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    Nanomedicine is one of the 21st century’s most promising technologies and there is rising attention in the world toward the development of new highly specific approaches in the diagnostic and therapeutic applications of nanobiotechnology. This field is a multidisciplinary science and carries the science of incomprehensibly small and portable devices closer to reality. Among the different applications of nanobiotechnology in health sciences, nanopharmaceuticals, gene therapy, regenerative medicine, targeted drug delivery, and disease diagnostics are the most important. It explores the application of nanotechnology in the development of safe, effective, and reliable tools to combat various infections. In the field of pharmacology and toxicology, the future of nanobiotechnology is very bright and facilitates precise and selective occlusion within minutes, and will ensure improved health. Nano pharmacology could also prove an outstanding milestone.




    The main focus of the book is dedicated to concepts, applications, and perspectives that combine contributions from analytical, bioorganic, and bioinorganic chemistry, molecular and cell biology, and materials science in an attempt to give the reader a feel for the full scope of current and potential future developments. The chapters in this volume clearly emphasize the high degree of interdisciplinary research that forms the backbone of this joint venture of pharmacology/toxicology and nanoscience. Readers will benefit from all this information if they decide to read this book.
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    Nanomedicine is one of the 21st century’s most promising fields and there is rising attention in the world toward the development of new highly specific approaches in the diagnostic and therapeutic applications of nanobiotechnology. This field is a multidisciplinary science and carries the science of incomprehensibly small and portable devices closer to reality.




    Among the different applications of nanobiotechnology in health sciences, nanopharmaceuticals, gene therapy, regenerative medicine, targeted drug delivery, and disease diagnostics are the most important. It explores the application of nanotechnology in the development of safe, effective and reliable tools to combat various infections.




    Recently, numerous efforts have been made to improve assays for the diagnosis and treatment of diseases including cancer in terms of selectivity and sensitivity based on nanobiotechnology. These developments will increase the survival rate of cancer patients by enabling early detection and treatment. Although only a few nanobotechnology-based assays have been introduced to clinical trials, these methods of cancer diagnosis are poised to move into the clinic in the near future.




    The main focus of this book is dedicated to concepts, applications and perspectives regarding combined contributions from pharmaceutical, pharmacological, toxicological, cell biology, and materials science in an attempt to give the reader a feel for the full scope of current and potential future developments. The articles in this volume clearly emphasize the high degree of interdisciplinary research that forms the backbone of this joint venture of Pharmacology/Toxicology and nanoscience.




    The book is divided into 2 main sections. The first section concerns nanobiotechnology for human health including gastrointestinal disease, kidney diseases, pulmonary disorders, reproductive system, COVID-19, and cancer.




    The second section is devoted to toxicological aspects of nanomaterials which involve toxicological assessments of Nan- therapeutics and potential solutions for nanotoxicology.




    We hope that the results of theoretical, methodological, and practical studies presented in the proposed collective work of the authors will be interesting both for specialists and for the general public.
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      Abstract




      The field of nanotechnology has revealed unique aptitudes in the manufacture of novel and effective drugs/delivery systems for pulmonary diseases. This knowledge bargains numerous profits in the treatment of chronic human pulmonary diseases with targeted drugs/delivery systems. In recent years, numerous approaches have been reported to transport drugs to the lungs. Delivery of the drugs/delivery systems over the pulmonary way can be prescribed in two ways: oral inhalation and intranasal administration. In nanomaterial-based aerosol inhalation systems, drug delivery to the lungs can be accomplished by repeated high-dose inhalation. New tools deal with major clinical profits to increase the efficiency of pulmonary drug delivery and target specific areas of the lung. Factors such as size distribution, surface charge, quantitative analysis of lipid composition, drug loading rate, and formulation stability are vital in nanomaterials-based nanopharmacology. The alteration from in vitro phase to the clinical stage and production step for nanomaterials is a multipart action with requirements to overcome various limitations. In the present chapter, we focus on new progress in pulmonary nanopharmacology and the supporting approaches for designing new nanomaterials for this arena. Some patents have been gathered about this topic as well. The future viewpoints have also been discoursed.
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      INTRODUCTION




      Nanotechnology-based medicine and drug delivery systems are relatively new knowledge that is constantly evolving. In these sciences, nanoscale materials are used as a tool to diagnose diseases or targeted therapeutic agents to treat diseases. This technology offers several benefits in the treatment of chronic human diseases with precision site-specific drugs. In recent years, a number of prominent functions of nanomedicine (chemotherapeutic agents, biological agents, immunotherapeutic agents, etc.) have been reported in the treatment of incurable diseases [1].




      Knowledge of nanotechnology has shown special capabilities in the production of new and effective drugs for lung diseases. To date, many methods have been used to deliver drugs to the lungs, including lipid drug systems, polymer matrices, production of polysaccharide particles, biocompatible metal mineral particles (iron, gold, zinc) [2]. The respiratory system, as one of the most important and extensive organs of the human body, is known as an organ for gas exchange [3]. Functionally, this organ can be divided into two parts: a conductive airway (nasal cavity, oral cavity and associated sinuses, nasopharynx, pharynx, larynx, trachea, bronchi, and bronchioles) and a respiratory area. (Respiratory bronchi, alveolar ducts), alveolar sacs and alveoli) [4]. We know that particle size is of particular importance in sedimentation in the lungs (Fig. 1). Many studies have been performed to model particle deposition in the human lung.
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Fig. (1))


      The particle size is of particular importance in sedimentation in the lungs.



      However, over successive respiratory cycles, accurate estimates of regional particle dosimetry for long-term lung exposure cannot be specified without considering the transport and deposition of preserved particles, especially those in the size range of 0.1 μm [5]. Then, awareness to control the drug deposition and absorption in the lungs is the main factor to attain better therapeutic results in the clinic.




      Nanopharmacology is a new division of pharmacy and nanotechnology that studies the interaction of nanoparticles with living systems at the nanoscale level. Studies have shown that targeting specificity, the type of formulation and its design method, selective localization of formulation to the target site, and site-specific activation of drug can play a key role in nanopharmacological success, overcoming physiological barriers and in drug delivery [6, 7]. In this chapter, we concentrate on new advances in pulmonary nanopharmacology and the assistance strategies for developing new nanomaterials for this field. Besides some patents have been summarized about this subject. The future outlooks have also been discussed.


    




    

      THE RESPIRATORY TRACT




      The respiratory tract with a surface area of about 150 m2 has been identified as an organ for gas exchange [3]. Functionally, this organ is divided into two parts, including a conducting airway (the nasal cavity, oral cavity, and the associated sinuses, nasopharynx, oropharynx, larynx, trachea, bronchi, and bronchioles) and a respiratory region (respiratory bronchioles, alveolar ducts, alveolar sacs, and alveoli) [4]. Also, human lungs have five lobes including three lobes for the right lung and two lobes for the left lung [8]. There are three main barriers in the lungs that protect the inhalation tract from foreign particles, including mechanical barriers (from nose to alveoli), biochemical barriers (the mucus, complement and complement cleavage products, pulmonary surfactant, antimicrobial peptides, secreted immunoglobulins (mainly IgA), and mucins), and cellular barriers (the epithelial and immunological cells) [9].




      The presence of more than 300 million alveoli and 280 billion capillaries in the lungs provides a large gas-blood barrier in the pulmonary system. Alveolar gas exchange is mediated by the alveolar epithelium, endothelium, and interstitial cell layers. The pulmonary alveolar epithelium cells are formed of two types of cells including type 1 and type 2 pneumocytes. The capillaries are connected to the alveolar epithelium by an endothelial layer (about 0.5 μm thick) and gas exchange takes place in this part. To reduce surface tension, the alveoli are coated with a layer of surfactant-containing phospholipids and surface proteins. This improves gas exchange function in the lungs. The alveolar surface is covered with various cells, such as lymph vessels, nerves, fibroblasts, and macrophages [8]. Studies have shown that the lungs (as a non-invasive and attractive route) have a high capacity for drug delivery because of a large surface area for drug absorption, the avoidance of first-pass metabolism, access to an extensive vasculature, a relatively low enzymatic activity in the alveolar space compared with the GIT/liver, high permeability and low thickness of the epithelial barrier [10]. Furthermore, adequate knowledge of the anatomy and physiology of the lungs is essential for the treatment of various diseases associated with the lungs including cystic fibrosis, asthma, lung cancer, pulmonary hypertension, bacterial, viral, fungal and parasitic infections, chronic obstructive pulmonary disorders, acute respiratory distress syndrome in infants, pneumonia, and tuberculosis. These diseases affect the normal function of the lungs by fibrosis, constriction of the airways, poor blood circulation, and mucus thickening [11]. The development of various forms of drug delivery for lung diseases includes intravenous, oral (tablets, capsules, emulsion, suspension, solutions, etc.), inhalation (dry powders and liquid sprays), and nasal (drops and sprays) administrations [12].


    




    

      NANOPHARMACOLOGY




      Attempts to discover new drugs and study their pharmacological effects have led to the development and design of new therapeutic agents in the field of nanotechnology and medical sciences. Advances in nanotechnology in recent years in the field of nanodrug or the discovery of new applications in diagnostic tests or early prognosis in cancer have been significant. Numerous studies have been performed to improve the therapeutic symptoms of various patients using a wide range of nanostructures including carbon nanotubes, peptides, liposomes, quantum dots, metal-based nanoparticles, etc. This development was accompanied by improved pharmacokinetics, delivery of drugs to the target cells, and reduction of dose and side effects of drugs. Nanopharmacology is an interdisciplinary field that has developed through the integration of chemistry, engineering, biology, and medicine. Nanopharmacology is a relatively new branch of pharmacy that studies the interaction of nanoparticles with living systems at the nanoscale level. Studies have shown that targeting specificity, the type of formulation and its design method, selective localization of formulation to the target site, and site-specific activation of drug can play a key role in nanopharmacological success and overcoming physiological barriers and drug delivery [6, 7].




      

        Methods for Evaluation of Pulmonary Drug Delivery Systems




        In recent years, various methods such as in vitro, in vivo, and ex vivo for evaluating pulmonary drug delivery systems have been explored. In vitro studies include particle dissolution studies, the physicochemical characterization of particles, and evaluation of aerosol performance. Ex vivo studies are used to evaluate the efficacy and safety parameters of drugs and their delivery mechanisms. In vivo studies are also developed to assess pharmacokinetic studies, drug administration systems, and drug deposition [13]. Recently, the imaging methods designed to visualize and quantify the deposition of lung drugs in vitro, include dye-based methods, sar-gel-based imaging method, gamma scintigraphy-based imaging method and positron emission tomography-based imaging method [14].


      




      

        Factors Influencing Pulmonary Drug Absorption




        Knowledge to control the drug deposition and absorption in the lungs is the main factor to achieve better therapeutic results in the clinic. Several factors affect pulmonary drug absorption, including the biological factors (structural characteristics, enzymatic degradation in the nasal cavity, blood supply and neuronal regulation, nasal cavity, transporters and efflux systems, nasal secretions, nasal cycle, pH of the nasal secretions, mucociliary clearance, pathological conditions, environmental factors), device factors influencing nasal deposition (emitted dose volume of the device, spray pattern and plume geometry, droplet size distribution, velocity of emitted droplets), formulation factors influencing nasal deposition (lipophilic-hydrophilic balance, chemical form, polymorphism, solubility and dissolution rate, molecular size and the molecular weight of the drug, partition coefficient of the drug and pka, shape, osmolarity, drug distribution, dosage form, formulation excipients, delivery device-related factors, size of the droplet or powder, site and pattern of deposition, viscosity, thixotropic property, surface tension), administration techniques (head orientation, administration angle, spray nozzle insertion depth, breathing profile) [14, 15].


      




      

        The Type of Inhaler Devices




        The nature of the drug and its formulation, the type of inhaler devices, the amount of the drug deposited and distributed in the lungs, the site of action, and pathophysiology of the lung, the characteristics of the aerosol, and the mode of inhalation are crucial to the success of inhalation therapy [16]. In recent years, significant advances have been made in the design and manufacture of inhalers. The design of the inhalation formulation depends on the type of device used for treatment. The ease of transfer of drug droplets and particles to the target cells of the lung by the inhaler is an important factor that should be given special attention in its design [17]. Inhalation devices are generally classified into four main types, including dry powder inhalers (DPIs), Soft- Mist inhalers, nebulizers, and pressurized metered-dose inhalers (pMDIs). Dry powder inhalers are very popular among consumers because of their many advantages including better adoption to drugs with very low aqueous solubility, being more stable for long-term storage, easily transportable, less expensive, requiring less maintenance, able to make disposable inhalers reduce device and environmental contamination, activated and driven by the patient’s inspiratory flow for a short administration time, delivering drugs (especially proteins) to the lungs, and lung cancer therapy. Several types of dry powder inhalers are currently commercially available such as Rotahaler (GSK, RTP, NC) and Spinhaler (Fisons Pharmaceuticals, Rochester, NY) [18].




        Soft-Mist inhalers are known as the green generation, eco-friendly, multi-dose, increasing lung deposition, reducing the oropharyngeal deposition of the drug, and propellant-free inhaler. The action mechanism of Soft-Mist inhalers is through the mechanism of aerosol generation and the production of the aerosol cloud from a solution. Soft-Mist inhalers are designed without the use of spacer devices to improve therapeutic effects, decrease side effects through decreasing inhaled doses [16]. Nebulizers are very useful devices for hospitalized patients who are unable to perform active inhalation. Intravenous formulations and solutions and suspensions are easily converted to aerosol by nebulizers [18]. The various types of nebulizers available are designed for aerosol therapy such as pneumatic or jet nebulizers, vibrating mesh or aperture plate nebulizers, and ultrasonic nebulizers [19, 20]. Pressurized metered-dose inhalers (pMDIs) are extremely safe, easy to carry, convenient, highly effective, multi-dose devices, and they are often used for the therapy of asthma and chronic obstructive pulmonary disease. These devices use a propellant under pressure to produce a certain dose of an aerosol via an atomization nozzle [21, 22]. A number of inhalers available in the market for pulmonary target are shown in Fig. (2).
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Fig. (2))


        A number of inhalers available in the market [21, 22].

      




      

        Excipients as Strategies for the Development of Pulmonary Formulations




        A pharmaceutical formulation contains active pharmaceutical ingredients and excipients that are added to formulations for increasing biopharmaceutical and pharmaceutical properties such as release and penetration and for improving physical and chemical stability and microbiological properties [23, 24]. Due to the limited buffering capacity of the lungs, certain excipients with biocompatible properties and high metabolic rate can be used in pulmonary formulations [24]. Formulations designed for nebulizers are prepared in suspension and solution forms and contain pharmaceutical excipients, including surfactants (oleic acid, polysorbates, soy lecithin, sorbitan monostearate, etc.), antioxidants (ascorbic acid), NaOH, salts (e.g., NaCl), ethanol, phosphates, HCl, preservatives (parabens and benzalkonium chloride), and chelating agents (ethylenediaminetetraacetic acid (EDTA)) [23]. In addition to the excipients used in nebulizers, hydrofluoroalkane is also used as a propellant in pMDI [21]. In DPI, the excipients of sugars (such as Lactose, glucose, trehalose and mannitol) are approved for inhalation as cryoprotectant and coarse carrier particles, and magnesium stearate is used as a drug protectant against moisture and decreasing adhesion between particles [23, 25]. Also, excipients such as dextran, alginate, carrageenan or gelatin, phosphatidylcholine (PC), and chitosan are obtained from aspergillus niger, Poly(lactide-co-glycolide) (PLGA), Cyclodextrins (CDs), commonly used in the development of nano drug delivery systems [26-30].


      




      

        Innovative Strategies for Pulmonary Drug Delivery




        

          Prodrugs




          Drugs used for inhalation delivery must be dissolved before absorption. In this regard, hydrophilic prodrugs can be used to increase the water solubility of lipophilic drugs. Inhalable prodrugs present a promising and effective platform for pulmonary drug delivery because of the various benefits. Testosterone derivatives, prostacyclin analogs prodrug hexadecyl-treprostinil (C16TR), and a single inhaled dose of laninamivir octanoate are examples of pre-drugs tested in different models [31, 32].


        




        

          Microparticles




          Studies have shown that particles less than 5 μm in size and density less than 0.4 g/cm3 are able to penetrate deeper into the lungs [33]. In this regard, special lipid (dipalmitoylphosphatidylcholine, tristearin, Compritol, and glyceryl behenate) and polymeric (sodium hyaluronate, PLGA, alginate, polycaprolactone, and chitosan) substances can be used for this purpose. Also, several techniques such as spray-drying, freeze-drying, emulsification, and high-pressure homogenization have been utilized in preparation of these microparticles [34, 35].


        




        

          Smart Bio-Responsive Systems




          The design of place-specific drugs using bio-responsive (such as drugs incorporated enzymes, alginate microparticles co-formulated with elastin, high-molecular-weight poly (ethylene glycol) diacrylate functionalized peptides) causes certain physiological changes in the target cell of lungs [36, 37].


        


      


    




    

      NANOMEDICINES AS A PROMISING STRATEGY FOR THE MANAGEMENT OF RESPIRATORY DISEASES




      Nanocarriers are novel systems that have different applications in medicine, including drug delivery, analytical nanodevices, novel nanotherapeutics, targeting nanocarriers, tissue engineering, clinical, and toxicological applications, and all of these treatments are called nanomedicine [38]. Nanocarriers have unique applications in medical sciences due to their nanoscale properties, such as easy penetration of different types of biological and cellular barriers, increased pharmaceutical properties (drug stability, dissolution rate, and bioavailability) [39, 40], encapsulation of different types of molecules (such as macromolecules, biopharmaceuticals, nucleic acids, insulin, etc.), multidrug or combinational therapy targeting, synergistic or multi-targeting, theranostic applications, delivery of active components into the cell, specific targeting of patient cells and tissues through various mechanisms, controlled drug release, enhanced drug efficacy by increasing drug bioavailability in the site of action, bypassing the hepatic metabolism, reduced side effects, and improved therapeutic efficacy [41, 42]. Biological considerations for inhaled delivery of nanoparticles include diffusion and cellular interactions, clearance of nanoparticles, and extracellular interactions (the mucus barrier) [43]. Nanoparticles as drug delivery systems include viral vectors, liposomes, gold nanoparticles, solid lipid nanoparticles, carbon nanotubes, niosomes, magnetic nanoparticles, nanostructured lipid carriers, dendrimers, polymeric nanoparticles, quantum dots, and polymeric micelles [44-47]. Sometimes, nasal administration is better and faster than oral administration due to the rapid access to blood vessels in the nasal cavity, such as the rapid action of propranolol nasal spray to prevent migraine attacks [48]. Pulmonary drug delivery can be investigated both systemically such as CNS stimulants, antimigraine drugs, cardiovascular drugs, analgesics, antifungals, corticosteroids, antiviral, diabetes, delivery of therapeutic molecules as protein/ peptide or gene delivery, hormonal therapy or vaccines and locally such as asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), lung cancer or tuberculosis. These nanoparticles can increase pulmonary drug delivery by increasing solubility and dissolution, uniform lung distribution, bioavailability, enhanced biological activity, reduction of drug toxicity, cell-targeted drug delivery, and lung deposition kinetics and release of a controlled drug [49]. Nanoparticles can cross the lung epithelial barrier through three mechanisms including passive diffusion (transcellular, paracellular, and particle size-dependent diffusion), carrier-mediated transport (via receptor and proteins), and vesicle-mediated endocytosis and transcytosis through caveolae [50, 51]. Delivery of the drug through the pulmonary route can be prescribed in two ways including oral inhalative administration (intratracheal instillation and intratracheal inhalation) and intranasal administration. Studies have shown that oral administration has better therapeutic results than intranasal administration because in oral administration, a higher concentration of drug reaches the target cell than intranasal administration [17].




      

        Interactions of Nanoparticles with pulmonary Structures and Cellular Responses




        The type of interaction of nanoparticles with lung cells depends on the physicochemical properties of the nanoparticles. Nano-based drug delivery systems aim to create an appropriate therapeutic response in the target cell and tissue. Physicochemical characteristics of the nanoparticles, including shape and surface morphology, size and surface area, drug release, surface charge, composition, etc. affect absorption, distribution, metabolism, excretion (ADME) biodistribution, (sub) cellular internalization, and toxicity. Numerous studies have examined the various effects of these factors alone. For example, the size of nanoparticles plays an important role in achieving lung deposits in specific inhalation areas. It has also been reported that nanoparticles with a size of less than 2 nm have high toxicity in some cell lines. Particles smaller than 5 nm are rapidly removed from the blood cycle by the liver, spleen, lung, and bone marrow, and for this purpose, surface modifications must be made on the nanoparticles [52]. In other studies, the shape of nanoparticles has been investigated. For instance, a study showed that spherical C60 nanoparticles and bulk silica did not show cytotoxicity, but anisotropic nanotubes and asbestos showed very high toxicity [49]. Also, depending on the physicochemical properties and distribution of the synthesized nanoparticles, they can be cleared through three main mechanisms, including mucociliary clearance, phagocytosis, and systemic uptake [53]. A list of physicochemical properties and toxicity associated with nanoparticles is given in Table 1.


      




      

        Recent Advances in the Diagnosis and Treatment of Lung Diseases Using Nanotechnology




        

          Lung Cancer




          Global statistics estimate that lung cancer mortality is over 19% in the world compared to other cancers. Therefore, new treatment strategies must be developed to reduce and improve these statistics [54]. Lung cancer is a disease that involves neoplastic metamorphosis of lung epithelial cells. Various epigenetic, genetic, and molecular factors play a key role in the progression of lung cancer.




          Therefore, to design an effective strategy for the treatment of lung cancer, accurate genetic, molecular, histopathological, and clinical information of the lung is required. Studies in this field have shown that respiratory malignancies can be classified into three main categories, including non-small cell lung cancer (NSCLC) (including adenocarcinoma, squamous-cell carcinoma, and large-cell carcinoma), small cell lung cancer (SCLC) and malignant pleural mesothelioma (MPM) [55]. The process of treating the disease requires accurate diagnosis.




          

            Table 1 A list of physicochemical properties and toxicity associated with nanoparticles.




            

              

                

                  	Physicochemical Properties of Nanoparticles



                  	Toxicity Depends on Physicochemical Properties

                


              



              

                

                  	The dose-dependent toxicity


                  NP elasticity


                  Porosity


                  Density


                  chirality


                  bandgap


                  electrical


                  optical and magnetic properties


                  loading


                  efficiency of the carrier


                  cytotoxicity


                  delivery method


                  the desired application


                  therapeutic performances


                  Repeated dose exposure


                  bioaccumulation


                  Nanoparticle aggregation


                  Chemical and crystal structure of nanoparticles composition


                  dissolution


                  NP morphology


                  Nanoparticle surface properties


                  Nanoparticle size and surface area


                  NP agglomeration


                  NP shape


                  NP charge


                  composition


                  purity


                  Insolubility/biodurability (bioaccumulation)



                  	Cellular penetration and crossing tissue barriers


                  Cellular injury and membrane damage


                  Escape Defense mechanisms and longer retention


                  Translocation to other organs


                  Inflammation


                  Subcellular localization and organelle impairment


                  DNA damage


                  Cellular injury by interrupting cellular processes or overloading its capacity.


                  Increased reactivity and toxicity


                  Increase ROS production


                  Rod or fiber-like more toxic than rounded shaped NP


                  Inflammatory induction


                  Positive NP: more cellular interaction and cytotoxicity


                  Negative NP: might increase or decrease cellular uptake, prone to macrophages clearance.


                  Increased toxicity


                  Membrane depolarization


                  ROS generation


                  Mitochondrial damage


                  Inflammation and immune modulation


                  Cellular injury and metabolic impairment


                  DNA damage


                  Transporting/adsorbing contaminants and toxins


                  Bioresistant inside living systems such as lungs.


                  Persistent Inflammation


                  Long term effects


                  Cancer

                


              

            




          




          For example, in radiotherapy, identifying the exact location of the tumor and the extent of its metastasis is crucial in the effectiveness of treatment [56]. In recent decades, significant advances have been made in the diagnosis of lung cancer, including nanoparticles of iodine molecules [57, 58], metal nanoparticles (gold, bismuth and tantalum) [59], semiconductor quantum dots [60], nanopore sensors [61], carbon nano-tubes, nano-biosensors [62], multimodal imaging techniques (combined position emission tomography (PET) - computerized tomography (CT) scans) [63], aptamer functionalized zinc doped cadmium: tellurium quantum dots [64], semiconductor nanocrystals (Quantum dots) used as NIR fluorophores [65], encapsulation of 64Cu and 177Lu into PEGylated liposomes [66], superparamagentic iron oxide nanoparticles (SPIONs) [67], semiconductor polymer nanoparticles [68], nanoporous silica particles [69], gadolinium nanodiamond conjugates [70], and ultra-small rigid plat forms [71]. These studies have shown that nanomaterials can be used as methods to more accurately diagnose cancer through more increased sensitivity and specificity of nano-based sensors, enhancing detection of cancer biomarkers, higher image resolution and signal strength, less toxicity, and more specific delivery [72]. In recent years, successful studies have been conducted on the treatment of lung cancer through the active targeting of nanoparticles, the use of lung anticancer nanodrugs, and nano-immunotherapy in lung cancer treatment. Table 2 shows recent develop-ments of nanoparticles in the treatment of lung cancer [12].




          

            Table 2 The recent developments of nanoparticles in the treatment of lung cancer.




            

              

                

                  	Application



                  	Nanodrug



                  	Development Stage



                  	References

                


              



              

                

                  	Lung anticancer drug



                  	Doxil (Caelyx) (doxorubicin (DOX) PEGylated liposome)



                  	Market



                  	[73]

                




                

                  	-



                  	A triple chemotherapy regimen (Doxil, gemcitabine, and docetaxel)



                  	phase I



                  	[74]

                




                

                  	-



                  	Doxil, cyclophosphamide, and vincristine



                  	phase II



                  	[75]

                




                

                  	-



                  	Methoxy PEG-PEI-poly (l glutamic acid) copolymer as a carrier to deliver cisplatin (CDDP) and DOX



                  	the in vitro



                  	[76]

                




                

                  	-



                  	Onivyde (a liposome nanoformulation carrying irinotecan)



                  	phase III clinical trial



                  	[77, 78]

                




                

                  	-



                  	Etirinotecan pegol (NKTR-102) modified irinotecan



                  	phase II clinical trial



                  	[79]

                




                

                  	-



                  	Paclitaxel (PTX) nanoformulations (Micellar and Polymeric)



                  	Market



                  	[80]

                




                

                  	-



                  	Genexol- polymer micelles



                  	Market



                  	[80, 81]

                




                

                  	-



                  	Abraxane (an albumin -based PTX nanoformulation)



                  	Market



                  	[82]

                




                

                  	-



                  	Glutathione (GSH)-responsive polyurethane nanoformulation



                  	in vitro



                  	[83]

                




                

                  	-



                  	Lipoplatin (a liposome nanoformulation of CDDP)



                  	Pre-clinical



                  	[84]

                




                

                  	-



                  	Gemcitabine combined with lipoplatin



                  	phase II trial



                  	[85]

                




                

                  	Lung cancer immunotherapy



                  	PLN (AFT-PLN@MAp)



                  	Pre-clinical



                  	[86]

                




                

                  	-



                  	Nanoplatform GNPs@PSS/PDADMAC-siRNA



                  	Pre-clinical



                  	[87]

                




                

                  	Active targeting of nanoparticles for lung cancer



                  	Cetuximab (Cet) antibodies conjugated PEGylated AgS quantum dots containing the anticancer drug 5-fluorouracil (5FU)



                  	Pre-clinical



                  	[88]

                




                

                  	-



                  	Cetuximab -siPLK1-NP



                  	in vivo



                  	[89]

                




                

                  	-



                  	BIND-014



                  	phase II clinical trial



                  	[90]

                




                

                  	-



                  	TargomiR



                  	phase 1 trial



                  	[91, 92]

                




                

                  	-



                  	Cationic lipid NPs embedded in miR-660 (CCL660)



                  	Pre-clinical



                  	[93]

                




                

                  	-



                  	Oncoplex



                  	phase I clinical study



                  	[94, 95]

                




                

                  	-



                  	Anti-MUC1 (as a candidate peptide to prepare nanovaccines)



                  	phase III



                  	[95]

                




                

                  	-



                  	L-BLP25 (stimuvax) (a kind of liposome nanovaccine


                  targeting the MUC1 antigen)



                  	phase III



                  	[96, 97]

                


              

            




          


        




        

          CYSTIC Fibrosis (CF)




          Cystic fibrosis (CF-Cystic Fibrosis) is a genetic disease (gene mutation of CF transmembrane conductance regulator (CFTR)) that occurs due to the dysfunction of endocrine and exocrine secretory glands such as mucosal gland hyperplasia and thickened secretions. In this disease, the salt-transmitting duct in the epithelial cells in the respiratory tract, pancreas, intestine, genital tract in men, liver system, and sweat glands are damaged. Viscous secretions of thick, sticky mucus in the lungs narrows the airways and causes obstructive emphysema, atelectasis, the formation of a biofilm by various bacterial infections (such as Pseudomonas aeruginosa), pulmonary hypertension, idiopathic pulmonary fibrosis, respiratory failure, and lung heart disease. For this reason, pulmonary problems are usually the leading cause of death among people with this disease. Airway inflammation and chronic infection can eventually lead to severe lung disease and airway damage, leading to cysts, abscesses, and fibrosis of lung tissue [98]. Today, various treatments including anti-infection treatment, bronchodilator, CRISPR/Cas9 approach and gene therapy (by nonviral (nanoparticles) or viral vectors) have emerged as new strategies for the treatment of CF. Nonviral systems have many advantages in comparison to viral vectors such as lower immune regulatory response, ease of scale-up and manufacturing, longer shelf life, facilitate drug permeation through breaking the biological barriers, better drug tolerance, etc [99, 100]. Table 3 shows some patents of nano-based pulmonary delivery systems.




          

            Table 3 Some patents of nano-based pulmonary delivery systems




            

              

                

                  	
Patent/application


                  number




                  	Title of the Patent



                  	Inventors



                  	Current assignee



                  	
Number


                  of claims




                  	References

                


              



              

                

                  	US10954263B2



                  	Preparations of hydrophobic therapeutic agents, methods of manufacture and use thereof



                  	Thomas Cavanagh, Shikha P. Barman, Tian Hao, Thomas B. Leland, Ritesh V. Thekkedath



                  	Nicox Ophthalmics Inc



                  	15



                  	[101]

                




                

                  	US20180055800A1



                  	Pulmonary Delivery for Levodopa



                  	Blair C. Jackson, David J. Bennett, Raymond T. Bartus, Dwaine F. Emerich



                  	Civitas Therapeutics Inc



                  	16



                  	[102]

                




                

                  	US10682396B2



                  	Controlled release system for pulmonary delivery of surfactant protein D



                  	Joseph Kost, Tamar TRAITEL, Riki Goldbart, Shani ATTIAS, Paul Scot KINGMA, Jeffrey A. Whitsett, Giora Enden



                  	BG Negev Technologies and Applications Ltd


                  Cincinnati Childrens Hospital Medical Center



                  	10



                  	[103]

                




                

                  	US9545401B2



                  	Concentrated, inhalable ciprofloxacin formulation



                  	David C. Cipolla, James Blanchard



                  	Grifols SA



                  	24



                  	[104]

                




                

                  	US20170042818A1



                  	Lung targeting dual drug delivery system



                  	Robert K. Prud'homme, Patrick J. Sinko, Howard A. Stone, Nathalie M. Pinkerton, Lei Shi, Jiandi Wan, Sherif Ibrahim, Dayuan Gao



                  	Rutgers State University of New Jersey


                  Princeton University



                  	25



                  	[105]

                




                

                  	US9421166B2



                  	Pulmonary delivery of aminoglycoside



                  	Thomas E Tarara, Jeffry G Weers, Maria Geraldine Venthoye



                  	BGP Products Operations GmbH



                  	19



                  	[106]

                




                

                  	US9072664B2



                  	Process for manufacturing flowable powder drug compositions



                  	Stephen W. Stein, Michael W. Mueting, Timothy D. Dunbar



                  	Kindeva Drug Delivery LP



                  	18



                  	[107]

                




                

                  	US9044391B2



                  	Enhanced delivery of immunosuppressive drug compositions for pulmonary delivery



                  	Robert O. Williams, Keith P. Johnston, Prapasri Sinswat, Jason T. McConville, Robert Talbert, Jay I. Peters, Alan B. Watts, True L. Rogers



                  	University of Texas System



                  	12



                  	[108]

                




                

                  	US9597413B2



                  	Pulmonary delivery of mRNA



                  	Braydon Charles Guild, Frank DeRosa, Michael Heartlein



                  	Translate Bio Inc



                  	6



                  	[109]

                




                

                  	US20130136688A1



                  	Nanoparticles for Targeted Delivery of Active Agents to the Lung



                  	Jürgen Borlak, Shimon Benita, Nir Debotton, Nour Karra, Oshrat Harush-Frenkel



                  	-



                  	21



                  	[110]

                




                

                  	US8574623B2



                  	Therapeutic agent for pulmonary fibrosis



                  	Yoshiro Niitsu, Rishu Takimoto, Kenjiro Minomi, Miyono Miyazaki, Keiko Kajiwara, Yasunobu Tanaka



                  	Nitto Denko Corp



                  	6



                  	[111]

                




                

                  	US20100260853A1



                  	Compositions for pulmonary delivery



                  	Amrik Basran, Neil D. Brewis, Catherine A. Sparks



                  	-



                  	60



                  	[112]

                




                

                  	US8846607B2



                  	Particles for treatment of pulmonary infection



                  	David A. Edwards, Jennifer Fiegel, Jean Sung



                  	Harvard College



                  	14



                  	[113]

                




                

                  	US7384649B2



                  	Particulate compositions for pulmonary delivery



                  	Richard P. Batycky, David A. Edwards, Michael M. Lipp



                  	CORREGIDOR THERAPEUTICS Inc Civitas Therapeutics Inc



                  	17



                  	[114]

                




                

                  	US6706892B1



                  	Pulmonary delivery for bioconjugation



                  	Alan M. Ezrin, Angelica Fleser, Martin Robitaille, Peter G. Milner, Dominique P. Bridon



                  	Conjuchem LLC



                  	34



                  	[115]

                




                

                  	US10118006B2



                  	Methods, devices and systems for pulmonary delivery of active agents



                  	Perry Davidson, Shlomo ALMOG, Seth Kindler



                  	Syqe Medical Ltd



                  	30



                  	[116]

                




                

                  	US20170157341A1



                  	Pulmonary delivery devices



                  	Anant PANDYA, George Gallagher



                  	TWENTY SIXTEEN (2016) PHARMA Ltd



                  	21



                  	[117]

                




                

                  	US10245229B2



                  	Pulmonary delivery of mRNA to non-lung target cells



                  	Michael Heartlein, Braydon Charles Guild, Frank DeRosa, Carsten Rudolph, Christian Plank



                  	Ethris GmbH Translate Bio Inc



                  	18



                  	[118]

                




                

                  	US9962507B2



                  	Droplet delivery device for delivery of fluids to the pulmonary system and methods of use



                  	Louis Thomas Germinario, John H. Hebrank, Charles Eric Hunter, Jack C. Hunter, Chengjie Li, Christopher W. Maurer



                  	Pneuma Respiratory Inc



                  	21



                  	[119]

                




                

                  	US20190269661A1



                  	Enhanced delivery of immunosuppressive drug compositions for pulmonary delivery



                  	Robert O. Williams, III, Keith P. Johnston, Prapasri Sinswat, Jason T. McConville, Robert Talbert, Jay I. Peters, Alan B. Watts, True L. Rogers



                  	University of Texas System



                  	16



                  	[120]

                




                

                  	US10898666B2



                  	Methods for generating and delivering droplets to the pulmonary system using a droplet delivery device



                  	Louis Thomas Germinario, John H. Hebrank, Charles Eric Hunter, Jack C. Hunter, Chengjie Li, Christopher W. Maurer



                  	Pneuma Respiratory Inc



                  	20



                  	[121]

                




                

                  	US10342938B2



                  	Dry powder drug delivery system



                  	Chad C. Smutney, Benoit Adamo, John M. Polidoro, P. Spencer Kinsey, Dennis Overfield, Carl R. Sahi, Christine Billings, Mark T. Marino



                  	Mannkind Corp



                  	19



                  	[122]

                




                

                  	US20170112759A1



                  	Compositions for pulmonary delivery of long-acting muscarinic antagonists and associated methods and systems



                  	Reinhard Vehring, Michael Steven Hartman, Adrian Edward Smith, Vidya B. Joshi, Sarvajna Kumar Dwivedi



                  	Pearl Therapeutics Inc



                  	43



                  	[123]

                




                

                  	US20170281884A1



                  	Aerosol forming device for use in inhalation therapy



                  	Craig C. Hodges, Peter M. Lloyd, Daniel Mufson, Daniel D. Rogers, Martin J. Wensley



                  	Alexza Pharmaceuticals Inc



                  	2



                  	[124]

                




                

                  	US20170304459A1



                  	Methods and compositions for inhalation delivery of conjugated oligonucleotide



                  	Vasant Jadhav, Martin Maier, Laura Sepp-Lorenzino



                  	Alnylam Pharmaceuticals Inc



                  	27



                  	[125]

                




                

                  	US20210030979A1



                  	Systems and methods for controlling the operation of pulmonary drug delivery devices and other inhalation devices



                  	William C. Zimlich, Jr., Brian Lipp, King W. Wong



                  	EFIELD INNOVATIONS LLC



                  	20



                  	[126]

                




                

                  	US10772358B2



                  	Inhalation device having security features



                  	Daniel Freeman, Ari Freeman, Jacqueline Freeman



                  	Indose Inc



                  	9



                  	[127]

                




                

                  	US20170231280A1



                  	Programmable electronic inhalation device



                  	Mark Anton



                  	-



                  	16



                  	[128]

                




                

                  	US20170368273A1



                  	Systems and methods of aerosol delivery with airflow regulation



                  	Darren Rubin



                  	-



                  	37



                  	[129]

                




                

                  	USD835260S1



                  	Delivery assist device for metered dose inhaler



                  	Edward E. Lisberg



                  	Abithas LLC



                  	1



                  	[130]

                




                

                  	US20170035114A1



                  	Electronic inhalation device with suspension function



                  	Christopher Lord



                  	Nicoventures Trading Ltd



                  	29



                  	[131]

                




                

                  	US20170319795A1



                  	Dose delivery device for inhalation



                  	Andrew JonesRichard L. Miller



                  	Manta Devices LLC



                  	12



                  	[132]

                




                

                  	US20180207374A1



                  	Dose Delivery Device for Inhalation with First and Second Portions to Open a Dose Chamber



                  	Andrew Jones, Richard L. Miller



                  	Manta Devices LLC



                  	20



                  	[133]

                




                

                  	US20180153918A1



                  	Lipid-based compositions of anti-infectives for treating pulmonary infections and methods of use thereof



                  	Jeff Weers



                  	Insmed Inc



                  	23



                  	[134]

                




                

                  	US20180056013A1



                  	System, Method, and Apparatus for Delivery Through Inhalation



                  	Kevin Knowles



                  	-



                  	20



                  	[135]

                




                

                  	US10857315B2



                  	Inhalation device and method for inhaling powders



                  	David Brown



                  	-



                  	20



                  	[136]

                




                

                  	US10398175B2



                  	Inhaling device with user recognition based on inhalation behaviour



                  	Michel THORENS



                  	Philip Morris Products SA



                  	20



                  	[137]

                




                

                  	US9566399B1



                  	Deep lung alveolar aerosol targeted drug delivery



                  	Michael Bono, William Clementi



                  	Clempharma LLC



                  	18



                  	[138]

                




                

                  	US20170224762A1



                  	Method and Formulation for Inhalation



                  	Michelle McIntosh, David Morton, Tomas Sou, Livesey Olerile, Richard Prankerd



                  	Monash University



                  	19



                  	[139]

                




                

                  	US20200030554A1



                  	Device for administration of dry powder inhalation medicine with detachable heads for adjusting the resistance



                  	Konstantinos ZAROGOULIDIS, Nikolaos MICHAILIDIS



                  	-



                  	10



                  	[140]

                




                

                  	US10953164B2



                  	Portable inhalation therapeutic and inhalation and exhalation measuring devices and related methods



                  	Terrence McGuckin, Kirsten Collier, Ashmit Gupta



                  	Argospire Medical Inc



                  	19



                  	[141]

                




                

                  	US20180169356A1



                  	Control device for a medical aerosol delivery device



                  	Ivan Prince, Neal McLoughlin



                  	Koninklijke Philips NV



                  	13



                  	[142]

                




                

                  	US20190282502A1



                  	Encapsulation of lipophilic ingredients in dispersible spray dried powders suitable for inhalation



                  	Andrew John Boeckl, David Edward Cookson



                  	Flurry Powders LLC



                  	20



                  	[143]

                




                

                  	US10456536B2



                  	Inhaler with two microphones for detection of inhalation flow



                  	Jakob van de Laar, Rene Martinus Maria Derkx, Cornelis Pieter Janse



                  	Koninklijke Philips NV



                  	15



                  	[144]

                


              

            




          


        


      


    




    

      CONCLUSION AND THE FUTURE OUTLOOK




      At present, nanotechnology-based drug delivery systems show great potential for delivering biologically active substances. These systems can contain a variety of drugs, enzymes, and genes. Lipid, protein and polysaccharide nanoparticles are a variety of efficient materials for pulmonary delivery. Sophisticated electromechanical methods overcome some of the common problems of pulmonary drugs and promote pulmonary drug delivery with more confidence. Using nanomaterial-based aerosol inhalation systems, drug delivery to the lungs can be accomplished by repeated high-dose inhalation. New technologies offer significant clinical benefits to increase the efficiency of pulmonary drug delivery and target specific areas of the lung.




      Parameters such as size distribution, surface charge, quantitative analysis of lipid composition, drug loading rate and formulation stability are important in nanomaterials-based pharmaceuticals. The transition from the laboratory scale stage to the clinical production and consumption stage in the case of nanomaterials is a complex multilevel issue that requires optimization steps or various parameters.
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