanotechnology-based particles has been shown to be effective because of their ability to control drug release, improve drug efficacy, reduce administration frequency, and increase patient compliance.[

10, 11 ADDIN EN.CITE ] Thus, in this review, we mainly aim to summarize the study trends on the therapy of common pulmonary diseases, such as lung cancer, lung fibrosis, COPD, TB, using inhalable nanotechnology-based drugs in the last few decades. Firstly, the categories of nanotechnology-based drugs were investigated. Next, we further discussed the application of inhalable nanotechnology-based drugs on lung cancer, TB, COPD, lung fibrosis. 

Nanotechnology-based inhalable nanotherapeutics

Inhalable chemotherapy
Compared with systemic chemotherapy, inhalation therapy can deliver the chemotherapeutic drugs locally to tumor tissues, thus improving their efficacy and reducing systemic side effects. What’s more, inhalable treatments avoid the first metabolism proceed and increase patients' comfort with treatment. In addition, systemic chemotherapy is linked with side effects and disadvantages which are even unrelated to chemotherapy. For example, intravenous paclitaxel (PTX) has been linked with allergic reaction and neurotoxicity, attributed to a dissolved mixture of Cremophor EL and dehydrated alcohol. The toxicity is dose-limited and may result in the treatment failure.

In 1993, the chemotherapeutic named 5-fluorouracil (5-FU) had been reported for the first time for pulmonary administration on the treatment of lung cancer in clinical.[12] The results showed that only a small amount of 5-FU was detected in plasma during the study, and no local or systemic adverse were detected. Interestingly, concentrations of the drug were 5 to 15 times higher in lung tissue than in normal lung tissue. In another foundation, celecoxib (CXB) solution was effectively aerosolized for the treatment of lung cancers in combination with intravenous docetaxel (DTX). Nebulized CXB could achieve the same therapy effective as oral CXB with the lower dose than that of oral CXB, thus showing huge potential in the treatment of lung cancer.[13]
Sugars

Chitosan

Sugar is an essential component of many biological processes (such as cell proliferation, cell communication, recognition, and cellular immune regulation) in human body. The use of sugar for nanoparticle manufacturing is a promising generation method for synthesizing advanced inhalable drugs. Chitosan is a cationic polysaccharide, which is a copolymer of the alpha glucosamine and N-acetyl-d-glucosamine. The properties of its are cheap, non-toxic, biodegradable, and biocompatible. The mucosal adhesion and permeability of chitosan make it especially beneficial for pulmonary administration. And the preparation methods for chitosan particles include ionic gelation, caacervation, desolvation, and covalent cross-linking.[14]
Hyaluronic Acid

Hyaluronic acid (HA) is a polyanionic non-sulphuric polysaccharide composed of N-acetyl-D-glucosamine and beta-gluconic acid. HA is widely distributed in vertebrates and forms part of the outer shell of many bacterial cells. HA is one of the main components of the extracellular matrix, which plays a significant role on physical activity. HA is becoming increasingly popular in drug delivery systems due to its biocompatibility, mucous adhesion, and ubiquity in the extracellular matrix of tissues.[15] Studies have proven that HA with the molecular weight of 202 kD showed better penetration augment properties compared to chitosan hydrochloride. Particularly, many research have found that HA can be useful for pulmonary delivery, medical, and pharmaceutical purposes.[
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Lipids

Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles are submicron nano carriers composed of lipids. These are formed of phospholipid coatings associated with a high melting point solid hydrophobic core and the material to be encapsulated. A number of studies have studied the potential of SLNs as a suitable lung delivery system using A549 cells and mouse precision-cut lung sections (PCLS). Incubation of these cell lines with SLN20 (20% phospholipids in granular lipid matrix) and SLN50 (50% phospholipids in granular lipid matrix) demonstrated LDH release, demonstrating the suitability of SLNs-20 as a pulmonary drug delivery system.[18] Further, experiments have investigated the SLNs’s toxicity. SLNs didn’t cause significant signs of inflammation at the concentration of 200 microg/ml.[19]
Liposomes
Liposomes are vesicle carriers with one or more closed concentric lipid bilayers alternating with aqueous chambers. Due to the storage effect of liposomes, drugs encapsulated in liposomes can provide prolonged therapeutic effects. They are capable of binding water-soluble and fat-soluble molecules to the aqueous and lipid phases, respectively. However, hydrophobic composite liposomes have shown better deposition and retention, and are effective for the delivery of aerosols to the lungs.[20] While soluble drugs can be removed from the lungs quickly, 50 to 60 percent of liposomes remain in the lungs for up to 24 hours after inhalation. The residence time of liposomal drug preparation depends on location of the lung deposition.[21] In addition, liposomal delivery of inhaled of drugs enhances intracellular delivery, including nucleic acids for gene delivery. Inhalation liposomes use as a solubilizing matrix for insoluble drugs to generate high drug concentration intracellular. These properties make liposomes as an ideal carrier for cytosolic drug delivery. 

Polymers
Polymeric nanoparticles are colloidal carriers with sizes from 10 to 1000 nm. The smaller size helps to locate and maintain the wrapped particles. It represents an attractive way of drug delivery. Kinds of the polymers are used to form the nanoparticles, such as Poly(Lactide-co-glycolic Acid) (PLGA), cyanoacrylate, and Polylactic Acid (PLA). Polymers have good biocompatibility, biodegradability, the negligible toxicity and they have been used to prepare sustained-release products. And their versatility allows for chemical modifications for their delivery purposes.[

22, 23 ADDIN EN.CITE ]
Inorganic particles

A wide variety of metals have been used for inhalable therapies. For example, 

Menon group designed Fe3O4 coated PLGA for inhalation, which has a high cytotoxic effect against A549 cells.[24] The lung co-delivering of DOX and methotrexate was designed via PEGylated magnetic/silica nanoparticles.[25] The dry powder formation of multilayer nanocarriers is made with mannitol at a ratio of 1:4 ratio in water, which is decomposed when inhaled after spray drying. Metal organic frameworks (MOFs) owns high porosity, special metal and drug combinations, and controlled release via tuning linkages within the frameworks.[26] So the MOFs have been used for respiratory delivery. The SBA-15 is also a kind of mesoporous material, and have good biodegradability and high storage properties for pulmonary delivery.[27]
Therapeutic effects of inhalable nanotherapeutics 
Lung cancer

Lung cancer is one of the leading causes of mortality making up almost 25% of deaths throughout the world. The possibility of delayed detection together with the lowest survival rate may be the cause of abnormal mortality. Non-small-cell lung cancer (NSCLC) and SCLC are the main forms of lung cancers.[28] Apart from the primary lung cancer above, tumor metastases often happened in the lung.[29] Surgery is still the major treatment of lung cancer. However, most of patients lose the time window of operation. Although radiotherapy and traditional chemotherapy are the adjuvant treatment of lung cancer, the treatment effect is poor and the side effects are large. So it is imperative to find effective and less toxicity way to therapy lung cancer. Afatinib (AFA) is the first-line treatment for metastatic NSCLC. But the poor solubility, low bioavailability limited its clinical utilization highly. Local inhalation administration of AFA into biodegradable PLGA nanoparticles helped improve treatment outcomes for patients with NSCLC. Elbatanony group designed AFA nanoparticles and its mass median aerodynamic diameter was 4.7±0.1 µm.[30] The AFA nanoparticles had a sustainable drug release ability. The cumulative release at 48 h is 56.8±6.4%. What’s more, AFA nanoparticles had superior antitumor efficiency, which is significant for devising clinical and preclinical studies. In addition, Pirfenidone ((5-methyl-1-phenylpyridin-2(1H)-one)) (PFD) is also a kind of anti-cancer drug. In order to accumulate the PFD in the deep lung regions, Parvathaneni repurposed the PFD by encapsulating it in the liposome to improve anti-cancer efficiency against NSCLC.[31] In this system, the superior anti-tumor therapy of inhalable PFD-loaded liposome against NSCLC has been confirmed in vitro and vivo experiments. What’s more, Abdelaziz group designed inhalable nanocomposites, namely, lactoferrin (LF)/chondroitin sulfate (CS)-coated PEM-RES-LCNPs, for pulmonary cancer targeting therapy.[32] The LF/CS coating enhanced the tumor targeting ability, and the MMAD of nanocomposites was 2.41 µm, so as to improving the anti-tumor ability.

To achieve the superior anti-tumor therapy, the co-delivery drugs on the foundation of polymeric nanoparticles via pulmonary delivery were also reported. For example, doxorubicin (DOX) and cis-platinum (CDDP) were co-delivered by Methoxy poly(ethylene glycol)-poly(ethylenimine)-poly(L-glutamate) (mPEG-OEI-PLG) copolymers.[33] The experiments in vitro demonstrated that the co-delivery nanoparticle have higher toxicity than that of single drug delivered nanoparticle, and the experiments in vivo suggested that nanoparticle had superior accumulation in the lung and higher tumor ablation efficiency on metastatic. 

Magnetic hyperthermia, which is based on super paramagnetic iron oxide (SPIO)-based nanoparticles, can be utilized to treatment on lung cancer. In order to improving the efficiency of delivery of SPIOs to cancer tissue, targetable and inhalable SPIO nanoparticles were designed for hyperthermia-mediated and targeted anticancer therapy.[34] In this study, the SPIO nanoparticles were conjugated with EGFR for targeting lung cancer, which could enhance the SPIO’s retention in the tumor. The experiments in vivo demonstrated that the inhalable nanoparticles had good tumor growth inhibition.
    Immune checkpoint blockade (ICB) has brought great benefits for cancer therapy, however, the inefficient penetration of immune cells, immune-related side effect reactions restricted its application. Noninvasive aerosol inhalation chitosan(CS)-antibody complex has been designed for ICB immunotherapy against primary metastasis.[35] In the study, CS was applied to combine with anti-PD-L1 to come into being nanocomplex, namely CS/aPD-L1, for efficient local pulmonary delivery. What’s more, CS could activate the pathway of cGAS-STING to actuate the immune responses. In addition, inhalation of CS/aPD-L1 repeatedly could actuate the immune system through enhancing the infiltration of various of immune cells around tumor lesions, especially CD8+ T cells, and finally extends life-span of mice to 60 days.
Tuberculosis

Tuberculosis (TB) is a bacterial infectious disease, which is caused by mycobacterium tuberculosis. It is one of the top ten causes of death in the world and the main basis for the death of a single infectious source.[36] At present, the first-line 6 months treatment scheme for drug-sensitive tuberculosis is efficient. However, challenges, such as severe side effects, drug resistance, poor treatment compliance, pharmacokinetic changes may affect treatment outcomes. Inhalation treatments have been proven to be an efficient and relatively safe methods to treat TB. For example, spray-dried inhalable microparticles delivering isoniazid and rifabutin had been designed for TB treatment.[37] The microparticles could decrease the cell viability of THP-1 cells to 60% after coincubation 24 h and had negligible toxicity on A549 cells. Furthermore, the microparticles could be efficiently internalized by macrophages, thus improving the bacterial growth inhibition of 96%. In addition, the inhalable fucoidan-based microparticles delivering isoniazid and rifabutin also had been reported for TB treatment.[38] The MMAD of the microparticle was 3.6-3.9 µm, which is proper for drug delivery. The vitro experiments showed the microparticles could target the macrophages and inhibit bacterial growth efficiently.

Moxifloxacin is presently recommended by WHO for treating multi-drug resistant TB.[39] But the side effects associated with oral administration damper its application in clinical. So poly(lactic-co-glycolic acid) coated moxifloxacin were designed to target the alveolar macrophages through inhalable ways. The inhalable microspheres were designed by solvent evaporation approaches, and had a two-fold accumulation in lung compared to drug didn’t coat PLGA.[40] In addition, Rodrigues designed a inhalable polymer microparticles derived from chondroitin sulfate, which could be recognized by macrophage receptors, thus demonstrating trend for macrophage capture in a dose-dependent manner.[41] 
Apart from the inhalable particles for TB treatment above, the inorganic nanoparticles have been used to treat TB. For example, Fe-MIL-101-NH2 were designed as a theranostic carrier.[42] The experiments showed that the Fe-MIL-101-NH2 mainly accumulated in the cytoplasmic area of the L929 fibroblast and had low cytotoxicity. In addition, inhalable metal organic framework (MOF) had been designed as aerosols for TB. In this study, the authors developed the MOF aerosols via spray drying, and the mass median aerodynamic diameter was 2.6 µm, which is superior for pulmonary delivery.[43] Superparamagnetic iron oxide nanoparticles (SPIONs) could achieve magnetic-responsiveness for effective drug delivery. So the magnetically responsive microparticulate system delivered P3(an anti-TB drug) was reported.[44] In this system, microparticles used calcium carbonate as template, and incorporated SPIONs. The microparticles are demonstrated to be fitted for P3 delivery to the lung, further activated under the condition of external magnetic field influence. Upon the external alternate magnetic field, the P3 release can be touched off and internalized by macrophages.
Jensen et al. packaged small interfering RNA (siRNA) in PLGA nanoparticles to form nanocomposite microparticles (MPs) for inhalation through double emulsion/solvent evaporation and spray-drying techniques. After spray-drying, the integrity and biological activity of siRNA were confirmed. The siRNA extracted from the nanocomposite MPs looked intact and of the same size as that before the spray-drying process, when evaluated by gel electrophoresis. Moreover, in the cell transfection assay, there was no difference in siRNA activity between the transfected cells and the control cells.[45]
Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is featured by chronic bronchitis and emphysema. It is characterized by continuous airway inflammation, which eventually leads to the gradual progression of irreversible airway obstruction. It has become a global health problem and is listed as the fourth leading cause of death in the world. 2.8 million patients died from COPD the whole world. And there are 175 million patients suffered from COPD in 2015.[46] Studies have shown some matrix metalloproteinases (MMPs) have been involved in the pathogenic mechanism of COPD.[47] Based on this theory, MMP-responsive hydrogel microparticles have been designed for drug delivery of COPD.[48] In this study, the authors used the high molecular weight poly(ethylene glycol) diacrylate (PEGDA) as precursors to synthesize the particles. And the particles’ mean diameter was 2.8 µm to 4 µm. In addition, inorganic also had been for COPD inhalable therapy. For example, the MOF. Theophylline (TP) owns the function of bronchodilation, thus using for COPD, however, the poor solubility and liver first-pass metabolism after oral or intravenous administration confined its application. To solve these difficulties, Fe-MIL-100 was used as the carrier for TP delivery, thus averting the first-pass metabolism in liver and enhancing the accumulation in lung.[49] The drug loading and prolonged release were shown to be (46 ± 1.54)%  and  (32 ± 1.2)% respectively.
Fibrosis

Pulmonary fibrosis (PF) is a lung disease, the clinical features are chronic, progressive and irreversible. The etiology of PF is not completely clear. The feature of FP is damaged alveolar epithelial cells , inflammatory cytokines’ massive secretion, myofibroblasts’ activation, and abnormal deposition on extracellular matrix (ECM).[50] Various diseases, including chronic bronchitis, chronic obstructive pulmonary disease, and COVID-19 are caused by PF.[51] PF is also known as “cancer-like disease” owing to the high morbidity and mortality rates.[52] Idiopathic pulmonary fibrosis (IPF) is  one of the most severe modality of PF, and it has high mortality and the prognosis is poor. The IPF patients’ median survival time is approximately 2 to 3 years after diagnosis, mainly due to the respiratory failure.[53] The PF’s major pathogenetic mechanisms are inflammation, oxidative stress, fibrosis. Thus providing the theory for study and development for novel anti-PF drugs.[

54, 55 ADDIN EN.CITE ] So far, only nintedanib (NDB) and pirfenidone (PFD) have been authorized for IPF therapy. But the toxicity, side effects impose restrictions on applications on clinical. What’s more, PFD and NDB cannot reverse the progression of IPF.

Cryptotanshinone(CTS) has been proven to have anti-angiogenic, anti-inflammatory, anti-oxidative, and anti-proliferative functions. Orally administered CTS is a promising drug candidate for PF.[56] However, the poor oral absorption limits its clinical application. Wang group designed a swellable microparticles system by encapsulating CTS with chitosan/L-leucine-based swellable microparticles.[57] The swellable microparticles could enhance anti-fibrosis efficacy in vitro of CTS through inhalable therapy. Tacrolimus (TAC), as an immunosuppressant, can inhibit the nuclear translocation of activated T cells. And it can also be used to treat PF. Herein, a study on inhaled TAC of sustaining release for PF therapy had been studied.[58] In this study, the authors designed the inhalable albumin nanoparticle bounded TAC. The particle has a size of (182.1 ± 28.5) nm, and a higher incorporation efficiency. The experiments in vivo demonstrated that the inhalable particles had better anti-PF effects than that of intraperitoneal administration. Similarly, inhalable liposome contained prostaglandin E2 (PGE2) were used to therapy IPF. The experiments in vivo showed that the inhalable particle could the degree of fibrosis caused by bleomycin than that of intravenous treatment. The particle mainly accumulated in the lung after inhalable treatment, whereas the intravenous treatment made the particle mainly accumulate in the renal, liver and spleen instead of lung.[59]
Conclusion
Inhalable particles have the advantages of good targeting specificity and high drug absorption rate, which can overcome the drawbacks of traditional delivery methods. Therefore, inhalable particles have received more and more attention in the area of drug delivery. The pulmonary delivery of inhalable particles to the lungs has potential for use in lung cancer and various lung diseases treatment.
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