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1. Introduction 

Globally, over 300 million people are affected with serious fungal infections and 25 million 

populations are at high threat of death or losing their sight. Approximation for the global burden 

of fungal diseases is based on population and disease demographics (age, gender, HIV infected, 

asthma etc.) (https://www.gaffi.org/why/fungal-disease-frequency/). Pulmonary fungal infections 

cover a broad spectrum related to a variety of fungal sources. They can particularly affect 

immune-compromised individuals (i.e. haematological, solid organ transplant or intensive care 

unit patients) and people residing in certain particular geographic areas. The infections of the 

persons due to their geographic location are referred to as endemic mycoses, whereas the persons 

having immune deficiency are found to develop opportunistic infections (Smith and Kauffman, 

2012). Fungi may cause lung infection when fungus infected materials or fungal spores are 

inhaled. The incidence of pulmonary fungal infection has been increasing globally in the last few 

decades and it is one of the leading causes of death in developing countries (Erjavec et al., 2009).  

1.1 Anatomy of human lungs 

The lungs, a pair of spongy organs located within the thoracic cavity, are the gaseous 

exchange centre of the human body, are surrounded by the chest wall and separated by the 

mediastinum from the heart and other organs (Figure 1.1).  Both lungs have a central recession 

called the hilum at the root of the lung, where the blood vessels and bronchus enter into the 

organ (Gray and Standring, 2008).  The right lung is normally larger and heavier than the left. 

The left lung is constituted with 2 lobes, namely superior and inferior lobes separated by an 

oblique fissure, while the right lung has three lobes, superior, middle and inferior lobes, divided 

by oblique and horizontal fissures (Sahasrabudhe et al., 2013, Drake et al., 2009). 

Each lung lobe gets divide into broncho-pulmonary segments that are aerated by 

segmental/ tertiary bronchus (Arakawa et al., 2000). The tube-like air pipe trachea acts as the 

passage for the air to the chest and neck; and it is divided in two main branches, bronchi, each of 

which enters into each lung. Outside the lungs, the pleura (a balloon-like structure), the covering 

membrane, protects the lungs (Lai-Fook, 2004), and at the same time it produces a lubricating 

fluid that causes smooth movement of lungs in the chest cavity. The airways branch 

approximately 20 times in the lungs. At each branch point, the airways become smaller and more 
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in number much like the branches of trees. The final branches of the bronchial tree are called 

atria that end in alveoli (Drake et al., 2009). 

 

Figure 1.1: Diagrammatic representation of lung morphology and anatomy showing structure of 

bronchioles (Mukherjee et al., 2017) 

Alveoli resemble clusters of grapes under the microscope. There are about 300 million alveoli in 

each lung. The alveolar walls are extremely thin and fragile thus making them susceptible to 

irreversible damage. Alveoli are surrounded by “hair net” of capillaries. The blood in the 

capillaries is separated from the air in the alveoli only by the extremely thin alveolar and 

capillary walls. Each alveolus is made up type I and type II alveolar cells, alveolar macrophages 

(Koeppen, 2008). The inner layer of the alveolar epithelium is lined by the surfactant, 

synthesized by type II alveolar cells (Koeppen, 2008). Outside the bronchi, there is a lining of 

cells having tiny hairs called cilia. This part executes the first line of defense of lungs to fight 

against bacterial or viral infection.  

https://en.wikipedia.org/wiki/Macrophage
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1.2 Lung fungal infections 

Lungs are susceptible to fungal infections as it is a primary passage of fungi causing deep 

mycosis. There are varieties of fungal infections such as histoplasmosis, sporotrichosis, 

blastomycosis, coccidioidomycosis, paracoccidioidomycosis, cryptococcosis, aspergillosis, 

candidiasis, pneumonia etc. that can cause severe pulmonary injury (Panda, 2004). They are 

described below: 

1. Aspergillosis: In recent years, aspergillus infection in lungs is very predominant due to 

various factors such as random use of corticosteroids, various immunomodulating drugs, 

increasing immunosuppression by human immunodeficiency virus infection, and transplantation 

of solid organs and bone marrow (Thompson III and Patterson, 2008). Its pathological reactions 

can be manifested in humans in different ways, such as allergic bronchopulmonary aspergillosis 

(ABPA), allergic alveolitis, aspergilloma, invasive aspergillosis etc. (Addrizzo-Harris et al., 

1997; Patterson et al., 2000; Greenberger, 2002; Denning et al., 2003; Panda, 2004; Hope et al., 

2005; Zmeili and Soubani, 2007; Smith and Kauffman, 2012).  

2. Fusariosis: Out of near about hundred species of Fusarium, only few of them such as F. 

solani, F. moniliforme, and F. oxysporum are the sources of about 90% of human fungal 

fusariosis infection. The symptoms of fusariosis are quite similar with aspergillus such as fever, 

chest pain, cough, dyspnoea and pleuritic (Torres and Kontoyiannis, 2011; Nucci and Anaissie, 

2002). 

3. Mucormycosis: Mucormycosis is a fungal infection caused by Mucorales. Among three 

genera such as Rhizopus, Rhizomucor and Mucor species accounts for up to 75% of 

mucormycosis (Kontoyiannis et al., 2010). The infection occurs in upper airways in the form of 

granulomatous invasion and may gradually move forward into sinuses and/or brain tissue. The 

most common symptoms of mucormycosis are cough, chest pain, dyspnoea and haemoptysis 

(Smith and Kauffman, 2012; Roden et al., 2005).  

4. Scedosporiosis: S. boydii complex consisting S. boydii, S. apiospermum, S. aurantiacum and 

S. prolificans are very common fungi among Scedosporium species (Gilgado et al., 2006). 

Haematopoietic cell transplant recipients, solid organ transplant recipients and patients suffering 

from haematological malignancies are prone to Scedosporiosis. S. prolificans is able to sporulate 
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in vivo, possibly causing greater risk of antifungal drug resistance. This phenomenon makes S. 

prolificans very unique from most other fungi (Rodriguez-Tudela et al., 2009; Husain et al., 

2003).   

5. Blastomycosis: B. dermatitidis, a dimorphic fungus, causes blastomycosis (Saccente and 

Woods, 2010). In case of acute pulmonary infection due to B. dermatitidis, patient may remain 

asymptomatic or may suffer from fever, dyspnoea, dry cough and mild chest pain (Smith and 

Kauffman, 2010). Chronic pulmonary blastomycosis may result in upper lobe cavitary lesions 

which may be looked similar to tuberculosis or histoplasmosis or mass-like lesions. The lesions 

may often look like a cancerous lesion (Smith and Kauffman, 2012, Limper et al., 2011). 

6. Cryptococcosis: Cryptococcus neoformans causes cryptococcosis. However, Cryptococcus 

gattii is also responsible for cryptococcosis. Cryptococcus, which remains in nature as 

encapsulated form, randomly produces a polysaccharide capsule while entering in the pulmonary 

region (Byrnes et al., 2009; Limper et al., 2011). Cryptococcosis is restricted to the lungs in 

immunocompetent host and it commonly exists in patients with chronic ailment of lungs. 

However, it may exhibit as dry cough, fever and dyspnoea which may lead to acute respiratory 

distress syndrome in case of immunocompromised patients (Pappas et al., 2001; Chang et al., 

2006; Baddley et al., 2008). 

7. Coccidioidomycosis: Normally two species of coccidioidomycosis such as C. immitis and C. 

posadasii are most commonly found. In environment coccidioides which are present as mould 

form, are simply inhaled into alveoli. These moulds convert into spherules consisting of 

endospores in the lungs and after maturation these spherules split and discharge the endospores 

which cause coccidioidomycosis infection (Ampel, 2011; Smith and Kauffman, 2012). However, 

fever, dry cough, fatigue, dyspnoea and anterior chest pain may be manifested for 

Coccidioidomycosis. Acute pulmonary coccidioidomycosis can be different from community-

acquired pneumonia due to limited response to antibacterial treatment as well as peripheral blood 

eosinophilia, hilar adenopathy, and existence of erythema nodosum and erythema multiforme 

(Valdivia et al., 2006). 

8. Histoplasmosis: H. capsulatum, which causes histoplasmosis, is found as a mould in nature 

and yeast inside tissues. Inhalation of H. capsulatum into alveoli causes infection in humans. 
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Pulmonary histoplasmosis may lead into acute self-limited pneumonia which may appear in the 

form of dry cough, mild chest discomfort, fever and fatigue. One of the exceptional difficulties 

of pulmonary histoplasmosis is the mediastinal fibrosis. Symptoms of this pulmonary 

histoplasmosis are cough, wheezing, dyspnoea and haemoptysis. But symptoms which persist for 

month may vary in case of chronic cavitary pulmonary histoplasmosis. Examples of such 

symptoms are fever, anorexia, fatigue, weight loss, haemoptysis and cough with purulent sputum 

etc. (Kauffman, 2007; Wheat et al., 2004). 

1.3 Treatment of lung fungal infections 

The antifungal agents used in the treatment of fungal infection therapy are classified as 

below (Figure 1.2). In spite of several progresses made in this field, any vaccine for fungal 

infections is not yet available clinically. Several antifungal agents are currently available in the 

market for the treatment of pulmonary fungal infection. Among them, amphotericin B (AmB) 

had been the drug of choice for most cases of fungal infections. However, its usage is limited due 

to serious adverse effects, the most significant one being nephrotoxicity. Liposomal formulation 

of AmB is also developed and it greatly reduces nephrotoxicity, but still it encounters numerous 

drawbacks due to its non-targeted delivery via parenteral route. In addition, it gets rapidly 

cleared from the systemic circulation, for uptake by reticuloendothelial system, which cannot be 

overlooked (Bowden et al., 2002; Moen et al., 2009).  
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Figure 1.2: Classification of antifungals 

 

Other chemotherapeutic agents found to be therapeutically effective for the treatment of 

pulmonary fungal infections include the newer second-generation triazole antifungals 

(voriconazole, posaconazole) and flucytosine. However, these drugs also suffer from several 

dose-dependent adverse effects such as hepatotoxicity, gastric disturbances, bone marrow 

suppression-characterized such as leukopenia, thrombocytopenia, and/or pancytopenia (Cook 

and Confer, 2011). 

To overcome the various types of fungal infections, the favoured treatment, step-down 

therapy and second line therapy are summarized in Table 1.1.  

 

       ANTIFUNGAL DRUGS 
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Table 1.1: Recommended treatment regimens for pulmonary fungal infections 

Fungal 

infection 

Favoured treatment Step-down therapy Second line therapy Reference 

Aspergillosis Voriconazole (VRZ), 4 mg/kg twice 

daily (i.v.) until stable. 

VRZ, 200 mg, twice daily 

(oral), until lesions 

resolved. 

Lipid amphotericin B (AmB); 5 

mg/kg/day (i.v.), until stable, or 

posaconazole (PCZ), 400 mg, twice daily 

(oral). Echinocandins with/without VRZ 

Walsh et al., 2008; 

Limper et al., 2011; 

Walsh et al., 2007 

Histoplasmosis Drastic or immunocompromised: 

lipid AmB, 3–5 mg/kg/day (i.v.), 

until stable. 

Itraconazole (ITZ), 200 mg, 

twice daily (oral), A 

loading dose of 200 mg 

three times a day (oral) for 

the first 3 days should be 

given for 6–12 months. 

AmB-deoxycholate (D-AmB), 0.7-1 

mg/kg/day (i.v.) until stable, then ITZ, 

200 mg twice daily (oral), A loading dose 

of 200 mg total for the first 3 days should 

be given. for 6–12 months 

Wheat et al., 2007; 

Freifeld et al., 2009 

Mild to moderate infection: ITZ, 200 

mg twice daily (oral), A loading dose 

of 200 mg three times a day (oral) 

for the first 3 days should be given 

for 6–12 months 

-- VRZ, 200 mg twice daily (oral), A 

loading dose of 400 mg twice daily (oral) 

for the first day should be given or 

fluconazole (FCZ), 800 mg every day 

(oral), for 6–12 months 

 

Mucormycosis Lipid AmB, 5 mg/kg/day (i.v.), or 

higher doses until lesions resolved 

PCZ 400 mg, twice daily 

(oral) 

D-AmB, 1 mg/kg/day (i.v.), until lesions 

resolved (possible addition of 

echinocandin to AmB formulation) 

Lewis et al., 2010 

Fusariosis Lipid AmB, 5 mg/kg/day (i.v.), or 

VRZ, 4 mg/kg bid (i.v.), A loading 

VRZ, 200 mg twice daily 

(oral), until lesions resolved 

PCZ, 400 mg bid oral, PCZ can also be 

dosed as 200 mg 4 times a day (oral) as 

Ho et al., 2007; 

Lortholary et al., 
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dose of 6 mg/kg twice daily iv for 

the first day should be given. or 

combination of lipid AmB, 5 

mg/kg/day (i.v.), plus VRZ, 4 mg/kg 

twice daily (i.v.) 

long as the patient is able to follow with 

frequent dosing. 

2010; 

Raad et al., 2006 

Cryptococcosis Drastic or with dissemination: lipid 

AmB, 3–5 mg/kg/day (i.v.)  with 

flucytosine, 25 mg/kg, 4 times daily 

(oral), for about 15 to 30 days 

FCZ, 400 mg every day 

(oral), for 8–10 weeks, then 

FCZ, 200 mg for 6–12 

months 

D-AmB, 0.7–1 mg/kg/day (i.v.)  with 

flucytosine, 25 mg/kg 4 times a day (oral), 

for 2–4 weeks, followed by same step-

down therapy. 

Perfect et al., 2010 

Scedosporiosis VRZ, 4 mg/kg twice daily (i.v.). A 

loading dose of 6 mg/kg twice daily 

(i.v.)  for the first day should be 

given until stable 

VRZ, 200 mg twice daily 

(oral), until lesions resolved 

PCZ, 400 mg twice daily (oral), PCZ can 

also be dosed as 200 mg 4 times daily 

(oral) as long as the patient is able to 

comply with frequent dosing. 

Troke et al, 2008 

Blastomycosis Drastic or immunocompromised: 

lipid AmB, 3–5 mg/kg/day (i.v.) 

 

 

 

Mild to moderate infection: ITZ, 200 

mg bid oral, A loading dose of 200 

mg 3 times a day (oral) for the first 3 

days should be given. for 6–12 

months 

ITZ, 200 mg bid oral, A 

loading dose of 200 mg 3 

times a day (oral) for the 

first 3 days should be given 

for 6–12 months 

D-AmB 0.7–1 mg/kg/day, until stable, 

then ITZ, 200 mg twice daily (oral), A 

loading dose of 200 mg 3 times a day 

(oral) for the first 3 days should be given. 

for 6–12 months 

 

VRZ, 200 mg bid oral, A loading dose of 

400 mg twice daily (oral) for the first day 

should be given or FCZ, 800 mg every 

day (oral), for 6–12 months 

Smith and Kauffman, 

2010; 

Chapman et al., 2008 
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Coccidioidomy

cosis 

Drastic or immunocompromised: 

lipid AmB, 3–5 mg/kg/day (i.v.), 

until stable. 

 

 

 

Mild to moderate infection: ITZ, 200 

mg twice daily (oral), A loading dose 

of 200 mg three times a day (oral) 

for the first 3 days should be given or 

or FCZ, 400 mg every day (oral), for 

6 months 

 

 

 

 

ITZ, 200 mg bid oral, A 

loading dose of 200 mg 3 

times a day (oral) for the 

first 3 days should be given. 

or FCZ, 400 mg every day 

(oral), for 12 months 

D-AmB 0.7-1 mg/kg/day (i.v.), until 

stable, then ITZ, 200 mg bid oral, A 

loading dose of 200 mg 3 times a day 

(oral) for the first 3 days should be given 

or FCZ, 400 mg every day (oral), for 12 

months. 

 

VRZ, 200 mg bid oral, A loading dose of 

400 mg twice daily (oral) for the first day 

should be given. Or PCZ, 400 mg twice 

daily (oral), PCZ can also be dosed as 200 

mg 4 times a day (oral) as long as the 

patient is able to comply with frequent 

dosing. 

Galgiani et al., 2005; 

Smith and Kauffman, 

2012 
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1.4 Nano-drug delivery systems under investigation, intended for the pulmonary lung 

fungal infections 

Influenced by the progress in nanomedicine, many researchers have showed innovation in 

formulation development with improved biopharmaceutical properties. The drugs which could 

not be administered for lung fungal infections directly can be delivered by pulmonary delivery 

system with a formulation of nanoscale size. Those inventions have opened a door in the 

treatment of pulmonary fungal infections. The present scenario demands the development of 

formulations which can directly deliver the desired dose of drug specifically to the site of action, 

thereby minimizing the dose related adverse effects of drug in other parts of the body. 

Nanotechnology in the field of drug delivery is emerging rapidly and holds great promise in the 

significant improvements in human health. 

Nanotechnology offers a plethora of advantages over conventional therapy including 

smaller size, larger surface area, capability of surface modification, site specific targeting to 

increase local drug concentration, thereby reducing dose related side effects, potential to entrap 

both hydrophilic and hydrophobic drugs, and improved pharmacokinetic profile such as extended 

retention time, increased half-life of drugs etc. (Mittal et al., 2018; ud Din et al., 2017). 

Nanoparticle-based system for pulmonary delivery may help to retain the particles at the desired 

site (lungs) for prolonged period of time, thus becoming more efficacious and less toxic as 

compared to conventional formulations (Mansour et al., 2009; Watts and Williams, 2011). 

1.5 Polymeric nanoparticles 

A major part of nanotherapeutics includes the use of different types of polymers via 

different routes for pulmonary fungal infections. In many studies, polyvinyl alcohol and poly 

(lactide-co-glycolide) (PLGA) are used as sustained release agents because of their 

biocompatibility and minimal toxicity in both in vitro and in vivo (Salama et al., 2009; Roberts et 

al., 2013; Dailey et al., 2006). Das et al. showed that voriconazole formulation with PLGA has a 

sustained effect on pulmonary fungal infections (Das et al., 2015). However, these undissolved 

particles in the lungs may trigger pulmonary inflammation and fibrosis which is a serious 

concern. As these are foreign particles, they could be removed either by macrophage present in 

the lungs or mucociliary clearance (Tomashefski et al., 1988). Therefore, in vivo safety and 

efficacy are still needed to be explored. 
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1.6 Nanoparticles for the treatment of lung fungal infection 

Itraconazole has been strategically encapsulated into chitosan (CS)-based nanoparticles 

(NPs) using a modified ionic gelation method and to fabricate them as inhalable microparticles 

using spray drying technique. Different ratios of CS: tripolyphosphate (TPP) were used and is 

55% encapsulation was found at 1:3 ratio of CS: TPP. In vitro inhalation parameters including 

fine particle fraction (FPF) and emitted dose percentage (ED%) were measured by a twin stage 

impinge (TSI). The data of in vitro deposition specify that processing of nanoparticles with 

mannitol and leucine could improve the aerosolization properties significantly (Jafarinejad et al., 

2012). 

Amphotericin B was investigated as deoxycholate salt, liposomal or lipid complex form,  

PLGA–dimercaptosuccinic acid (DMSA) polymeric NPs loaded with deoxycholate amphotericin 

B (D-AmB) for sustained delivery of the drug found to reduce the number of AmB 

administrations with fewer undesirable effects and a favorable extended dosing interval required 

to treat mycosis intraperitoneally (Amaral et al., 2009). 

Later on AmB NPs was prepared through liquid antisolvent precipitation for oral 

administration. AmB nanoparticles exhibited 2.1 times faster dissolution rates and 13 times 

equilibrium solubility compared with the raw drug which could be of beneficial for aerosol 

delivery (Zu et al., 2014). 

The suitability of an aqueous solution of voriconazole solubilized with sulfobutyl ether-β-

cyclodextrin for targeted drug delivery to the lungs via nebulization has been established 

(Tolman et al., 2009a). Another interesting study depicts that PLGA nanoparticles containing 

voriconazole made porous using an effervescent mixture for improved pulmonary delivery for 

sustained drug release for over 15 days (Sinha et al., 2013). Pulmonary deposition of the 

particles was studied using a customized inhalation chamber (Sinha & Mukherjee, 2012) for 

experimental mice. Porous particles had a lower mass median aerodynamic diameter (MMAD) 

and the highest initial drug deposition than nonporous particles. Voriconazole loaded PLGA NPs 

with improved drug loading were successfully delivered to murine lungs (Sinha et al., 2013). 

Itraconazole dry powders for inhalation (DPI) composed of NPs using high-pressure 

homogenization with tocopherol polyethylene 1000 succinate as a stabilizer has been prepared 

and was embedded in carrier microparticles of mannitol and/or sodium taurocholate by spray 
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drying. It followed impaction studies using a multistage liquid impactor to determine the 

aerodynamic performance and FPF that is theoretically able to reach the lung (Duret et al., 

2012). 

A recent study involved the development of PLGA NPs containing voriconazole, 

radiolabeling with technetium-99m to investigate the effect on their blood clearance, 

biodistribution, and in vivo gamma imaging. In vivo deposition of the drug in the lobes of the 

mice lung and accumulation in various major organs has been observed also. Drug accumulation 

was more pronounced in the lung in the case of administration of the NPs than that of the free 

drug following the inhalation route as assessed by gamma scintigraphy study (Das et al., 2015). 

Another recent study shows germination of inhaled fungal spores initiates infection 

causing severe pneumonia and even mortality. It has been observed that nebulized amphotericin 

B-polymethacrylic acid NPs prophylaxis prevents invasive aspergillosis. It was not toxic to lung 

epithelial cells or monocyte-derived macrophages in vitro, or in an in vivo transplant immuno-

suppression mouse model of life threatening invasive aspergillosis. Three days of nebulizer 

based prophylaxis delivered the NPs effectively to lung and prevented both fungal growth and 

lung inflammation (Shirkhani et al., 2015). 

Self-assembled amphotericin B-loaded polyglutamic acid NPs were prepared and 

characterized and in vitro potential against Candida albicans was determined. The biodegradable 

polyglutamic acid (PGA)-based formulation of AmB showed potent antimicrobial activity 

similar to that of Fungizone against C. albicans. Interestingly, AmB-bearing PGA NPs were 

found to inhibit biofilm formation to a considerable extent. In summary, AmB−PGA NPs 

showed highly attenuated toxicity when compared with Fungizone, while retaining equivalent 

active antifungal properties (Zia et al., 2015).  

1.7 Mucoadhesive polymers 

Polymer is a generic term used to describe a very long molecule consisting of structural 

units and repeating units connected by covalent chemical bonds. The term is derived from the 

Greek word, „poly‟ means many and „meros‟ means parts. The good mucoadhesive properties 

are generally strongly exhibited when functional groups with hydrogen bond such as -OH, -

COOH etc., are present in mucoadhesive polymers (Smart, 2005; Boddupalli et al. 2010). Thus 
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for selecting the mucoadhesive polymers, certain physicochemical features such as 

hydrophilicity, numerous hydrogen-bond forming groups, visco-elastic properties must be 

considered. 

1.8 Theories of mucoadhesion 

Mechanisms of polymer attachment to mucosal surfaces are not yet fully understood. 

However, certain theories of mucoadhesion have suggested that it might occur via physical 

entanglement (diffusion theory) and/or chemical interactions, such as electrostatic, hydrogen 

bonding, and van der Waals‟ interactions (adsorption and electronic theories). Five theories have 

been suggested to play a major role in mucoadhesion, namely, adsorption, diffusion, electronic, 

fracture, and wetting theories (Madsen et al. 1998). In the adsorption theory, primary and 

secondary chemical bonds of the covalent and non-covalent (electrostatic and van der Waals‟ 

forces, hydrogen, and hydrophobic bonds) types are formed upon initial contact between the 

mucus and the mucoadhesive polymer. Wetting theory explains the importance of contact angle 

and reduction of surface and interfacial energies to achieve good mucoadhesion. Though the 

diffusion theory elucidates how the degree of penetration helps the adhesion force of mucin and 

polymer, the penetration rate depends on the diffusion coefficient, flexibility and nature of the 

mucoadhesive chains, mobility and contact time. Fracture theory simply concerned the force 

required to separate two surfaces after adhesion is ascertained (Ahagon and Gent, 1975). 

Electronic theory defines the occurrence of adhesion by means of electron transfer between the 

mucus and the mucoadhesive system (Dodou et al., 2005).  

1.9 Why Pulmonary route? 

In recent years, pulmonary drug delivery is an attractive route of administration of drugs 

due to various beneficial effects. In fact, the lungs are competent entry point for drugs to the 

bloodstream due to the huge surface area for absorption (about 100 m
2
), the very thin absorption 

membrane (0.1-0.2 μm), and outstanding blood flow (5 L/min) capability, which rapidly 

allocates molecules all over the body. Moreover, the lungs reveal fairly low local metabolic 

activity and in contrast to the oral route of drug administration, pulmonary inhalation is not 

subjected to first-pass metabolism (Goel et al., 2013). The comparative study of drugs given via 

pulmonary comparison to other routes (i.v., oral etc.) are given in Table 1.2.  
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Table 1.2: Comparative study pulmonary vs. other routes (i.v., oral etc.) (Mukherjee et al., 2017) 

Drug Dosage form Route of 

administration 

Conclusion References 

Amphotericin 

B 

 

Liposome Intrapulmonary Targeted delivery of drugs may reduce systemic toxicity, 

improve treatment efficacy, but inhaled drugs may also 

interfere with pulmonary surfactant function. 

Griese et al., 

1998 

Liposome (AmBisome) and 

non-liposomal (Fungizone) 

formulation 

Nebulizer Nebulization of either Fungizone or AmBisome leads to 

respirable aerosols and results in a substantial lung tissue 

concentration and low systemic exposure of AmB. 

Ruijgrok et 

al., 2000 

Nanoparticles Intravenous The approach was able to reduce the dosing frequency by 

3-fold without causing renal or hepatic toxicity and avoid 

any increase in plasma lipid levels. 

Amaral et al., 

2009 

Liposomes coated with O-

palmitoyl mannan, and O-

polmitoyl pullulan 

Aerosol The ligand anchored liposomal aerosols are very effective 

in rapid attainment of high-drug concentration in lungs 

and maintain the same over prolonged period of time. 

Vyas et al., 

2009  

Liposome and lipid 

complex 

Intravenous Less nephro-toxicity in lipid formulations Limper et al., 

2011 

Inhalation powder Dry powder 

inhalation   

Significant survival benefit and reductions in pulmonary 

fungal burden in model of invasive pulmonary 

aspergillosis. 

Kirkpatrick 

et al., 2012 

Voriconazole 

 

Infusion  Aerosol An inhaled aqueous solution of voriconazole and 

sulfobutyl ether-β-cyclodextrin is capable of producing  

high lung tissue as well as plasma concentrations was 

observed following single and multiple inhaled doses in 

Tolman  et 

al., 2009a 
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pharmacokinetics study. 

Aqueous solution Aerosol Inhaled voriconazole was well tolerated but signs of mild 

acute histiocytosis in lung tissue without other signs of 

inflammation was observed. 

Tolman et 

al., 2009b 

Nanoparticles Pulmonary  

 

Pulmonary deposition of the nanoparticles was studied 

using a customized inhalation chamber. Drug was 

detectable in lungs until 7 days and 5 days after 

administration, for porous and nonporous particles, 

respectively. Porous nanoparticles with lower MMADs 

showed better pulmonary deposition in deep lung regions 

and sustained presence in lungs than the nonporous 

particles. 

Sinha et al., 

2013 

Solid Lipid Nanoparticles Ophthalmic The optimized formulation would offer shelf life of more 

than 2-year at room temperature. The resulting solid lipid 

nanoparticles seem to be promising approach for 

overcoming challenge caused by unsuccessful ocular 

delivery. 

Khare et al., 

2016 

Itraconazole 

(ITZ) 

Nanostructured particles by 

Evaporative precipitation 

into aqueous solution 

(EPAS) and  Spray-freezing 

into liquid (SFL)  

Aerosolized with the 

nebulizer 

The prolonged survival and limited systemic exposure 

with aerosolized delivery of EPAS and SFL-ITZ are 

encouraging.  

Hoeben et 

al., 2006 
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Nanostructured particles by 

EPAS and SFL 

Aerosolized  with 

the nebulizer 

An effective method of targeted delivery of ITZ to the 

deep lung  for the treatment and prevention of acute 

fungal infections 

McConville 

et al., 2006 

Nanostructured particles by 

SFL formulation 

aerosol Aerosolized administration of SFL ITZ was effective as 

prophylaxis in improving survival in murine model of  

invasive pulmonary aspergillosis due to A. fumigatus. 

The survival benefit can be explained by the ability of 

aerosolized SFL ITZ to limit disease progression and 

angio-invasion, both of which were markedly reduced in 

comparison to mice that received control or ITZ oral 

solution by oral gavage. 

Alvarez et 

al., 2007 

Chitosan (CS) based 

polymeric micelles  

Nebulizer In vitro nebulization study of the ITZ loaded formulations 

showed that the stearic acid-CS based polymeric micelles 

had adequate capability as nanocarriers to deliver ITZ and 

can remain their stability during nebulization. 

Moazeni et 

al., 2012 

Caspofungin Caspofungin  in 0.9% NaCl 

solutions 10 and 30 mg/mL 

Aerosolized with 

disposable and 

reusable type of 

nebulizer  

Two types of commercial nebulizing systems efficiently 

aerosolize the drug, the choice of which depends on 

whether a disposable or reusable type of jet nebulizer is 

most suitable for the particular patient care setting. 

Wong-

Beringer et 

al., 2005 

Pneumocandins Aqueous solution for 

aerosol and solution in 

normal saline for i.p. 

administration 

Aerosol  The pneumocandins are highly active against Aspergillus 

species and dramatic improvement in survival was found 

with aerosolized form. 

Kurtz  et al., 

1995 
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The various advantages of pulmonary drug delivery systems are listed as below (Banker and 

Rhodes, 2002; Feldmann and Merkel; 2015): 

1. Delivery of drug in high concentrations directly to the disease site 

2. Reduced dose is required for the desired pharmacological action that results in reduced   

risk of systemic side effects. 

3. Quick onset of drug action resulting in rapid clinical response. 

4. Bypass the barriers to therapeutic efficacy, such as poor gastrointestinal absorption and 

hepatic first-pass metabolism in the liver.  

5. Much reduced hostile environment is present in the lungs than the oral route to most 

drugs, including proteins and peptides. 

1.10 Mechanism of deposition of the particles in the lung 

The respiratory deposition of inhaled drug particle in the lung is very complex and 

deposition is based on the many factors. Some of the influencing factors include breathing rate, 

lung volume, respiration volume, health of the subject, airway bifurcations leading to constant 

changing of hydrodynamic flow of fluid. 

The deposition of particles in the different regions of the lungs depends on the particle 

size of the formulation (Figure 1.3). Based on the particle size, three different mechanisms of 

drug deposition are defined, namely impaction, sedimentation and diffusion/Brownian motion.  

Impaction: In impaction, the aerosol particles pass through the oropharynx and upper 

respiratory passages at a high velocity. Due to the centrifugal force, the particles collide with the 

respiratory wall and are deposited in the oropharynx region. This mechanism is generally 

observed for DPI and metered dose inhalers (MDI), with particles sizes greater than 5 μm. In 

case of DPI, the inspiratory effort of the patient plays an important role in the deposition. If the 

force of inhalation is insufficient, the dry powder deposits in the upper airways, owing to the 

mass of the particles and the inertial forces. For MDI, despite of high speed of the generated 

aerosol, large particle sizes also lead to the deposition of the particles mostly in the upper 

respiratory tract region. 
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Figure 1.3: Particles size dependant deposition in various parts of lungs.  

Sedimentation: Gravitational forces are predominantly responsible for the sedimentation of 

particles. Particles with sufficient mass and sizes between 1 to 5 μm deposit in the smaller 

airways and bronchioles, where they deposit slowly, for a sufficiently long time span. Therefore, 

sedimentation is also influenced by the breathing pattern. Slow breathing provides a sufficient 

time span for sedimentation.  

Brownian motion: Apart from impaction and sedimentation, Brownian motion plays a major 

role in the deeper alveolar areas of the lungs. Brownian motion is the microscopic random 

motion of small particles due to the numerous random collisions by gas molecules. In the small 

airways where the distance is short and residence time is long, diffusion is an important 

mechanism for the deposition of small particles (< 0.5 μm). Macroscopically, we see the overall 

movement of particles from a higher concentration region (i.e., the center of air stream) to a 

lower concentration region (i.e., the airway wall).  

Since it is caused by gas molecule collisions, the effectiveness of this mechanism 

increases as particle size decreases. Upon contact with the lung surfactant, the dissolution of drug 

in alveolar fluid is essential for diffusion. Additionally, the concentration gradient also influences 

the diffusion process. Particles smaller than 1 to 0.5 μm are deposited in the alveolar region, 

while most of the particles, owing to smaller sizes, are exhaled.  
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Apart from the mechanisms, parameters such as the particle size, particle morphology 

and geometry of the aerosol, along with surface properties play an important role in deposition 

phenomena. Furthermore, breathing frequency and the holding of breaths, humidity, air velocity 

and tidal volume also are vital factors influencing the deposition 

(http://aerosol.ees.ufl.edu/respiratory/section04.html; Patil and Sarasija, 2012). 

1.11 Pulmonary drug delivery devices: 

The development of modern inhalation devices can be broadly divided into two 

categories with various varieties (Figure 1.4) such as (i) Nebulizer and (ii) Compact portable 

inhaler. 

 

Figure 1.4: Evolution of pulmonary delivery devices (Mukherjee et al., 2017) 

Nebulizer: 

 Nebulizers have been used to treat respiratory diseases for many years. The working 

principle of jet nebulizer based on Bernoulli principle by which compressed gas (air or oxygen) 

is passed through a narrow orifice creating a low-pressure area at the adjacent liquid feed tube 

(Figure 1.5). This evacuates the solution with the drug being drawn up from the fluid reservoir 

http://aerosol.ees.ufl.edu/respiratory/section04.html
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and shattered the gas stream through fine droplets. In an ultrasonic nebulizer, a piezoelectric 

crystal is used with a high vibrating frequency (usually 1-3 MHz) to generate a fountain of liquid 

in the mobilizing chamber.  

 The physical properties of pulmonary drug formulations may have an outcome based on 

particle size and nebulization rates. The viscosity, osmolarity, ionic strength, pH and surface 

tension may also affect the nebulization of some formulations. 

 

Figure 1.5: Nebulizer and its components (Mukherjee et al., 2017) 

Constant output jet nebulizer can aerosolize most of the drug solution and provides a large dose 

with very little patient coordination skill. Treatment by using nebulizer can be time-consuming 

and also less effective, where there is 50% loss with a continuously operated nebulizer. On an 

average only 10% of the total dose loaded in a nebulizer is in reality deposited in the lungs 

(Giraud and Roche, 2002). 

 Recent technically advanced novel nebulizers have been developed to reduce drug 

wastage and improve delivery efficacy. In a nebulizer, the aerosol output is increased by 

directing auxiliary air entrained at the time of inspiration by enhanced delivery designs. Adaptive 

aerosol delivery monitors a patient‟s breathing pattern in the first three breaths and then targets 

the aerosol delivery into first 50% of inhalation of each time. This commits that the aerosol is 
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delivered to the patient during inspiration only, thereby eliminating loss during expiration that 

occurs with continuous output nebulizer (Borgstrom et al., 1996; Ashurst et al., 2000).
 
 

Compact portable inhaler 

Metered –dose- inhaler: 

 It is a revolutionary invention of MDI that overcomes the problem of the hand-bulb 

nebulizer and serves portability to outpatients for the first time. This inhalation device is the most 

widely used aerosol delivery device today (Figure 1.6). MDI provides a drug aerosol driven by 

propellants, such as chlorofluorocarbons (CFC) and hydrofluoroalkanes (HFAs). MDI emits only 

a small portion of the drug dose to the lung. On average, only 10-20% of the delivered dose is 

deposited in the lung. The high velocity and large particle size of the spray cause around 50-80% 

of deposition of drug in the oropharyngeal region.  Hand and mouth discoordination is another 

barrier in the optimal use of an MDI system. 

 

Figure 1.6: Metered-dose inhaler and its components (Mukherjee et al., 2017) 

The efficacy of an MDI device depends on a patient‟s breathing pattern, inspiratory flow 

rate (IFR) and hand and mouth co-ordination. Increased IFR results in a decrease in total 

pulmonary dose deposition and diffusion into the peripheral airway. Fast rate inhalation (>60 

l.min
-1

) results in a less peripheral deposition since deposition of the aerosol takes place by 

inertial impaction in the oropharyngeal region and the conducting airways. When aerosol is 
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inhaled slowly, drug deposition by gravitational sedimentation in the peripheral region of the 

lung is improved. Peripheral drug deposition has also been shown to improve with an increase in 

tidal volume and a decrease in respiratory frequency. As the inhaled volume is enhanced, 

aerosols are able to diffuse more into the lung-peripheral region. An increased breath-holding 

period on completion of inhalation enables particles which penetrate the periphery, to deposit in 

that region, instead of being exhaled during the expiratory phase. Thus, the best conditions for 

inhaling MDI aerosols include  a starting volume equivalent to the functional residual capacity, 

actuation of the device at the start of inhalation, IFR of <60 l min
−1

 followed by a 10-s breath-

hold at the end of inspiration (Norwood et al., 1995). 

Pressurized metered-dose inhalers: 

The pressurized metered-dose inhaler (pMDI) is not available for all drugs or dosages, 

making it difficult for clinicians to prescribe the same type of device for diverse inhaled 

medications. This is exacerbated by the trend of many pharmaceutical companies not to release 

newer inhaled drugs as pMDIs. The design of the CFC-propellant pMDI requires initial and 

frequent priming of device. Failure to prime the device results in the administration of a 

substantially lower dose than that is prescribed. Unfortunately, frequent priming tends to waste 

drug to the atmosphere (Dalby and Suman, 2003). 

Dry powder inhalers: 

Interest in DPIs as an effective, efficient and environmentally friendly way of delivering 

drugs to the lung has accelerated in recent years. A fundamental difficulty with developing solid 

state aerosols or DPIs is managing both the ubiquitous and the transient forces contained in 

powder beds. Indeed, managing of such particulate forces, for example via particle engineering 

techniques, is now considered central to successful DPI formulation and production (Figure 1.7). 

In consequence, much attention is currently focused on producing “smart” formulations, where it 

may be possible to achieve excellent powder flow and low cohesive forces 

Pharmaceutical scientists too frequently meet major obstacles when they engage in the world of 

DPI product design, because of the complications of this area resulting from the plethora of DPI 

device designs. There is tremendous variation in the methods used to store and meter powders 

and to generate the aerosol cloud. In case of DPI aerosol generation, there is a great deal of 
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variations between different types of device, in the fluid dynamic and electrostatic environment 

that the powder formulation experiences (Ashurst et al., 2000). 

 

 

Figure 1.7: Schematic diagram of some currently available dry powder inhalers and their 

components (Mukherjee et al., 2017) 

The drug aerosol is created in a DPI by directing air through loose powder. Most drug 

particles from DPIs are too large to penetrate into the lungs as because of either large powder 

agglomerates or the presence of large carrier particles (e.g. lactose). Thus, dispersion of the 

powder into fine respirable particles depends on the creation of turbulent air flow that causes the 

aggregates to break up into particles small enough to be carried into the lower airways and also 

to separate carrier from the drug in the device chamber. Each DPI has a different air flow 

resistance that regulates the required inspiratory effort. The higher the resistance of the device, 

the more difficult it is to generate an inspiratory flow great enough to attain the maximum dose 

from the inhaler device. However, deposition in the lung tends to be augmented when using 
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high-resistance inhalers (Yu and Chien, 1997). However, an efficient and robust formulation 

technology can provide use of DPI products more acceptable (Begat et al., 2004). 

1.12 Limitations of pulmonary route if any 

There are not only advantages but also some limitations of the pulmonary rote of delivery. 

The limitations of the delivery of drugs to lungs (Sciarra and Cutie, 1990) are very important to 

design the effective pulmonary drug delivery systems. Some of them are mentioned below. 

1. The oropharyngeal settlement may give local adverse effects. 

2. Patients may face trouble using the delivery devices correctly. 

3.  Various aspects affect the reproducibility of drug delivery to the lungs, including 

physiological (respiratory scheme) and pharmaceutical (tool, formulation) variables. For 

the systemic delivery of drugs with a small therapeutic index, such deviations may be 

undesirable. 

4. Drug absorption may be limited due to the barrier action of the mucus and the drug-

mucus interactions. 

5. Mucociliary clearance diminishes the retention time of drugs within the lungs which may 

affect the pharmacological efficacy of the slowly absorbed drugs. 

6. The lungs are not easily reachable surface for drug delivery and complex delivery devices 

are required for targeted drug delivery in lungs. 
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2. Literature Review 

Fungi are eukaryotic, achrorophyllus, saprobe and versatile group of living organisms 

that are widely found in environment. More than 250,000 species of fungi are found in our 

universe, out of which 300 are remarked as potential pathogens causing superficial to life 

threatening infections in humans as well as in a wide variety of animals (Brown et al., 2012; Pal, 

1997; Pal, 2004). 

Lung fungal infections (LFI) are mostly affecting immunocompromised patients 

suffering from HIV/AIDS, cystic fibrosis, cancer, organ transplantation, burn, and prolonged use 

of antibiotic, corticosteroids and antineoplastic drugs (Pal, 1997, Cook and Confer, 2011).  

Pulmonary fungal infection is one of the leading causes of deaths in developing countries (Smith 

and Kauffman, 2012). The global occurrence of LFI in many regions of the world is not correctly 

documented due to insufficient diagnostic facilities (Pal, 2017). Endemic mycoses predominantly 

occur in specific climate zones whereas opportunistic infections is found in persons having 

immune deficiency (Lee and Lau, 2017; Smith and Kauffman, 2012). Respiratory tract is the 

prime portal of entry of most fungi resulting in pulmonary and systemic infections. Transmission 

can occur through inhalation of infectious spores, traumatic implantation of fungal cells, direct 

contact with infected persons/animals, and bite of animals (Pal, 2007; Pal, 2017).  

AmB deoxycholate has been used as the firstline therapy for severe systemic fungal 

infections in the past few decades but its use has been limited for its associated adverse effects 

including nephrotoxicity and hemolytic anemia. Newer triazole antifungals such as itraconazole 

and fluconazole with limited spectrum of activity shows improved tolerability profiles, but their 

extensive use has led to the emergence of resistance among susceptible strains. Thus, newer 

antifungal agents with improved pharmacologic and resistance profiles are required with an 

extended spectrum of activity, better tolerability, and enhanced efficacy (Jeu et al., 2003, Greer, 

2003; Lat and Thompson, 2011). 

Voriconazole (VRZ) is modified from fluconazole and acquires an improving potency 

and spectrum (Naithani and Kumar, 2005). It is the first available second-generation triazole 

group of antifungal agent from the „azole‟ family, possesses broad-spectrum activity against 

resistant fungal species such as Aspergillus, Candida, Scedosporium and Fusarium (de Sa et al., 
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2015; Chung et al., 2015; Lin et al., 2010). Antifungal effect of voriconazole exerts by altering 

the fungal cell membrane. Voriconazole blocks synthesis of ergosterol, an essential component 

of the membrane, by interacting with lanosterol 14-alpha demethylase (CYP51 or Erg11p), a 

cytochrome P-450 enzyme that is needed to convert lanosterol to ergosterol, affecting the 

integrity and function of the fungal membrane (Das et al., 2015). 

Various drug administration methods have been in research till date for delivering drug to 

the lungs (Kuzmov and Minko, 2015; Patil and Sarasija, 2012). Lung is becoming an attractive 

target due to its non-invasive nature, avoidance of “first-pass” metabolism, availability of huge 

surface area and plenty of blood supply for drug absorption for both local and systemic actions of 

therapeutics (Patil and Sarasija, 2012; Mansour et al., 2009; Lee et al., 2013). Local delivery of 

medications to the lungs is highly desirable, especially in patients with specific pulmonary 

diseases such as cystic fibrosis, asthma, chronic pulmonary infections, lung cancer, etc., where 

conventional therapy seems to be ineffective to maintain the desired drug concentration in the 

blood plasma for a prolonged time (Flume and Klepser, 2002; Codrons et al., 2003; Gessler et 

al., 2002; Gessler et al., 2008). 

For targeted drug delivery, nanocarriers are attractive choice in pharmaceutical research 

in the recent arena due to its various beneficial effects such as high stability, high carrier capacity 

by incorporating more drug molecules in the particle matrix, feasibility of incorporation of both 

hydrophilic and hydrophobic substances, and feasibility of variable routes of administration 

(including oral and inhalation) and most important is to provide controlled (sustained) drug 

release from the matrix (Smola  et al., 2008; Lee et al., 2015; Gelperina et al., 2005; Da Silva  et 

al., 2013; Das et al., 2015). Nanoparticles are also known for their capability of sustaining drug 

in the pulmonary region (Zhao et al., 2014; Liu et al., 2008; Videira et al., 2002; Sinha et al., 

2013).  

Nanoparticles prepared with biodegradable and biocompatible polymers such as PLGA, 

Poly-lactic acid (PLA) and chitosan are (Makadia and Siegel, 2011) attractive choice to load the 

drug for delivering it to the pulmonary site of action. Among the various polymers used in the 

nanoparticles formulation, PLGA gained marked attention because of their biocompatibility and 

biodegradability, stability, non-toxicity (Lemoine et al., 1996; Murakami et al., 1999; Morales-

Cruz et al., 2012), and ability to have long systemic circulation by the colloidal particles made of 

http://www.sciencedirect.com/science/article/pii/S1818087615000732
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these FDA approved polymers (Murakami et al 1999). PLGA nanoparticles have been widely 

used in research in past few decades (Sahana et al., 2010; Singh and Lillard, 2009; Ghosh et al., 

2017). Several works have been carried out on PLGA nanoparticles of other antifungal drugs 

particularly AmB (Venier-Julienne and Benoît, 1996; Van de Ven et al., 2012; Italia et al., 2011; 

Verma et al., 2011; Nahar and Jain, 2009; Italia et al., 2009; Amaral et al., 2009; Yang et al., 

2018). Very few works has been done on the preparation of nanoparticles of PLGA containing 

the drug VRZ. Nanoparticles particularly solid lipid nanoparticles or lipid based nanoparticles 

were prepared using VRZ for ocular delivery (Füredi et al., 2017; Khare et al., 2016). 

Several novel drug delivery systems were designed using VRZ as model drug. Salem et 

al., 2016 have prepared porous voriconazole nanoagglomerates in a respirable range using the 

combination of edge activators (stearic acid and sodium deoxycholate) and diluted osmogenic 

polycationic polymer polyethyleneimine solution for enhancing the deposition and dissolution of 

voriconazole in the lung (Salem et al., 2016). Another group of workers have prepared sustained-

release voriconazole-containing thermogel that releases VRZ for 28 days (Cuming et al., 2017). 

Although the concept of preparing nanoparticles with PLGA polymer containing VRZ 

started long before (Peng et al., 2008) and tested on candida infection, the researchers were 

trying to develop more effective formulation containing VRZ.  Sinha et al., 2013 have prepared 

porous and nonporous PLGA particles loaded with VRZ for effective delivery in the lung fungal 

infection (Sinha et al., 2013). Later on Das et al. (2015) prepared PLGA nanoparticles of VRZ 

and found the in vivo localization of the formulations in live animal radio imaging and compared 

the data with the radio-labeled free VRZ (Das et al., 2015).  

Chitosan is a widely used material for preparing nanoparticles or as coating material on 

PLGA nanoparticles because of its recognized mucoadhesiveness, biodegradability, 

biocompatibility and ability to enhance the penetration of large molecules across mucosal 

surfaces (Chalikwar et al., 2013; Kumar et al., 2004). The advantages of modifying the surface 

of PLGA particles with a mucoadhesive polymer, such as CS, may cause the predominant 

variation or even inversion of zeta-potential, ability to promote cellular adhesion and retention of 

the drug delivery system at the target site (Yang et al., 2009; Tahara et al., 2010; Babu et al., 

2013). Moreover, a decreased burst effect in the release of the encapsulated drug and the 

possibility of conjugating ligand(s) for drug-targeting to the free amino groups of CS are the 
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added advantages (Chronopoulou et al., 2013). The specific advantage of nanoparticles coated 

with CS for pulmonary delivery is the retention of the formulation in the pulmonary site of 

infection for a longer time period than that of CS-free nanoparticles providing effective 

treatment, curbing the phagocytic effects and thereby enhancing the longevity of the 

nanoparticles in the biological system (Parveen and Sahoo, 2011). 

PLGA nanoparticles containing antifungal AmB were prepared earlier in 1996 by the 

solvent evaporation process. Blank nanoparticles, free AmB and drug loaded nanoparticles 

obtained were 130±27 nm, 184±64/ 997±83 nm and 168±42/ 797±100 nm in diameter, 

respectively. When AmB was added in the organic phase, the final suspension showed two 

populations due to unbound drug. Free AmB was removed by addition of an adsorbent polymer. 

Amberlite XAD16, to the nanoparticle suspension and subsequently ultra-filtering the medium. 

The drug payload was between 0.7 and 1.3% (Venier-Julienne and Benoît, 1996). 

PLGA nanoparticles were formulated by an emulsion-solvent evaporation method using 

polyvinyl alcohol (PVA) as a stabilizer generating negatively charged particles and 

heterogeneous size distribution for DNA delivery. Cationically modified PLGA nanoparticles or 

nanospheres were formulated by emulsion-diffusion-evaporation technique using PVA-CS blend 

with defined size and shape that can efficiently bind DNA. The nanospheres were characterized 

by atomic force microscopy (AFM), photon-correlation spectroscopy (PCS), and Fourier 

transform infrared spectroscopy (FTIR) and found that their size was around 200 nm. To 

understand the surface properties of nanospheres and their ability to condense negatively charged 

DNA, zeta potential and gel electrophoresis studies were also conducted and found that the 

charge on the nanospheres was adequate to effectively bind the negatively charged DNA 

electrostatically (Kumar et al., 2004). 

To understand the mechanism of adsorption of polyelectrolyte onto particles cationic 

PLGA nanoparticles were fabricated by adsorption of varying concentrations of a biodegradable 

polysaccharide, chitosan (0–2.4 g/L), using oil-in-water emulsion and solvent evaporation 

techniques. The particle diameter, zeta-potential, and chitosan adsorption of chitosan-coated 

PLGA nanoparticles confirmed the increase of polyelectrolyte adsorption. Five adsorption 

isotherm models (Langmuir, Freundlich, Halsey, Henderson, and Smith) were applied to the 

experimental data for understanding the adsorption mechanism. It was found that particle 
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diameter and adsorption of chitosan were found to increase with increasing concentration of 

chitosan during adsorption study. PLGA nanoparticles had a negative zeta-potential (−20 mV) 

prior to chitosan adsorption on the surface. The zeta-potential of chitosan-coated PLGA 

nanoparticles was positive and if increased with chitosan adsorbed until a maximum value (+55 

mV) reached at approximately 0.4–0.6 g/L. It can be concluded that the cationic nature of 

chitosan, high surface energy and microporous non-uniform surface of PLGA nanoparticles 

could be the underlying reasons for adsorption of chitosan on PLGA nanoparticles (Guo and 

Gemeinhart, 2008). 

Long-circulating nanoparticles were designed and formulated by optimizing the 

concentration of chitosan (CS) and polyethylene glycol (PEG). Paclitaxel loaded chitosan and 

polyethylene glycol coated PLGA (PLGA–CS–PEG) nanoparticles were formulated and 

characterized that could efficiently encapsulate hydrophobic drugs, and evade the phagocytic 

uptake by reducing opsonization by blood proteins resulting in an increased bioavailability of the 

drug. Cellular uptake efficiency and in vitro cytotoxicity of the experimental nanoparticles were 

assessed in different types of cancer cells such as retinoblastoma cells, breast cancer cells and 

pancreatic cancer cells. PLGA–CS–PEG nanoparticles showed dramatic prolongation in blood 

circulation and reduced macrophage uptake when compared to PLGA–CS and PLGA 

nanoparticles. Superior anti-proliferative effect and cell cycle inhibition were also found in case 

of PLGA–CS nanoparticles and PLGA–CS–PEG nanoparticles over PLGA nanoparticles and 

pure drug paclitaxel. Thus, a coating blend of PEG and chitosan may represent a significant step 

in the development of long-circulating tumor drug delivery (Parveen and Sahoo, 2011). 

Positively and negatively charged PLGA nanoparticles were prepared using the natural 

polymers such as chitosan and alginate as coating materials, respectively. The oppositely charged 

nanoparticles when blended in different weight ratio resulted in a cohesive colloidal gel with 

stable 3D porous network due to the electrostatic forces between them. This colloidal gel may be 

molded to the desired shape. Scanning electron microscopic images of dried colloidal networks 

revealed an organized, 3D microporous structure. Viability tests of hUCMSCs seeded on the 

colloidal gels showed the insignificant cytotoxicity of the materials used in the formulation 

(Wang et al., 2011). 
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Localized delivery can be achieved by incorporating of biomolecules within 

biodegradable nanoparticles followed by inclusion of such particulate nanocarriers into suitable 

porous scaffolds for accelerated bone regeneration. Freeze-dried porous chitosan–gelatin 

scaffolds were embedded with various amounts of PLGA nanoparticles and were subjected to 

physico-mechanical and biological characterizations. It has been found that incorporation of 

PLGA nanoparticles into porous crosslinked scaffolds changed the micro-architecture of the 

scaffolds, reduced the dissolution degree of the scaffolds, and increased the compressive 

modulus. The water uptake behavior of porous scaffolds containing PLGA nanoparticles 

significantly decreased (Nandagiri et al., 2011). 

Composite nanofibers composed of PLGA were prepared encapsulating chitosan/siRNA 

nanoparticles by electrospinning method. An optimized release profile had been achieved for 

prolonged and efficient gene silencing by acidic/alkaline hydrolysis and a bulk/surface 

degradation mechanism. Thermo-controlled AFM in situ imaging revealed the integrity of the 

encapsulated chitosan/siRNA polyplex.  A triphasic release profile was obtained at pH 5.5 and 

pH 7.4. It was shown that a short alkaline pretreatment provided a homogeneous hydrolysis and 

consequently a nearly zero-order drug release profile. Further investigation confirmed the 

interesting release profile for siRNA transfection, where the encapsulated chitosan/siRNA NPs 

exhibited up to 50% EGFP gene silencing activity after 48 h post-transfection on H1299 cells 

(Chen et al., 2012). 

The surface of PLGA nanoparticles was modified by chitosan via amide bond formation 

mediated by carbodiimide to enhance the mucoadhesive potential of carrier system. Grafting of 

chitosan on PLGA surface and its improved mucoadhesive potential were confirmed by FTIR 

spectroscopy and in vitro mucoadhesion study, respectively. 2
3
 factorial design was applied to 

fabricate self-assembled PLGA NPs containing chlorpromazine hydrochloride. Ex vivo 

permeation and histopathological study on sheep nasal mucosa disclosed safe mucoadhesion. 

The optimized formulation was found to be robust that can withstand to extreme conditions of 

temperature and relative humidity as supported by the accelerated stability testing (Chalikwar et 

al., 2013). 
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One-step methodology for the development of formulation of chitosan coated PLGA 

nanoparticles containing dexamethasone (DXM) as a model drug was patented by a group of 

researchers. CS coating switched NPs zeta potential from negative to positive, without modifying 

particle size distribution. The nanoparticles were found to be spherical in shape with smooth 

surface found in SEM images. The uptake of fluorescent chitosan-coated PLGA NPs by 

hepatocytes (C3A) and fibroblasts (3T6) as well as the fate of internalized NPs were investigated 

by confocal microscopy. Chitosan-coating on the DXM loaded PLGA NPs permitted their 

uptake by cultured cells without inducing cytotoxicity (Chronopoulou et al., 2013). 

PLGA nanoparticles were modified with chitosan through physical adsorption and 

chemical binding methods in order to functionalize them for passive targeting and conjugation 

with targeting molecules. The surface charge of the nanoparticles changed from negative to 

positive after chitosan coating, making the drug carriers more affinity to cancer cells. Amine 

groups were presented on PLGA nanoparticle surface after the chitosan modification as 

confirmed by FTIR spectroscopy and X-ray photoelectron spectroscopy. It was found that the 

modified nanoparticles showed an initial burst release of drug followed by a moderate and 

sustained drug release profile (Wang et al., 2013) 

In a study a group of researchers compared mucoadhesion and cellular uptake efficiency 

of chitosan (CS) and chitosan oligosaccharide (COS) surface-modified polymer nanoparticles 

(NPs) for mucosal delivery of proteins. Surface-modified PLGA NPs were prepared by double 

emulsion solvent evaporation method loaded with bovine serum albumin and confirmed using 

physicochemical characterization methods such as particle size and zeta potential, FTIR analysis 

SEM, and TEM study. Both the surface modified PLGA NPs displayed a slow release of protein 

compared to PLGA NPs. Positively charged COS-PLGA NPs and CS-PLGA NPs exhibited 

enhanced mucoadhesion, compared to negatively charged PLGA NPs. All nanoformulations 

were found to be safe for cellular delivery when evaluated in A549 cells. Intracellular uptake 

behaviour of fluorescein isothiocyanate (FITC)-NPs was studied by confocal laser scanning 

microscopy and flow cytometry (Dyawanapelly et al., 2016).  
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In a study Ludwig et al. prepared chitosan-coated PLGA nanoparticles containing AmB 

using single-emulsion solvent evaporation method and obtained nanoparticles that are spherical 

in shape with mean particle size of about 460 nm, positive zeta potential and 42% encapsulation 

efficiency. The nanoparticles were prepared to decrease the dose related toxicity. The antifungal 

efficacy of chitosan-coated PLGA nanoparticles containing AmB was determined in 20 strains of 

fungus isolates from patients suffering from varieties types of fungal infections such as 

bloodstream infections, urinary tract infection, vulvovaginal candidiasis etc. (Ludwig et al., 

2018). 

The particle size analysis by dynamic light scattering gives a good indication on the 

actual size range and polydispersity of the self-assemblies (Laan and Denkova, 2017). 

Nanoparticles are used in many fields of research and technology and their proper 

characterization and analysis are important challenges in the present nanoscale metrology. 

Atomic force microscopy (AFM) is one of the most popular scanning probe microscopy methods 

among the methods available for surface characterization (Klapetek et al., 2011). Individual 

particles as well as groups of particles can be resolved by the AFM, and unlike other microscopy 

techniques. Moreover, the AFM offers visualization and analysis in three dimensions (Rao et al., 

2007). 

The size of the nanoparticles and their morphological state were measured by Field 

emission scanning electron microscope (FESEM).  The external surface of nanoparticle samples 

can be measured by FESEM that provide the structural situation (Khanmohammadi et al., 2015).  

Transmission electron microscopy (TEM) is used for characterizing nanoparticles, it is an 

excellent tool since its resolution attains about 0.07 nm depending on thickness of the sample and 

accelerating voltage, but it is expensive and is operationally complex (Souza et al., 2016).  

Cryogenic transmission electron microscopy (cryo-TEM) for single particle analysis is a 

leading characterization method, which shows limited resolution due to poor alignment precision 

of noisy images captured under low electron exposure.  The structural resolution of single 

particle reconstruction depends on particle size, shape, number, lamellarity and symmetry due to 

low signal-to-noise ratio (Hu et al., 2008, Crawford et al. 2011). This method offers robust and 

powerful ways to visualize nanoparticles. This method involves imaging of the sample in a 
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frozen‐hydrated state, allowing visualization of nanoparticles essentially as they exist in solution. 

Preparation of grid for cryo‐TEM imaging can be performed with the sample in aqueous as well 

as in various organic and ionic solvents. Two‐dimensional cryo‐TEM provides a direct way to 

visualize the polydispersity within a nanoparticle preparation (Stewart, 2017). TEM, SEM or 

AFM are not appropriate techniques for determining the morphology of any soft-matter species. 

It is very important to know that TEM analysis is performed using the drying method where a 

drop of the sample is dried onto a grid by evaporation of the solvent from the sample, which can 

result in deformation or even complete destruction of the particles. In case of cryo-TEM, the 

sample is instantly vitrified i.e. rapidly frozen on the grid impairing any changes of the 

morphology of the particles (Laan and Denkova, 2017). 

Increasing attention has been given to the potential of pulmonary route as an alternative 

for non-invasive delivery of therapeutic agents to the systemic circulation as well as local 

infection in lung. In a study by Liu and his coworkers, novel nebulizer-compatible solid lipid 

nanoparticles (SLNs) for pulmonary drug delivery of insulin were developed by reverse micelle-

double emulsion method. The influences of the amount of sodium cholate (SC) and soybean 

phosphatidylcholine (SPC) on the deposition properties of the nanoparticles were also 

investigated. Under optimal environment, the entrapment delivery, respirable fraction (RF) and 

nebulization efficiency of SLNs were found to reach at 96.53, 82.11 and 63.28%, respectively.  

The SLN were found to remain stable during the process of nebulization. Fasting plasma glucose 

level was reduced to 39.41% and insulin level was increased to approximately 170 microIU/ml 

4h after pulmonary administration of 20 IU/kg SLNs. Fluorescent SLNs were successfully and 

evenly distributed in the lung alveoli. Thus, it can be concluded from their study that SLNs could 

be used as a potential carrier for pulmonary delivery of insulin by improving both in vitro and in 

vivo stability as well as prolonging hypoglycemic effect, which resulted in improved 

bioavailability (Liu et al., 2008). 

In another study, nanoparticles were microencapsulated by spray drying using mannitol 

as carrier, resulting in a dry powder with aerodynamic properties suitable for lung delivery. 

Hybrid chitosan/hyaluronic acid nanoparticles were developed by ionotropic gelation and 

characterized for their physicochemical properties, being further studied by solid nuclear 

magnetic resonance. Confocal laser scanning microscopy (CLSM) and X-ray photoelectron 
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spectroscopy (XPS) in combination with time-of-flight secondary ion mass spectroscopy (TOF-

SIMS) were conducted to investigate the nanoparticles distribution within the carrier matrix. In 

summary it was concluded that the developed delivery system holds great potential for lung 

delivery of macromolecules (Al-Qadi et al., 2011). 

A group of researchers illustrated a strategy to encapsulate itraconazole into CS -based 

nanoparticles using a modified ionic gelation method.  Further, they fabricated them as inhalable 

microparticles using spray drying technique using different ratios of CS:TPP prepared at pH 1.2, 

using higher ratios of TPP with respect to CS. When the amount of TPP was increased up to 4 

times higher than CS it resulted in the production of large particles. Below the ratio of 1:3, the 

particle sizes ranged from 190 to 240 nm. The prepared nanoparticles were characterized by 

TEM analysis for morphology. Microparticles were prepared with 2.5, 10 and 20% of lactose 

and mannitol with or without 10% of leucine, with respect to nanoparticle weights by co-spray 

drying of nanoparticles. In vitro inhalation parameters including fine particle fraction (FPF) and 

emitted dose percentage (ED%) were measured by a twin stage impinge. The in vitro deposition 

data indicated that processing of nanoparticles with mannitol and leucine could improve the 

aerosolization characteristics of the drug significantly (Jafarinejad et al., 2012). 

Biodistribution of amikacin solid lipid nanoparticles (SLNs) after pulmonary delivery 

was investigated to increase the drug concentration in the lungs for the treatment of cystic 

fibrosis lung infections and also providing a new method for clinical application of amikacin. 

Amikacin was labeled with 
99m

Tc and was loaded in cholesterol SLNs.  The radiolabelled SLNs 

and free drug were administered through pulmonary and i.v. routes to male rats for qualitative 

localization and quantitative biodistribution studies. Results showed that pulmonary delivery of 

SLNs of amikacin by microsprayer caused higher drug concentration in lungs than kidneys while 

i.v. administration of free drug caused the reverse conditions. Thus, it can be concluded that 

pulmonary delivery of SLNs may improve patients‟ compliance by reducing the side-effects of 

drug in kidneys and drug dosing intervals also increased due to the sustained drug release from 

SLNs (Varshosaz et al. 2013). 

Mangal and coworkers have recently reviewed the challenges and opportunities of 

nanoparticle containing chemotherapeutic agents for pulmonary delivery for the treatment of 

lung cancers, since systemic chemotherapy has very limited efficacy as well as severe systemic 
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side-effects.  Moreover, it attributed to the distribution of anticancer drugs to non-targeted sites. 

Inhalation routes permit the delivery of drugs directly to the lungs providing high local 

concentrations that may enhance the anti-tumor effect while reducing systemic side-effects. 

Promoting the deposition of anticancer drugs in tumorous cells and minimizing access to healthy 

lung cells further augmented the efficacy and reduced the risk of local toxicities caused by 

inhaled chemotherapy. Sustained release and tumor localization characteristics made 

nanoparticle formulations a promising candidate for the inhaled delivery of chemotherapeutic 

agents against lung cancers. However, the physiology of respiratory tracts and lung clearance 

mechanisms present key barriers for the effective deposition and retention of inhaled 

nanoparticle formulations in the lungs. Thus the development of novel formulations to maximize 

lung deposition and to minimize pulmonary clearance of inhaled nanoparticles is in the research 

arena (Mangal et al., 2017).  

There are so many methods are available for preparing nanoparticles with the polymers 

like PLGA, chitosan etc. Here multiple emulsion solvent evaporation method has been employed 

for preparing both non-coated and chitosan coated PLGA nanoparticles. The plan of this research 

was to develop mucoadhesive nanoparticles using a simple, unique technique. In this method, 

incorporation of chitosan coating was done simultaneously during the process of development of 

multiple emulsion and no additional step for coating was required. Furthermore, time of 

lyophillization was also same as it was required for non-coated formulation. Thus, this simple 

process of chitosan coating on nanoparticles could be highly beneficial for the industrial 

production point of view.  

The present study aimed to prepare mucoadhesive nanoparticles containing voriconazole 

for pulmonary delivery in order to treat lung fungal infection and to overcome the deficiencies in 

this field of research. The particles were coated with the mucoadhesive polymer chitosan and 

rendered them mucoadhesiveness to increase the residence time in the lung when delivered by 

pulmonary route using dry powder inhaler. Moreover, the blood residence time also increased as 

measured from its in vivo pharmacokinetic study. 
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3. Objectives 

 Effective delivery of drugs to the pulmonary sight of infection has been a challenging task 

because of rapid removal of drug due to high blood flow turnover in the tissue. The existing 

conventional drug delivery systems have been inefficient in selectively attaining drug in 

therapeutic concentration in lungs.  Although the fungal infection may reduce, but the spores 

remain dormant, and causes recurrence of fungal infection, if medicaments are not continued, 

which is also difficult because of the high toxicity of available all antifungal drugs for systemic 

use. In such context, the investigation of nano-encapsulated drug formulations has been 

intensified over the past few years. Voriconazole, the active substance of VFEND, is reported to 

possess excellent antifungal activity against a wide range of fungal infections such as 

aspergillosis, candidiasis, coccidioidomycosis, histoplasmosis, penicilliosis, and infections by 

Scedosporium or Fusarium etc.  

In the present study, effort has been made to develop a mucoadhesive nanoparticles containing 

antifungal drug voriconazole with a special attention to lung as a delivery site by dry powder 

inhaler and nebulizer for drug action for a prolonged period of time. In this study mucoadhesive 

nanoparticles will be prepared by using different types of biodegradable polymers such as 

PLGA, chitosan etc. by the modified multiple emulsion solvent evaporation method. The 

experimental NPs is supposed to deliver the drug for a prolonged period to maintain the 

persistent local concentration of drug in lung, which is not possible by other routes of drug 

administration due to rapid blood turn over in lung. Here, we will investigate both qualitatively 

and quantitatively the potential of our developed formulation to deliver drug in the pulmonary 

site of infection as well as in plasma in vivo. Various critical formulation and process parameters 

will be optimized in order to keep the size of the final formulation within ≤500 nm along with 

the satisfactory physicochemical properties. The hypothesis of this work is that the experimental 

formulation carrying voriconazole will reach in therapeutic concentration and lead to sustained 

drug release in the infection site of lung and plasma as compared to the uncoated PLGA 

nanoparticles and free drug voriconazole. Thus, the overall aim is to develop an optimized 

method of preparation of chitosan coated mucoadhesive, biocompatible drug nanocarrier system 

with a reasonable drug payload for efficient treatment of recurrent lung fungal infection, with an 

improved blood residence time and better efficacy for the treatment of fungal infection in lung, 

which are still lacking in the presently available nanomedicine. 
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Plan of work: 

A. Preformulation study 

i. FTIR study 

ii. Analytical method development by UV-Vis spectrophotometer and High-

performance liquid chromatography (HPLC) 

iii. Preparation of Standard curve 

B. Development and optimization of nanoparticles formulation 

i. Preparation of non-coated PLGA nanoparticles with or without voriconazole 

ii. Preparation of CS-coated PLGA nanoparticles with or without voriconazole 

iii. Preparation of FITC containing nanoparticles both coated and non-coated 

C. Physicochemical characterization 

i. Determination of particle size and size distribution 

ii. Determination of zeta potential or surface charge 

iii. Determination of particle morphology 

iv. Determination of drug loading and entrapment efficiency 

D. In vitro drug release and drug release kinetics study 

E. Determination of mass median aerodynamic diameter by eight stage Andersen Cascade 

Impactor 

F. In vivo deposition of nanoparticles in the lungs of mice using nose-only inhalation 

chamber and fabricated dry powder inhaler (DPI)  

G. Pharmacokinetic studies of chitosan coated PLGA nanoparticles, PLGA nanoparticles and 

free voriconazole  

H. Study on distribution of drug in different lung lobes by validated HPLC method 

I. Gamma scintigraphy study  

J. Biodistribution study  
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4. Materials and equipments 

Table 4.1: List of Materials and chemicals used 

Name of the chemical Manufactured by (Company, city, Country) 

0.45 µm syringe filter Chromatography syringe filter, Cole-Parmer, 

Mumbai, India 

Acetone E. Merck (India) Ltd., Mumbai, Maharastra, India 

Acetonitrile for HPLC Merck Life Sc. Pvt. Ltd., Mumbai, Maharastra, India 

Carbon coated Copper grid 300#, Ted Pella Inc., CA, USA 

Chitosan  Himedia Lab. Pvt. Ltd., Mumbai, Maharastra, India 

Dichloromethane (DCM) E. Merck (India) Ltd., Mumbai, Maharastra, India. 

Disodium hydrogen orthophosphate  Process Chemical Industries, Kolkata, W.B., India 

Ethylenediaminetetraacetic acid (EDTA) Himedia Lab. Pvt. Ltd., Mumbai, Maharastra, India 

Fluorescein 5-isothiocyanate (FITC) Himedia Lab. Pvt. Ltd., Mumbai, Maharastra, India 

Fluconazole (FCZ) (gift sample) Regional Drugs Testing Laboratory, Guwahati, 

India. 

Formic acid Merck Life Sc. Pvt. Ltd., Mumbai, Maharastra, India 

Hydrochloric acid Merck Life Sc. Pvt. Ltd., Mumbai, Maharastra, India 

Lactose monohydrate Himedia Lab. Pvt. Ltd., Mumbai, Maharastra, India 

Methanol for HPLC Spectrochem Pvt. Ltd., Mumbai, Maharastra, India 

Milli-Q water Millipore Corp., Billerica, MA, USA 

Muscovite ruby mica sheet for AFM ASTM V1 grade ruby mica, Micafab, Chennai, India 

Poly-lactic-co-glycolic acid (MW 50,000-

75,000; lactide to glycolide ratio 85:15)  

Sigma-Aldrich Chemicals Pvt. Ltd., Bangalore, 

Karnataka, India. 

Polyvinyl alcohol (PVA, MW 1,25,000)  S.D. fine-chem. Ltd., Mumbai, Maharastra, India. 

Potassium hydrogen phosphate Process Chemical Industries, Kolkata, W.B., India 

Sodium Chloride Merck Life Sc. Pvt. Ltd., Mumbai, Maharastra, India 

Sodium hydroxide pellets Merck Life Sc. Pvt. Ltd., Mumbai, Maharastra, India 

Voriconazole (VRZ) (gift sample) Dr. Reddy's Laboratories Ltd., Hyderabad, India.  

Water for HPLC Merck Life Sc. Pvt. Ltd., Mumbai, Maharastra, India 
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Drug Profile: 

4.1.1  Voriconazole 

Brand Name Vfend 

Synonyms  (2R,3S)-2-(2,4-difluorophenyl)-3-(5-fluoro-4- 

pyrimidinyl)-1-(1H-1,2,4-triazol-1-yl)-2-butanol 

 (R-(R*,s*))-alpha-(2,4-difluorophenyl)-5-fluoro-beta-

methyl-alpha-(1H-1,2,4-triazol-1-ylmethyl)-4-

pyrimidineethanol 

 Voriconazol 

 Voriconazolum 

 VCZ 

Chemical Name (2R,3S)-2-(2,4-Difluorophenyl)-3-(5-fluoropyrimidin-4-yl)-1-

(1H-1,2,4-triazol-1-yl)butan-2-ol 

Molecular Weight 349.317 g/mol 

Empirical formula 
C16H14F3N5O 

Structural formula 

 
Physicochemical Profile 

Description White to light-colored solid powder 

Solubility 
Voriconazole has a low aqueous solubility (9.78e-02 g/L ), its 

maximum solubility being in acidic conditions (2.7mg/ml at 

pH 1.2) 

Soluble in  Acetone, Acetonitrile, Dimethyl sulfoxide, 

Methanol, Dichloromethane 

Melting Point 127-130 °C 

Dissociation Constant 0.42 μM 

Pharmaceutical Profile 

Ultraviolet spectrum Absorption maxima 256 nm 

Dosage form available Vfend [oral suspension (200mg/5mL); Injection, powder for 

reconstitution (200mg); tablets(50mg, 200mg)] 

Dosage and administration 6 mg/kg IV q12hr for first 24 hours, then 4 mg/kg IV q12hr or 

200 mg PO q12hr 

Side effects Visual disturbances, fever, rash, vomiting, nausea, diarrhea, 

headache, sepsis, peripheral edema, abdominal pain, and 

respiratory disorder.  

Pharmacokinetics 

Bioavailability Oral bioavailability 96% 

Elimination half life (hr) Approx. 6 h 

Volume of distribution (L) 2-4.6 L/kg 
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Protein Binding 58% 

Metabolism Hepatic cytochrome P450 (CYP) isoenzymes, CYP2C19, 

CYP2C9 and CYP3A4 

Excretion 80% by urine  

Storage Room temperature 

 

Excipients profile: 

4.1.2   Poly(lactic-co-glycolic acid) (PLGA) 

Chemical Name Poly(lactic-co-glycolic acid) 

Chemical formula [C3H4O2]x[C2H2O2]y 

CAS number 26780-50-7 

Grade lactide:glycolide 85:15 

Structural formula 

 
Molecular weight 50,000-75,000 

Physicochemical Profile 

Description amorphous 

Solubility Soluble in tetrahydrofuran, acetone, ethyl acetate and 

chlorinated solvents like dichloromethane, chloroform etc 

Melting Point 40-60 °C 

Transition Temperature 45-50 °C 

Viscosity 0.55-0.75 dL/g, 0.1 % (w/v) in chloroform(25 °C) 

Storage Store at 4-8˚C 

Safety FDA approved, biodegradable, bio compatible and non-toxic 

Functional category Biodegradable polymer 

Applications Biocompatible devices such as sutures, tissue scaffolds, and 

drug delivery vehicles 

 

  

https://www.sigmaaldrich.com/catalog/search?term=26780-50-7&interface=CAS%20No.&lang=en&region=US&focus=product
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4.1.3   Polyvinyl alcohol (PVA) 

Synonyms PVOH; Poly(Ethenol), Ethenol, homopolymer; PVA; PVAI; 

Polyviol; Vinol; Alvyl; Alcotex; Covol; Gelvatol; Lemol; Mowiol; 

Mowiflex, Alcotex, Elvanol, Gelvatol, Lemol, Mowiol, Nelfilcon A, 

Polyviol und Rhodoviol 

Trade name PVOH Polymers; Gohsenol; Kuraray Poval; Mowiol; Selvol; 

Polyviol; Sinopac 

 

Chemical name VINYL ALCOHOL; Ethenol; POLYVINYL ALCOHOL; 

Hydroxyethene; Hydroxyethylene; Ethenol, 

Chemical formula [CH2CH(OH)]n 

Structural formula 

 
Molecular weight 85,000-124,000 

Physicochemical Profile 

Solubility Soluble in water 

Melting point 230 °C and 180–190 °C for the fully hydrolyzed and partially 

hydrolyzed grades, respectively 

Description white (colorless) and odorless powder 

Synthesis PVA instead is prepared by first polymerizing vinyl acetate, and the 

resulting polyvinyl acetate is converted to the PVA. 

The conversion of the polyesters is usually conducted by base-

catalyzed trans-esterification with ethanol: 

[CH2CH(OAc)]n + C2H5OH → [CH2CH(OH)]n + C2H5OAc 

 

Storage To be kept in a tightly closed container and stored in a cool, dry, 

ventilated area 

Safety 

 

PVA is nontoxic. It biodegrades slowly, and solutions containing up 

to 5% PVA are nontoxic to fish 

Functional category Excellent film forming, emulsifying and adhesive 

Applications Emulsion polymerization aid; Injection moulding of soluble 

containers for active release of detergents and agrichemicals; Paper 

adhesive with boric acid in spiral tube winding and solid board 

production; Thickener, modifier, in polyvinyl acetate glues; 

Textile sizing agent; Paper coatings, release liner 
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4.1.4   Chitosan 

Synonyms Poliglusam; Deacetylchitin; Poly-(D)glucosamine; BC; Chitopearl; 

Chitopharm; Flonac; Kytex 

Chemical name Chitosan; Poliglusam; Deacetylchitin; Chicol; Flonac C; Flonac N  

Chemical formula C56H103N9O39 

Structural formula 

    
Molecular weight 1526.464 g/mol  

Physicochemical Profile 

Solubility Insoluble in water and organic solvent, soluble in dilute 

aqueous acidic solution (pH<6.5) using formic, acetic and propionic 

acids 

Synthesis Chitosan is produced commercially by deacetylation of chitin, which 

is the structural element in the exoskeleton of crustaceans (such as 

crabs and shrimp) and cell walls of fungi 

Safety 

 

chitosan has low oral toxicity and local tolerance potential 

supporting use in non-parenteral formulations 

Functional category Polymer  

Applications Development of hydrogel, nanomaterials, bioadhesives, and edible 

coatings. 

 

 

4.1.5    Fluorescein isothiocyanate (FITC) 

Synonyms FITC 

Chemical name Fluorescein isothiocyanate 

Chemical formula C21H11NO5S 

Structural formula 

 
Molecular weight 389.382 g/mol 

Physicochemical Profile 

Solubility Ethanol 

Melting point 359.5 °C 

Description FITC has excitation and emission spectrum peak wavelengths of 
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approximately 495 nm/519 nm,
[1]

 giving it a green color. 

Stability and storage The FITC is light-sensitive, and should be stored dry and in the dark 

at 2 °C to 8 °C  

Functional category Fluorochromes 

Applications Flow cytometry. 

 

4.1.6      Lactose mono hydrate 

Synonyms Milk sugar; 4-O-β-D-galactopyranosyl-D-glucose 

Chemical name β-D-galactopyranosyl-(1→4)-D-glucose 

Chemical formula C12H22O11 

Structural formula 

 
 

Molecular weight 342.30 g/mol 

Physicochemical Profile 

Solubility Soluble in water (19.5 g/100 mL) 

Melting point 202.8 °C 

Description White to yellowish, finely crystallized powder 

Synthesis Lactose is a disaccharide derived from the condensation of galactose 

and glucose, which form a β-1→4 glycosidic linkage 

Storage Stored at 15-25 °C 

Functional category Filler 

Applications Filler-binder or diluent in tablets and capsules 

 

 

  

https://en.wikipedia.org/wiki/Fluorescein_isothiocyanate#cite_note-spectra-1
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Table 4.2: List of Instruments, equipments and devices used 

Name of the instrument Manufacturer (Model no., Company, City, Country) 

Atomic force Microscopy (AFM) Dimension Icon, Bruker, Karlsruhe, Germany 

Bath Soniccator TRANS-O-SONIC, Mumbai, India 

Cold centrifuge Sigma Lab Centrifuge 3K30, Merrington Hall Farm, 

Shrewsbury, UK 

Confocal laser scanning 

microscope (CLSM) 

CLSM 510; Carl Zeiss, Jena, Germany 

Cryo TEM  Tecnai G2 Polara, D357 Twin, FEI Company, Eindhoven, 

Netherland 

Differential Scanning 

Calorimetry 

Differential scanning calorimeter, Jade DSC, Perkin Elmer, 

Japan 

Distillation apparatus  Sicco, Kolkata, India 

Eight-stage non-viable Andersen 

Cascade Impactor 

Model 20-800, Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

FESEM JEOL JSM‐7600F, Tokyo, Japan 

Freeze dryer Laboratory Freeze Dryer, Instrumentation India, Kolkata, India 

FTIR Spectroscopy Alpha E, Bruker Alpha, Ettlingen, Germany 

Gamma scintillation counter Electronic Corporation of India, Model LV4755, Hyderabad, 

India 

High Speed Homogenizer IKA Laboratory Equipment, Model T10B, Ultra- Turrax, 

Staufen, Germany 

HPLC column Agilent C18 column (4.6 mm × 250 mm, 5 μm) (Thermo 

Scientific™ Hypersil GOLD™, Waltham, MA, USA 

Incubator shaker Shaking incubator, KMC 8480SL, vision scientific co., 

Yuseong-Gu, Daejeon-Si, Korea  

Magnetic Stirrer Remi Equipments, Mumbai, India 

Particle size analyzer/ Malvern 

Zetasizer 

Malvern Zetasizer, Nano-ZS 90, Malvern Instruments, Malvern, 

UK 

pH meter  Mettler Toledo, Gmblt, Switzerland 
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Refrigerated centrifuge Z 32 HK, Hermle refrigerated centrifuge, Wehingen, 

Deutschland 

Rotary vacuum evaporator  Superfit, Rotavac, model- PBU-6, Mumbai, India 

RP-HPLC system Dionex Ultimate 3000 RP-HPLC system (Dionex, Idstein, 

Germany 

TEM JEM 2100; JEOL, Tokyo, Japan 

Ultra–freezer So-Low, Environmental Equipment, Ohio, USA 

UV-VIS Spectrophotometer Advanced Microprocessor UV-VIS Single Beam, Intech-295, 

AP, India 

Weighing balance Sartorius, GD103 and GE8121, Gottingen, Germany 

 

Table 4.3: Animals used in the study 

 

Animals Source 

Swiss Albino mice M/s. Chakraborty Enterprise, 3/1D, Girish Vidyaratna Lane, 

Narikeldanga, Kolkata-700 011, West Bengal 

1443/PO/Bt/S/11/CPCSEA 

Saha Enterprise, 386/2, Nilachal Birati, Kolkata – 700 051, West 

Bengal 

1828/Po/Bt/S/15/CPCSEA 

Sprague–Dawley Rats Indian Institute of Chemical Biology, 4, Raja S.C. Mullick Road, 

Jadavpur, Calcutta - 700 032, West Bengal 

147/GO/ReBi/S/99/CPCSEA 

 

Table 4.4: Softwares used in the study 

 

Softwares used Source 

GraphPad Prism
TM

 (version 5.0) software  California, USA 

Kinetica software version 5.0 Thermo Scientific, Waltham, MA USA 

ImageJ  Maryland, USA, 

WinNonlin Pro  Pharsight Corp, Mountain View, CA 
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5. Methodology 

5.1   Determination of absorption maxima (λmax) of Voriconazole 

Absorption maxima of voriconazole were measured in three different media, such as 

phosphate buffer saline (PBS), pH 7.4; simulated lung fluid (SLF), pH 7.4; and in a mixture of 

acetonitrile: water (1:1). Briefly, 10 mg of drug was accurately weighed on a digital balance 

(Sartorius, Göttingen, Germany) and dissolved in 10 ml PBS in a volumetric flask to produce a 

1000 μg/ml solution. This solution was diluted 100 times with the same media to produce of 10 

μg/ml solution concentration. This drug solution was scanned in the wavelength from 200 nm to 

400 nm using PBS as blank solvent. The same process was repeated using a mixture of 

acetonitrile: water (1:1) and SLF as solvents. PBS and SLF was used as medium for drug release 

study and acetonitrile-water mixture was taken as medium for drug loading study. 

5.2   Development of calibration curve for Voriconazole in acetonitrile: water mixture (1:1)  

Accurately 10 mg of drug was weighed using a digital balance and taken in a volumetric 

flask of 10 ml capacity. The previously prepared mixture of acetonitrile and water in the ratio of 

1:1 was added into the volumetric flask up to 10 ml mark. The flask was shaken well for proper 

dissolution of drug. This solution was 100 times diluted with the same media to prepare stock 

solution of Voriconazole having concentration of 10 μg/ml. From the stock solution of drug 5 

solutions of different concentrations were prepared. Absorbance of the above solutions was 

determined against acetonitrile:water (1:1) as blank at a wavelength of 255 nm. 

5.3   Development of calibration curve for Voriconazole in PBS and SLF 

About 10 mg of drug was accurately weighed using a digital balance and taken in a 

volumetric flask of 10 ml capacity. The previously prepared PBS, pH 7.4 (Martin et al., 2006) or 

SLF, pH 7.4 (Marques et al., 2011) was added into the volumetric flask up to 10 ml mark. The 

flask was shaken well for proper dissolution of drug. This solution was 100 times diluted with 

the same media to prepare stock solution of voriconazole having concentration of 10 μg/ml in 

respective media. From the stock solution of drug 5 solutions of different concentrations were 

prepared. Absorbance of the above solutions was determined against PBS or SLF as blank at a 

wavelength of 255 nm. 
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5.4   Fourier transform infrared (FTIR) spectroscopy 

In FTIR spectroscopic study, voriconazole and all the individual excipients such as 

PLGA, PVA, chitosan and their physical mixtures, and lyophilized formulations were scanned in 

an inert atmosphere over a wave number range of 4000-400 cm
-1

 in FTIR spectrophotometer 

(Alpha E, Bruker Alpha, Ettlingen, Germany). 

5.5   Preparation of non-coated PLGA nanoparticles containing voriconazole 

Multiple emulsion solvent evaporation technique was employed for the preparation of 

both non-coated PLGA nanoparticles (Figure 5.1) and chitosan-coated PLGA nanoparticles 

(Figure 5.2), with some modifications (Pattnaik et al., 2012). Briefly, non-coated nanoparticles 

were prepared by solubilizing approximately 250 mg of PLGA in 4 mL of organic phase 

containing DCM and acetone (4:1, w/w ratio). Aqueous PVA solutions, 1.5% (w/v) and 2.5% 

(w/v), were prepared previously.  

 

Figure 5.1: Preparation of PLGA nanoparticles by multiple emulsion solvent evaporation 

method 

The organic polymeric solution containing voriconazole was emulsified quickly with 

drop-wise gradual addition of 1.5 mL of 2.5% PVA solution, and continous homogenization for 

4 min using a high speed homogenizer at 20,000 rpm (IKA Laboratory Equipment, Model T10B, 

Ultra-Turrax, Staufen, Germany). The water-in-oil emulsion (primary emulsion) was quickly 

added to 75 mL of 1.5% PVA solution and homogenized for about 8 min at 20,000 rpm to get 

secondary emulsion. The emulsion thus obtained was kept in a bath-sonicator for 10 to 15 min to 
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break the large globules and then stirred on a magnetic stirrer overnight without heating for 

complete removal of organic solvents used to dissolve the polymer. The organic phase was 

allowed to diffuse out and evaporated to get homogenous nanoparticles. While nanoparticles 

were hardening, the particles suspension was kept on a bath sonicator (Trans-O-sonic, Mumbai, 

India) for about 45 min to break the agglomerates, if any.  Then the particles were separated by 

centrifugation at 3000 rpm and 16000 rpm in a refrigerated centrifuge (Hermle refrigerated 

centrifuge, Wehingen, Deutschland) and washed twice with double distilled water to remove the 

excess of PVA and kept in petridish in an ultra–freezer (So-Low, Environmental Equipment, 

Ohio, USA). After that, the frozen sample was lyophilized in a freeze dryer (Laboratory Freeze 

Dryer, Instrumentation India, Kolkata, India).  

5.6   Preparation of chitosan-coated PLGA nanoparticles containing voriconazole 

Chitosan-coated PLGA nanoparticles of voriconazole was prepared using the above-

mentioned method with the modification in the following steps. Required amount of chitosan 

(Table 5.1) was dissolved in 1.5% (w/v) PVA solution with pH adjusted at 3.0 using 0.1M HCl 

solution. The primary emulsion was homogenized in 75 mL of the chitosan in 1.5% PVA 

solution for 8 min to get multiple emulsion followed by adjustment of pH from 3.0 to 9.0 by 

addition of NaOH solution. The various composition of the nanoparticle batches are also 

mentioned in Table 5.1. 

 

Figure 5.2: Preparation of chitosan coated PLGA nanoparticles by multiple emulsion solvent 

evaporation method 
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Table 5.1: Formulation composition and process parameters for preparation of optimized 

formulations 

Code Drug: PLGA: Chitosan 

(mg:mg:mg) 

Homogenization 

speed (RPM) 

Stabilizer
#
 Sonication 

time (min) 

P-Blank 0: 100: 0 20000 PVA* 10 

PC-Blank 0: 100: 80 20000 PVA 10 

P1 100: 108: 0 16000 PVA 10 

P2 101:108: 80 16000 PVA 10 

P3 100: 107: 40 16000 PVA 10 

P4 100: 105: 20 16000 PVA 10 

P5 250: 254: 0 20000 PVA 15 

P6 250: 257: 100 20000 PVA 15 

P7 250: 254: 0 25000 PVA 10 

P5-FITC 250: 254: 0 20000 PVA 15 

P6-FITC 250: 257: 100 20000 PVA 15 

*PVA, polyvinyl alchohol; 
#
Stabilizer: 2.5% and 1.5% aqueous PVA solution 

5.7   Preparation of FITC containing nanoparticles 

The FITC containing non-coated and chitosan-coated nanoparticles were prepared using 

the same processes described above except the incorporation of 100 μL of FITC solution into the 

organic phase containing polymer and drug before homogenization. FITC solution (0.4% w/v) 

was prepared in absolute alchohol. 

5.8   Drug loading (%) and entrapment efficiency (%) 

For the determination of %drug loading, 2 mg of lyophilized NPs (accurately weighed) 

was solubilized in 2 mL of acetonitrile and water (50:50 v/v). The formed solution was kept for 

maximum 4 h in an incubator shaker (Somax Incubator Shaker; Shenjhen Pango Electronic Co. 

Ltd., Shenzhen, China) and then centrifuged at 16,000 rpm for 15 min in a refrigerated centrifuge 

and the supernatant was suitably diluted with the same solvent mixture and analyzed 

spectrophotometrically at the corresponding λmax of 255 nm using nanoparticles (without drug) in 

the same solvent mixture as blank (Sinha et al., 2013). 
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Drug loading was determined as follows (Maji et al., 2014; Seju et al., 2011): 

 

 

Drug entrapment efficiency was calculated as follows (Das et al., 2015; Ochiuz et al., 2016):  

 

 

5.9   Characterization of nanoparticles 

5.9.1   Particle size distribution and zeta potential 

The average particle size and zeta potential values of all the experimental formulations 

were measured using Malvern Zetasizer Nano-ZS 90 (Malvern Instruments, Malvern, UK) 

utilizing dynamic light scattering technique
 
(Satapathy et al., 2016). A weighed quantity of the 

experimental sample was dispersed in Milli-Q water (Millipore Corp., Billerica, MA, USA) 

followed by sonicating and vortexing before placing it in the cuvette for particle size and zeta 

potential measurement (Das et al., 2015; Maji  et al., 2014). 

5.9.2   Field emission scanning electron microscope (FESEM) 

Particle morphology was assessed by FESEM (JEOL JSM‐7600F, Tokyo, Japan). The 

lyophilized particles were placed on a carbon tabs mounted on SEM specimen stubs. The 

specimen stubs were coated with gold of 4 nm thickness by ion sputtering device (Au5 Quorum, 

Q150TES) and was operated at 15-20 kV accelerating voltage.  

5.9.3   Cryogenic-transmission electron microscopy (Cryo-TEM) 

Carbon coated copper grid (300#) (Ted Pella Inc., USA) was glow-discharged (Pelco 

easiglow, Ted Pella Inc., CA, USA) for 30 s to remove dust particles or contamination if any 

(Shaw et al., 2017; Helvig et al., 2015). Chitosan-coated PLGA nanoparticles and non-coated 

PLGA nanoparticles were dispersed in doubled distilled water and the dispersion was spread on 

glow-discharged grid and plunge-frozen in liquid ethane using Vitrobot (Vitrobot Mark IV, FEI, 

Eindhoven, Netherlands). Grids were transferred to a cryoholder containing liquid ethane in 

    Amount of drug in nanoparticles  
Drug loading (actual) (%) =  

    Amount of nanoparticles obtained 
× 100 

                Drug loading (actual) (%) 

Drug entrapment efficiency (%) =     

             Drug loading (theoretical) (%) 

× 100 
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liquid nitrogen and the samples on the grids were visualized in Tecnai G2 Polara (D357 Twin, 

FEI Company, Eindhoven, Netherland) equipped with 300 kV field emission gun (FEG). Images 

were collected at 82600× magnification with an underfocus of 4.5 μm. Images were captured on 

a BM-Eagle 4 k × 4 k charged coupled device camera (FEI Company, Eindhoven, Netherlands) 

unbinned with a final pixel size of 1.89 Å.  

5.9.4   Transmission electron microscopy (TEM) 

For TEM measurements, 10 μL of lyophillized nanoparticles in water were carefully 

placed on a 300-mesh carbon-coated copper TEM grid (Ted Pella Inc., Redding, CA, USA). The 

excess solution on the grid was removed using a piece of fine-filter paper, and the samples were 

allowed to air-dry for 10 h prior to imaging the particles under TEM (JEM 2100; JEOL, Tokyo, 

Japan) (Roy et al., 2014). 

5.9.5   Atomic force microscopy (AFM) 

The samples were dispersed in Milli-Q water using brief vortexing and sonication. One 

drop of sample was placed in a glass slide and dried in a vacuum dryer. The morphology and 

particle size were analyzed by AFM (Dimension Icon, Bruker, Karlsruhe, Germany) under 

ambient conditions by mode PeakForce QNM (Quantitative NanoMechanical mapping) using 

silicon nitride probe having a resonance frequency 150-350 kHz and a force constant 0.4 N/m. 

5.10   In vitro drug release and drug release kinetics study 

In vitro drug release study was carried out in PBS, pH 7.4 (Parikh and Dalwadi, 2014; 

Zhang et al., 2016) and in SLF, pH 7.4, respectively, (Das et al., 2015; Parikh and Dalwadi, 

2014) for 8 days. The studies were performed with non-coated and chitosan-coated 

nanoparticles. Briefly, nanoparticles were weighed (triplicate for each type of formulation) 

accurately 2 mg and taken in 2 mL microcentrifuge tube. Drug release media (2 mL) was added 

in each tube and shaken briefly and the time was considered as zero. The tubes were kept in an 

incubator shaker at 37ºC with shaking (20 rpm). Samples were taken at predetermined time 

points and centrifuged at 16000 rpm for 10 min. The supernatant (2 mL) was withdrawn and 2 

mL fresh media was added and the tubes were kept in shaker incubator for next time point (Das 

et al. 2015; Maji et al., 2014). The supernatant was analysed by UV-Vis spectroscopy with 

proper dilution (if required), at 255 nm. The drug release data were plotted as cumulative 
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percentage of drug released against time (h) for both non-coated and coated PLGA nanoparticles 

(Ochiuz et al., 2016). 

In order to predict and correlate the behavior of the in vitro voriconazole release from 

both the non-coated and coated nanoparticles studied, suitable mathematical models were used. 

Thus, the experimental data obtained from in vitro drug release experiments of voriconazole-

loaded non-coated and chitosan-coated nanoparticles were investigated using five conventional 

models: zero-order, first-order, Higuchi, Hixson–Crowell and Korsmeyer-Peppas models 

(Pattnaik et al., 2012; Dash et al., 2010). 

5.11   Determination of mass median aerodynamic diameter (MMAD) and geometric 

standard deviation (GSD) using an eight-stage non-viable Anderson cascade impactor 

The cascade impactor device is designed as a replacement for the human respiratory tract 

to collect and separate particulate matter according to its aerodynamic size, shape, density and all 

other physical properties (Figure 5.3).  

 

Figure 5.3: Result from Cascade Impactor apparatus simulates the human respiratory system 

(https://tisch-env.com/wp-content/uploads/2015/06/TE-20-800-Non-viable-Cascade-

Impactor.pdf) 
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MMAD is defined as the average diameter under which 50% of the particles remain. This 

study was performed to determine MMAD and GSD. Weighed amount of nanoparticle was 

blended with micronized lactose (1:3 w/w) ratio and introduced into an eight-stage non-viable 

Anderson cascade impactor (Model 20-800, Thermo Fischer Scientific, Waltham, Massachusetts, 

USA). After that, the plates were accumulated and weighed. MMAD and GSD were calculated 

from the deposited particles using the MMAD calculator for Anderson apparatus at a flow rate of 

28.3 L/min (Sinha et al., 2013).  

5.12  In vivo deposition of nanoparticles in the lungs of mice using nose-only inhalation 

chamber and fabricated dry powder inhaler (DPI)  

The experimental animals were divided into two groups for three time points study (1 h, 8 

h and 24 h) and each group had three animals. FITC loaded nanoparticles of each type were 

weighed (50 mg) and mixed with 150 mg of microfine lactose. The powder blend was placed 

inside the fluidization chamber and dosed in the nose-only inhalation chamber all at once. After 

the completion of dosing, the animals were sacrificed at the pre-designated time points (1 h, 8 h 

and 24 h) and lungs were removed, washed, and fixed with formalin solution, and embedded in 

paraffin blocks by the conventional method (Sinha et al., 2013). The tissue sections were 

observed under a confocal laser scanning microscope (CLSM) (LSM 510; Carl Zeiss, Jena, 

Germany) at an excitation wavelength of 494 nm and emission wavelength of 521 nm to observe 

the distribution of FITC tagged nanoparticles and images were captured at suitable 

magnification. The images were finally analysed and total fluorescence intensity of each lung 

tissue was determined (integrated density, ID) using ImageJ software (Rasband WS, ImageJ, U. 

S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997–

2015). The background was obtained by measuring the fluorescence intensity of the regions out 

of the tissues. The corrected total cell fluorescence (CTCF) was then determined by subtracting 

the background from the integrated density (CTCF = ID– (Area of selected cell x Mean 

fluorescence of background readings) (Stefančíková et al., 2014). 
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5.13   High performance liquid chromatography (HPLC) 

The concentration of voriconazole in blood at different time points after the pulmonary 

administration was measured by Dionex Ultimate 3000 RP-HPLC system (Dionex, Idstein, 

Germany), equipped with an Agilent C18 column (4.6 mm × 250 mm, 5 μm) (Thermo 

Scientific™ Hypersil GOLD™, Waltham, MA, USA). The injection volume was 20 μL. The 

mobile phase for the chromatographic separation composed of acetonitrile–water–formic acid 

(60:40:0.05) (v/v/v) was filtered before using it isocratically at room temperature at a flow rate of 

1 mL/min, and voriconazole was detected by UV detector at 254 nm (Das et al., 2015). 

For calibration curve, pooled plasma was thawed at room temperature, plasma (90 µL), internal 

standard solution (fluconazole) (10 µL), calibrator solution (10 µL) and acetonitrile (890 µL) 

were pipetted into respective microcentrifuge tubes and capped. The tubes were vortexed for 20 

minutes and the centrifuged for 10 min at 10,000 rpm. The supernatant was filtered through 0.45 

µm syringe filter (chromatography syringe filter, Cole-Parmer, Mumbai, India) and transferred to 

a microcentrifuge tube. The samples (20 µL in each case) were injected into the system. Peak 

height measurements were analyzed to obtain the ratio of voriconazole versus fluconazole 

(internal standard). The ratios of voriconazole versus fluconazole were used to establish a 

calibration curve and to quantify voriconazole from the calibration curve. Test samples or 

controls were prepared by transferring 90 µL of test or control plasma into a respective 

microcentrifuge tubes, 10 µL of internal standard solution was then added to each tube followed 

by 900 µL of acetonitrile. The tubes were capped and processed in the same manner as 

calibrators. 

The different lung lobes were thawed and the lung tissues were homogenized separately 

with the addition of normal saline (1:4, tissue:normal saline) for 2 min. To the lung homogenate 

(90 µL), 400 μL of acetonitrile was added, followed by vortexing for 20 min. Internal standard 

fluconazole 10 μL (2500 μg/mL) was then mixed with it. The samples were then centrifuged in a 

cold centrifuge at 4°C at 10000 rpm for 10 min. The supernatant was then filtered through 0.45 

µm syringe filter and the filtrate was injected (20 μL) into the column. The drug content was 

calculated from the calibration curve developed in the same way within the concentration range 

0.1562 to 10.00 µg/mL. 
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5.14   Pharmacokinetics and lung lobe distribution study 

All the animal studies were approved by Institutional Animal Ethics Committee (IAEC), 

Jadavpur University. The studies were performed in male Swiss albino mice weighing about 20–

25 g. The mice were fasted overnight before experimentation and were accessed to water ad 

libitum. 

Free drug voriconazole, coated and non-coated PLGA nanoparticles (50 mg) mixed with 

microfine lactose monohydrate (150 mg) were administered to mice through the pulmonary route 

using nose-only inhalation chamber and dry powder inhaler (Sinha and Mukherjee, 2012). After 

complete dosing (taken as zero time), blood samples and lungs were collected at 1, 3, 6, 24, 48 h 

post inhalation. Lung lobes were collected separately and marked as left lobe, cranial lobe, 

middle lobe, accessory lobe, and caudal lobe and were stored at −80°C until further use. 

At each time point, blood (~1 ml) from three mice from each group was collected via terminal 

cardiac puncture following deep anesthesia using chloroform. Ethylenediaminetetraacetic acid 

(EDTA) (2 mg) was added to each tube, as an anticoagulant. The blood sample was mixed with 

EDTA and centrifuged at 5000 rpm for 5 min at 4°C for separation of plasma. Plasma sample 

was stored at -20°C until analyzed. 

The voriconazole plasma concentration–time data were analyzed by standard non-

compartmental methods using the program WinNonlin Pro (Pharsight Corp, Mountain View, 

CA) (Reddy and Murthy, 2004; Ma et al., 2012; Kan et al., 2014; Kudgus et al., 2014).  

5.15   Gamma scintigraphy 

Gamma imaging was performed for mice after administering Technetium-99m (Tc-99m) 

labeled PLGA nanoparticles containing voriconazole formulation (Tc-99m-P5) and chitosan 

coated PLGA nanoparticles containing voriconazole (Tc-99m-P6). They had 200 microcurie of 

radioactivity and administered through pulmonary route. The animals were anesthetized by 

ketamine hydrochloride prior to imaging. Mice were fixed on a wooden board and imaging was 

performed on a planar gamma camera (GE Infinia Gamma Camera equipped with Xeleris 

Workstation, GE, Cleveland, OH, USA) at 3 h and 6 h after administration. 
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5.16   Biodistribution study  

The biodistribution of the radiolabeled nanoparticles was investigated in male Sprague 

Dawley rats weighing between 250-300 g. Tc-99m-P5 and Tc-99m-P6 were administered as 

previously for gamma scintigraphy.   Rats were sacrificed at 3 and 6 h post-injection, the organs 

and tissues (heart, lung, liver, kidneys, spleen, stomach, intestine, muscle etc.) were collected 

and then weighed after washing them with normal saline and drying briefly by blotting paper 

(wherever applicable), and the corresponding radioactivity was measured using well-type γ-

scintillation counter along with an injection standard. The results were expressed as percent 

injected dose/g of tissue/ organ (%ID). 
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6. Results 

6.1   Determination of absorption maxima (λmax) of Voriconazole 

The absorption maxima for voriconazole was found to be 255.0 nm in all media such as 

acetonitile-water mixture, PBS or SLF (Figure 6.1). Thus, this value was selected for further 

analysis. 

 

Figure 6.1: Absorption maxima of voriconazole in acetonitrile water mixture (1:1) showing  

λmax at 255.0 nm 

 

The absorbance and standard deviation of voriconazole in acetonitrile water mixture (1:1) 

are given in Table 6.1. From the plot of Absorbance on Y-axis vs. concentration on X-axis 

(Figure 6.2), the correlation coefficient (R
2
) value was found to be 0.998.  

 

Table 6.1: Result of linearity data of Voriconazole in acetonitrile water mixture (1:1) 

Concentration (μg/ml) Absorbance (n=3) 

Absorbance Standard deviation (SD) 

0 0 0 

2 0.047 0.002 

5 0.127 0.018 

10 0.242 0.040 

15 0.337 0.002 

20 0.449 0.016 

25 0.559 0.020 

30 0.674 0.027 

40 0.890 0.019 
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Figure 6.2: Calibration curve of Voriconazole in acetonitrile:water mixture (1:1) showing R
2
 

value 
 

The absorbance values and standard deviation of voriconazole in SLF are given in Table 

6.2. From the plot of Absorbance on Y-axis vs. concentration on X-axis (Figure 6.3), the 

correlation coefficient (R
2
) value was found to be 0.995 

 

Table 6.2: Result of linearity data of Voriconazole in simulated lung fluid (SLF) 

 

Concentration (μg/ml) Absorbance (n=3) 

 

Absorbance Standard deviation (SD) 
0 0 0 

2 0.056 0.005 

4 0.1 0.004 

6 0.165 0.001 

8 0.219 0.004 

10 0.233 0.009 

15 0.337 0.006 

20 0.474 0.004 

25 0.597 0.012 
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Figure 6.3: Calibration curve of Voriconazole in simulated lung fluid, pH 7.4 (SLF) 

 

The absorbance values and standard deviation of voriconazole in PBS are given in Table 

6.3. From the plot of absorbance on Y-axis vs. concentration on X-axis (Figure 6.4), the 

correlation coefficient (R
2
) value was found to be 0.998.  

 

Table 6.3: Result of linearity data of Voriconazole in phosphate buffer saline (PBS) 

 

Concentration (μg/ml) Absorbance (n=3) 

Absorbance Standard deviation (SD) 

0 0 0 

1 0.042 0.002 

2 0.055 0.001 

4 0.112 0.001 

6 0.144 0.002 

10 0.248 0.001 

15 0.358 0.001 

20 0.456 0.002 

25 0.596 0.002 

30 0.720 0.001 
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Figure 6.4: Calibration curve of Voriconazole in phosphate buffer saline, pH 7.4 (PBS) 

6.2   Preformulation study 

6.2.1   Investigation of drug-excipients interaction 

Figure 6.5 shows the FTIR spectra of voriconazole, each of the excipients, mixture of 

voriconazole with PLGA, PVA and/or chitosan and a mixture of the polymers, respectively. The 

FTIR spectra of pure voriconazole, mixture of drug with the polymers and the lyophilized 

formulations with or without drug show that the characteristic peaks (C-N, C-F, and C-C 

stretching bands at 3190.86–3117.54, 1498.31–1452.41, and 1586.96–1452.41 cm
−1

, 

respectively) of the drug were present (Das et al., 2015; Kumirska et al., 2010).  

The shifting of the following peaks of chitosan while in the physical mixture with the 

drug and the polymers from 652 to 657 cm
−1 

and 605 to 606 cm
−1 

might be due to medium 

intensity stretching of C-H and C-H bending and ring puckering, C-H deformation and O-H 

bending (out of plane), respectively, from 1697 to 1693 cm
−1 

for C=O stretching and from 1082 

to 1086 cm
−1 

for C-N medium intensity stretching and C-O stretching (Shaw et al., 2017). In the 

FTIR spectrum of PLGA, sharp peaks at 3589.45 – 3643.84 cm
−1 

for –OH (free) and of 2995.43–

2946.79 cm
−1 

for C-H stretching were observed as the typical bands of PLGA. The ester C-O 

stretching band of PLGA was observed at 1748.61 cm
−1

. The main bands appearing in that 

spectrum were due to stretching vibrations of OH groups in the range from 3750 cm
−1 

to 2900 

cm
−1

, which were overlapped to the stretching vibration of N-H; and C–H bond in –CH2 (2918 
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cm
−1

) and –CH3 (2852 cm
−1

) groups, respectively. In the FTIR spectrum of chitosan, the band 

located near 1146 cm
−1 

is related to asymmetric vibrations of CO in the oxygen bridge resulting 

from deacetylation of chitosan. The small peak at ~890 cm
−1 

corresponds to wagging of the 

saccharide structure of chitosan (Darder et al. 2003; Paluszkiewicz et al., 2011; Yuan et al., 

2010; Silva et al., 2012). Thus, from this it can be concluded that there is no chemical interaction 

seen between the drug and the excipients. 

 

Figure 6.5: FTIR spectroscopy studies of individual components, physical mixture, and 

nanoparticle formulations 
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6.3   Characterization of nanoparticles 

6.3.1   Particle size distribution and zeta potential by dynamic light scattering (DLS) 

analysis 

The average particle size and zeta potential values of the experimental formulations are 

given in Table 6.4. The data (Figure 6.6) revealed that most of the particles had an average 

particle size of 154.6 nm and 277 nm with zeta potential value of -14.8 mV and +39.1 mV for 

non-coated and coated nanoparticles, respectively. 

 

Table 6.4: Formulation characteristics such as % drug loading, encapsulation efficiency, average 

particle size and zeta potential values for the optimized PLGA formulation without chitosan 

coating (P5) and with chitosan coating (P6)  

Formulation 

code 
% Drug loading 

% Encapsulation 

efficiency 

Average particle 

size (nm) 

Zeta potential 

(mV) 

P5 35.62±0.135 71.24 154.6 -14.8 

P6 28.57±3.704 68.57 277 31.9 

 

 

 

Figure 6.6: Particle size distributions and zeta potential data. (A) Particle size distribution graph 

of non-coated PLGA nanoparticles; (B) Particle size distribution graph of chitosan-coated PLGA 

nanoparticles; (C) Zeta potential graph of non-coated PLGA nanoparticles; (D) Zeta potential 

graph of chitosan-coated PLGA nanoparticles 
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6.3.2   Determination of drug loading and entrapment efficiency 

The drug loading values were expressed by the quantity of voriconazole encapsulated in 

the formulations and the drug entrapment efficiency was associated with the percentage of 

voriconazole encapsulated with respect to theoritical voriconazole loading in a particular 

formulation (Das et al., 2015; Shaw et al., 2017). The percentage values of drug loading of non-

coated and coated nanoaprticles were 35.62 ± 0.135% and 28.57 ± 3.704 % with the drug loading 

efficiency values of 71.24% and 68.57%, respectively (Table 6.4).  

6.3.3   Surface morphology 

FESEM images revealed that experimental formulations were spherical in shape (Figure 

6.7). Figure 6.7(A-D) shows particles were in submicron range. Thus the later experiments were 

performed with the optimised non-coated formulation (P5) and chitosan coated formulation (P6).  

In formulations P5, most of the particles were below 500 nm (Figure 6.7E) in size and the 

particles of the formulation P6 (Figure 6.7F) were little bit larger than those of non-coated 

formulation.  

 

But the surface coating was not distinguished properly by FESEM data. The surface 

coating of chitosan onto the PLGA nanoparticles were confirmed by Cryo-TEM images (Figure 

6.8A-B) and TEM image (Figure 6.9A-D). The particles of non-coated formulation were smooth 

in surface (Figure 6.8A-B). The AFM images of non-coated (P5) and coated (P6) nanoparticles 

have been shown in Figure 6.10A and Figure 6.10B, respectively. AFM image shows that the 

particles of both the formulations were purely spherical in shape and the surface was coated in 

case of chitosan coated nanoparticles. Amount of chitosan coated in the formulation was 

determined by subtracting the weight of uncoated lyophilized drug loaded nanoparticles from the 

weight of chitosan coated lyophilized drug loaded nanoparticles, and the amount of chitosan was 

determined to be 13.89±1.94% of the uncoated lyophilized drug loaded nanoparticles. The size 

of nanoparticles was in nano-grade. The sphere-like particles were 150-300 nm in diameter. 
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Figure 6.7: Field Emission Scanning Electron Microscopic images of non-coated PLGA 

nanoparticles and chitosan-coated PLGA nanoparticles. A) Formulation P1; (B) Formulation P2; 

(C) Formulation P3; (D) Formulation P4; (E) Formulation P5; (F)  Formulation P6 
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Figure 6.8: Cryogenic Transmission Electron Microscopic images of (A, B) non-coated PLGA 

nanoparticles (formulation P5) and (C, D) chitosan-coated PLGA nanoparticles (formulation P6) 

 

     

Figure 6.9: Transmission Electron Microscopic image of (A) non-coated PLGA nanoparticles 

(Formulation P5) and (B) chitosan-coated PLGA nanoparticles (Formulation P6) 
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C D 
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Figure 6.10: Atomic force microscopic image of (A) non-coated PLGA nanoparticles 

(Formulation P5) and (B) chitosan-coated PLGA nanoparticles (Formulation P6) 

 

6.4    In vitro drug release study 

Both the experimental formulations had more or less similar drug release pattern in 

phosphate buffer saline (PBS), pH 7.4 up to 21 days (Figure 6.11A). The drug released from the 

experimental formulations initially at a faster rate up to 24 h and then at a slower rate in a 

sustained manner up to 8 days (After 8 days no significant increase in the percentage cumulative 

drug release was seen). 

 

A B 
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Figure 6.11: Release profiles of voriconazole from non-coated PLGA nanoparticles (P5) and 

chitosan-coated PLGA nanoparticles (P6) in (A) phosphate buffer saline (pH 7.4) and (B) 

simulated lung fluid (pH 7.4) 

 

It shows that at first 30 min about 25% of the drug released from the optimized uncoated 

nanoparticles, where as the data for the optimized chitosan coated nanoparticles was less (16%). 

The drug released in a similar sustained manner after 24 h of release from both the formulation. 

After 8 days, 74.76% and 68.12% of drug released from P5 and P6, respectively in PBS. 

A distinct difference was observed for drug released in simulated lung fluid, pH 7.4 (Figure 

6.11B). For non-coated nanoparticles, 54% of drug was released at 6 h, but in chitosan coated 

nanoparticles drug released 70% and at day 5, drug release values were 64% and 81% from non-

coated and coated nanoparticles, respectively.  

6.5   Drug release kinetics study 

The drug release kinetic revealed that the drug release followed the Korsmeyer–Peppas 

kinetic model (R² = 0.719 and 0.896 for P5 and P6 in PBS; and 0.835 and 0.801 for P5 and P6 in 

SLF, respectively) (Table 6.5). The release of drug from the particles followed non-Fickian 

diffusion kinetics, as depicted from the release component value. 
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Table 6.5: Drug release kinetics of different formulations 

In vitro Release 

Kinetics Model 

Phosphate buffer saline, pH 7.4 Simulated lung fluid, pH 7.4 

Formulation P5 Formulation P6 Formulation P5 Formulation P6 

Zero order 
y = 0.055x + 56.27 

R² = 0.307 

y = 0.232x + 39.40 

R² = 0.482 

Y=0.236x+43.27 

R² =0.509 

Y=0.321x+55.83 

R² =0.485 

First order 
y = -0.001x + 1.647 

R² = 0.417 

y = -0.002x + 1.766 

R² = 0.597 

Y=0.002x+1.745 

R² =0.591 

Y=-0.004x+1.617 

R² =0.653 

Higuchi 
y = 2.77x +46.26  

R² = 0.513 

y = 4.038x +29.70 

R² = 0.721 

Y=3.113x+37.12 

R² =0.695 

Y=4.25x+47.39 

R² =0.669 

Korsmeyer-

Peppas 

y = 0.150x + 1.605 

R² = 0.719 

n=0.150 

y = 0.195x + 1.479 

R² = 0.896 

n=0.195 

Y=0.150x+1.545 

R² =0.835 

n=0.150 

Y=0.164x+1.643 

R² =0.801 

n=0.164 

Hixon-Crowell 
y = -0.004x + 3.562 

R² = 0.381 

y = -0.006x + 3.895 

R² = 0.558 

Y=-0.005x+ 3.826 

R² =0.564 

Y=-0.010x+3.485 

R² =0.598 

 

6.6   Determination of mass median aerodynamic diameter (MMAD) and geometric 

standard deviation (GSD) using an eight-stage nonviable Anderson cascade impactor 

Cascade impactor scenario of the non-coated (P5) and chitosan-coated (P6) PLGA 

nanoparticles are shown in Figure 6.12. P5 and P6 had the highest particle retention in stage 5 

and lowest particle deposition at stage 8 of the impactor. The particles were deposited less than 

10% in stage 0-2, 6-7. Stage 3 and stage 4 showed particle deposition above 10% but below 20 

%; whereas only stage 5 showed particle deposition above 20%. MMAD and GSD of P5 (non-

coated) and P6 (chitosan-coated) were calculated to be 2.46 μm and 2.15 (for P5), and 2.8 μm 

and 3.04 (for P6), respectively. 

Particle size below 5 µ was considered as fine fraction (Mitchell and Roberts, 2013). Fine 

powder fraction of non-coated (P5) and chitosan coated (P6) nanoparticles from cascade 

impactor device were 0.6676 and 0.5747, respectively. Emitted dose percent of non-coated (P5) 

and chitosan coated (P6) nanoparticles were calculated excluding the total loss during the 

delivery to cascade impactor device. The values were 11.67% and 9.96%, respectively. 
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Figure 6.12:  In vitro deposition of P5 and P6 from Anderson cascade impactor (data as mean ± 

SD, n = 3) 

6.7   In vivo deposition of nanoparticles in the lungs of mice using nose-only inhalation 

chamber and fabricated dry powder inhaler (DPI)  

In vivo deposition of FITC nanoparticles coated and non-coated types in the lungs have 

been confirmed by confocal images taken at 1 h, 8 h and 24 h during the experiment. Figure 

6.13 (A-B) revealed that NPs penetrated into the lung tissue cell membrane and were distributed 

uniformly in the alveoli. In addition, the green fluorescent intensity in the cells augmented with 

time. 

In order to investigate the influence of the chitosan coating on nanoparticles on the 

nanoparticle deposition in the lung tissues, we calculated the corrected total cell fluorescence 

(CTCF) values for non-coated and chitosan coated PLGA nanoparticles at different time points 

of 1 h, 8 h, 24 h. The CTCF values have been summarized in Figure 6.14. CTCF values of both 

the formulations at different time points (1 h, 8 h, and 24 h) showed that CTCF value decreased 

with time in case of non-coated nanoparticles whereas the value increased gradually with time 

for chitosan coated nanoparticles. 
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Figure 6.13: Confocal laser scanning microscopic images of lungs treated with (A) non-coated 

PLGA nanoparticles (at 1 h, 8 h, and 24 h after pulmonary administration), and (B) chitosan-

coated PLGA nanoparticles (at 1 h, 8 h, and 24 h after pulmonary administration) 
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Figure 6.14: CTCF values and integrated density quantification of FITC fluorescence staining in 

lungs tissue sections after pulmonary delivery of non-coated PLGA nanoparticles and chitosan-

coated PLGA nanoparticles (data as mean ± SD, n = 3) (*CTCF-Corrected total cell 

fluorescence) 

 

6.8   High performance liquid chromatography (HPLC) 

6.8.1   Calibration curve in plasma 

To measure the drug content in plasma a calibration curve in HPLC was developed in the 

concentration range 0.1562 to 10.00 µg/mL (Table 6.6). The linearity was found to be good 

(correlation coefficient ‘R’ = 0.998) (Figure 6.15). 
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Table 6.6: Result of linearity data of of Voriconazole in acetonitrile–water–formic acid 

containing mice plasma (n=3) 

 

Concentration 

(µg/ml) 

Mean peak area of 

Voriconazole 

Mean peak area of 

Fluconazole 

Mean peak area of 

Voriconazole/ Mean peak area 

of Fluconazole 

0.15625 0.139 2.4184 0.057476 

0.3125 0.1416 2.5334 0.055893 

0.625 0.2044 2.236 0.091413 

1.25 0.4172 2.4302 0.171673 

2.5 0.7398 2.2605 0.327273 

5 0.9626 1.7 0.566235 

10 2.0871 1.9748 1.056867 

 

 

Figure 6.15: Calibration curve of voriconazole in acetonitrile–water–formic acid containing 

mice plasma 
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6.8.2   Calibration curve in lung tissue 

To measure the drug content in plasma a calibration curve in HPLC was developed in the 

concentration range 0.1562 to 10.00 µg/mL. The linearity was found to be good (correlation 

coefficient ‘R’ = 0.992) (Figure 6.16). 

 

 

Figure 6.16: Calibration curve of voriconazole in mice lung homogenate 

 

 

6.9   Pharmacokinetics and lung lobe distribution study 

Different pharmacokinetic parameters after pulmonary administration of free 

voriconazole, non-coated and chitosan-coated nanoparticles have been listed in Table 6.7. 

Voriconazole levels in blood and lungs were located after single dose administration of 

nanoparticles containing voriconazole given through pulmonary route. Drug level was observed 

at six different time points up to 72 h. Both the nanoparticles showed sustained drug release 

profile for up to 72 h in comparision to the free voriconazole (Das et al., 2015). Our formulation 

showed to maintain the plasma concentration of voricoanzole above minimum inhibitory 

concentration (MIC ~ 0.5 mg/liter) (Jeans et al., 2012) required for effective treatment of lung 

fungal infection. 
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Table 6.7: Pharmacokinetic parameters for free drug voriconazole, optimized PLGA 

formulations without chitosan coating (P5) and with chitosan coating (P6) in Swiss albino mice 

after pulmonary administration 

Parameter Plasma kinetics Lung kinetics 

Free 

VRZ
# 

PLGA 

NPs
$ 

CS
¥
-coated 

PLGA NPs 

Free 

VRZ 

PLGA NPs CS-coated 

PLGA NPs 

Cmax 

(µg/mL) 

15.33±1.16 29.69±2.87 22.15±2.10* 12.03±0.47 19.62±6.76 14.33±4.37 

Tmax (h) 1 6 3 1 24 24 

AUC 

(µg/µL*h) 

0.25±0.01 1.87±0.09 

 

8.92±2.93 0.07±0.01 1.81±0.67 4.49±0.54** 

AUMC 

(µg/µL*(h)
2
) 

4.08±0.30 126.78±20.92 4799.7±891.61* 0.57±0.14 134.94±23.05 1341.55±469.26* 

MRT (h) 15.95±0.41 67.73±7.38 537.97±97.92* 7.84±0.94 74.60±15.36 298.49±83.65* 

t1/2 (h) 10.01±0.36 45.55±7.92 372.8±132.48 5.37±0.77 48.28±13.25 204.10±64.12* 

Note: 
#
VRZ, Voriconazole; 

$
NPs, nanoparticles; 

¥
CS, chitosan; Values represent mean ± SD 

(n=3); Statistical significance evaluations (using two-tailed unpaired t-test) represented by 

asterisks compared to PLGA nanoparticles (*P <0.05 at 95 % confidence interval; ** P <0.01 at 

99 % confidence interval) 

The maximum concentration of voriconazole in plasma was achieved 3 h before for 

chitosan-coated nanoparticles compared to the non-coated one. But the free drug was found to be 

maximum in 1 h in both plasma and lung (Table 6.7). 

Whereas, the concentration to achive maximum concentration in lung was same for both 

the formulations. The concentration of drug was found to be relatively more in plasma as a result 

of the higher perfusion rate in lung due to more densed capillary network present in the 

pulmonary region (Sangwan et al., 2001; Townsley, 2012). The mean residence time (MRT) and 

the half life (t1/2) of voriconazole were found to increase in both plasma and lung for chitosan-

coated nanoparticles as compared to the non-coated nanoparticles and free drug.  

From Figure 6.17 it is evident that left lung lobe had the highest voriconazole 

concentration, while, distribution of drug in the middle lobe was found to have the lowest value 

during the entire study duration (i.e., 72 h). Drug concentration was detected in all the lobes of 

lung above MIC level (0.5 µg/mL) within 24 h.  
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Figure 6.17:  Distribution of voriconazole (µg/mL) in mice lung lobes at different time points up 

to 72 h after treatment with chitosan-coated nanoparticles in pulmonary route 

6.10   Gamma scintigraphy 

The non-coated and chitosan coated nanoparticles containing voriconazole were 

radiolabeled with Tc-99m with more than 95 percent efficiency. Figure 6.18 shows gamma 

scintigraphy pictures of animals which received Tc-99m-P5 and Tc-99m-P6 by pulmonary 

delivery method.  
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Figure 6.18: Scintigraphy pictures of animals after receiving Tc-99m labeled PLGA 

nanoparticles containing voriconazole formulation and chitosan coated PLGA nanoparticles 

containing voriconazole by pulmonary route after 3 h and 6 h 

Tc-99m-P6 was found to be predominantly more in lungs and urinary bladder at 3 h after 

its pulmonary administration. Interestingly, at 6 h after its administration, it was found to 

accumulate more in liver and simultaneously there was a sustentative decrease in urinary 

bladder. This suggests its urinary clearance decreased remarkably along with eventual hepatic 

accumulation. Similar phenomenon was observed in animals after pulmonary administration of 

Tc-99m-P5 at 3h and 6 h. However, markedly low signal was detected in lungs indicating lower 

amount of retention of Tc-99m-P5 in lungs than Tc-99m-P6.  
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6.11   Biodistribution 

Biodistribution of the radiolabeled non-coated PLGA nanoparticles (P5) and radiolabeled 

chitosan coated PLGA nanoparticle containing voriconazole (P6) was investigated in rats at 3 h 

and 6 h after injection. For chitosan coated PLGA nanoparticles, hepatic accumulation was 

higher (35 % injected dose (ID) per gram of organ (% ID/g)) at 6 h than that (31.25% ID/g) at 3 

h (Table 6.8). Predominant accumulation was also observed in lungs and spleen (5.11% ID/g 

and 4.28% ID/g respectively at 3 h and 3.93% ID/g and 3.55% ID/g, respectively at 6 h). This 

can also be justified for the targeting and retention of the chitosan coated voriconazole 

containing nanoparticles to lungs. Uptake of drug in heart and muscle was not prominent. 

Urinary excretion was predominant at 6 h compared to at 3 h in both type of formulations.  

Table 6.8: Biodistribution study of 
99m

Tc labeled voriconazole loaded PLGA nanoparticles and 
99m

Tc labeled chitosan coated PLGA nanoparticles containing voriconazole in rats 

Organ/Tissue Non coated PLGA NPs Chitosan coated PLGA NPs 

3h 6h 3h 6h 

Heart 0.42  ±  0.16
 a
 0.35 ± 0.11

 a
 0.51 ±0.13

 a
 0.45 ± 0.16

 a
 

Blood 0.72  ±  0.11 0.61 ± 0.19 0.98 ± 0.21 0.85 ± 0.21 

Liver 25.16 ± 1.29 31.21 ± 1.95 31.25 ± 1.26 35 ± 1.15 

Lungs 3.45 ± 0.31 2.91 ± 0.65 5.11 ± 0.96 3.93 ± 0.41 

Spleen 3.61 ± 0.22 2.55 ± 0.29 4.28 ± 0.51 3.55 ± 0.61 

Muscle 0.09 ± 0.01 0.07 ± 0.02 0.08 ± 0.01 0.07 ± 0.02 

Kidney 3.91 ± 0.51 4.11 ± 0.15 3.26 ± 0.19 5.39 ± 1.20 

Stomach 0.92 ± 0.26 1.25 ± 0.16 0.72 ± 0.19 1.10 ± 0.51 

Intestine 4.51 ± 0.15 5.10 ± 1.92 3.96 ± 1.15 4.12 ± 1.10 

Urine 16.26 ±  1.25 21 ± 2.25 21.25 ± 1.15 25.29 ± 2.15 

a 
each data indicates % injected dose (ID) per gram of organ ± SD (n=6) 
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7. Discussion 

The present investigation was aimed to develop chitosan coated biodegradable polymer 

based nanoparticles for pulmonary delivery of voriconazole to treat fungal infections in lungs 

which are one of the major killer diseases in immunocompromised patients. Here, PLGA, a US-

FDA approved biodegradable polymer was used in the formulation of both coated and noncoated 

formulations. Further, in vitro characterization, in vivo pharmacokinetic evaluation and 

biodistribution study of the developed formulations have been reported here and compared with 

the non-coated one. Before the formulation and development and process optimization study, a 

preformulation study is performed to select the suitable excipients for the drug to formulate drug 

delivery system. Initially we have investigated drug to excipients interaction by FTIR 

spectroscopy. Data reveal that all the typical bands of PLGA and voriconazole were present in 

the FTIR spectrum of their physical mixture. Further, the presence of the characteristic peaks of 

drug and the excipients in the formulations was observed. This suggests that there was no 

chemical interaction between the drug and the excipients used in this study. However, shifting of 

some peaks was also observed. The probable reason might be due to the physical interactions by 

formation of weak physical bonds such as van der Waals force of attraction, H-bonding, or 

dipole–dipole interaction between the various functional groups of voriconazole, PLGA, chitosan 

and PVA molecules. The physical interaction might be responsible for the formation of spherical 

structure of the nanoparticles and sustained drug release from them. Presence of drug peak in the 

lyophilized formulations, suggests that some drug molecules were present on the surface.  

Voriconazole was present in DCM along with the PLGA in the primary emulsion (W/O). 

This primary emulsion was further emulsified in the 1.5% PVA solution to prepare W/O/W 

emulsion. Initially the pH of the PVA solution for preparation of secondary emulsion was 

brought down to pH 3.0 to solubilize Chitosan and during this process some of the voriconazole  

molecules leached from the DCM solution to the aqueous media and at this low pH voriconazole 

remained dissolved along with the Chitosan in this aqueous PVA media. However, for coating 

purpose when the pH was raised to pH 9.0, there might be co-precipitation of Chitosan along 

with the drug on the surface of the nanoparticles. Presence of this drug molecule on the surface 

might have been detected by FTIR study. 
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Various process parameters were changed to optimize the formulation such as, drug to 

polymers ratio, homogenization speed, Sonication time etc. Drug-polymer ratio was varied to 

initially optimize the drug loading and particle size of the experimental non-coated nanoparticles 

and drug polymer ratio (1:1) was established to be the best for this purpose. After that chitosan, 

in increasing concentration (9.09%, 16.67% and 28.57%) was used for the surface coating 

purpose. The ratio of drug: PLGA: chitosan was optimized as 1:1:0.4 for the purpose of 

development of chitosan coated nanoparticles. In this method, incorporation of chitosan coating 

was done simultaneously during the process of development of multiple emulsion and no 

additional step for coating was required. Further, time of lyophilization was also same as it was 

required for non-coated formulation. Thus, this simple process of chitosan coating on 

nanoparticle could be highly beneficial for the industrial production point of view. However, due 

to chitosan coating the drug loading was found to decrease as compared to the non-coated 

formulation. This might be due to the dissolution of some drug molecules which escape from the 

formulation due to acidic pH (pH 3.0) as voriconazole has high solubility in acidic pH (1.2) 

(Buchanan et al., 2007). As we have mentioned earlier the coating was developed by co-

precipitation of the drug along with the polymer, there must be a loss of drug owing to the 

precipitation of the drug at higher pH. Drug loading efficiencies in both the type of formulations 

were more or less similar. However, the overall value (approx. 70%) was less than the expected. 

It might be due to the incomplete removal of the whole product from the small containers and the 

homogenizer. There was a little variation of % drug loading efficiency due to chitosan coating 

and that may be due to the use of much less quantity of material for preparation of nanoparticles.  

There are several investigations proposing PLGA/chitosan nanoparticles available in the 

literature. Yang et al., 2008 and Babu et al., 2017 have prepared chitosan coated nanoparticles by 

multistep method. Initially they have prepared PLGA nanoparticles and lyophilized them. In the 

next step the lyophilized nanoparticles were coated with chitosan. Both of them used PLGA 

variety 50:50 with variable drug loading (Yang et al., 2009; Babu et al., 2017). Babu et al., 2017 

had 6.5% drug loading (Babu et al., 2017). On the other hand Yang et al., 2008 had drug loading 

of about 3.5% (Yang et al., 2009). In another study Taetz et al., 2009 wanted to deliver antisense 

20-Omethyl-RNA (2OMR) using chitosan coated PLGA nanoparticles where the variety of 

PLGA used was 70:30. Initially they mix PLGA-EA solution with chitosan containing PVA 

solution for 1 h and this mixture was homogenized at 13500 rpm for 15 min. But no data related 
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to drug loading was reported (Taetz et al., 2009). In our study we used PLGA (85:15) and 

chitosan to develop chitosan coated PLGA nanoparticles. This is a single step method where 

formation of nanoparticles and coating of chitosan was done simultaneously. Our method is 

similar to the method described by Taetz et al., 2009. However instead of mixing PLGA-EA 

solution with aqueous chitosan containing 2.5%PVA for 1 h (Taetz et al., 2009), we added 

primary emulsion (PLGA-DCM-Acetone in 2.5% aqueous PVA) to chitosan dissolved in 1.5% 

PVA solution at pH3 just before the preparation of secondary emulsion. This improves the drug 

loading about 5 times more than the other two reported methods.  

Five different methods, namely Dynamic light scattering (DLS), FESEM, TEM, Cryo-

TEM, and AFM were adopted in order to accurately know the particle size, particle size 

distribution, surface morphology and surface coating by chitosan on the PLGA nanoparticles 

containing voriconazole in lyophilized as well as hydrated states. Sizes of lyophilized particles 

observed using FESEM were smaller than those detected by DLS. The difference in size may be 

because of the DLS method which measures the average hydrodynamic diameter of 

nanoparticles in aqueous suspension where the particles might swell and increase in size (Yu et 

al., 2010). Size analysis data by DLS (Figure 6.6) show that the average size (Z-average) of non-

coated nanoparticles (154.6 nm) (Figure 6.6A) and that of chitosan coated nanoparticles (277 

nm) (Figure 6.6B) were well below 300 nm. The range of obtained particle size has been 

reported to distribute throughout the lungs (i.e. from the upper lobe to lower lobe region) by 

pulmonary delivery (https://tisch-env.com/wp-content/uploads/2015/06/TE-20-800-Non-viable-

Cascade-Impactor.pdf). Lyophillized PLGA nanoparticles and chitosan coated nanoparticles 

were free flowing in nature. In pulmonary drug delivery flowability of powder is predominantly 

important for distribution of nanoparticles by DPI/nebulizer to the lungs. More is the flowability 

of the powder, more is its distribution and deposition in various parts of lungs. Presence of 

chitosan can help the nanoparticulate powder to adhere to the alveoli and not to be phagocytosed 

quickly (Parveen and Sahoo, 2011). 

Maximum deposition of particles from P5 and P6 were observed at stage 5 (1.1–2.1 μm 

diameter) of cascade impactor apparatus (Figure 5.3, Figure 6.12). Data obtained upon 

deposition of particles on different stages of cascade impactor showed that particle size obtained 

in P5 and P6 are relevant (150-300 nm) for deposition in trachea, primary and secondary 
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bronchi, and alveolar region for deep lung penetration (Mitchell and Roberts, 2013). Higher 

deposition from chitosan coated particles (P6) at stage 0 (9.0–10 μm) to stage 2 (4.7–5.8 μm) and 

at stage 5 (1.1–2.1 μm), are also suitable for deposition in the pharynx and terminal bronchial 

area, respectively, of the pulmonary tract (Mitchell and Roberts, 2013). The zeta potential of a 

particle is the overall charge that particles acquire in a particular medium and at particular 

temperature (Averineni et al., 2012). The physical stability of particles can also be predicted 

from their zeta potential value. Zeta potential value above +30 mV and/or below -30 mV 

indicates that the particles are having good colloidal stability (Dey et al., 2016). Zeta potential 

values in between +30 and -30 mV suggest that the precipitation of particles in a suspension is 

more as the zeta potential value changes more towards zero (Tuan et al., 2015). Thus, the non-

coated nanoparticles (surface charge -14.8 mV) (Figure 6.6C) may settle down faster than the 

chitosan coated nanoparticles (surface charge +31.9 mV (Figure 6.6D), while in suspension. 

Presence of terminal carboxyl group in the PLGA polymer provided negative surface charge in 

the non coated nanoparticles (Sun et al., 2015), while positive surface charge of the coated 

nanoparticles was due to the presence of amino group of chitosan (Ing et al., 2012). In case of 

non-coated nanoparticles they should be stored in a lyophilized form and should be reconstituted 

just before use to prevent faster precipitation. 

FESEM images (Figure 6.7 E,F) of the experimental nanoparticles show that all the 

particles belonged to P5 and P6 had smooth surface. This data along with the findings of AFM 

(Figure 6.10) and Cryo-TEM (Figure 6.8) suggest that the particles were spherical and 

submicron size with a heterogeneous distribution where particles size varied from 150 to 300 

nm. 

Further, their characterization by Cryo-TEM reveals that the obtained nanoparticles were coated 

(Figure 6.8 C,D). The analysis by Cryo-TEM is a method for the amplification of selected basic 

structural questions rather than for regular quality control issues (Laan and Denkova, 2017). 

TEM analysis (Figure 6.9) of chitosan-coated nanoparticles shows that the additional polymer 

(chitosan) was uniformly deposited (as a coat) on to the surface of PLGA nanoparticles.  

In vitro drug release data for PLGA nanoparticles and chitosan-coated PLGA 

nanoparticles containing voriconazole show that voriconazole released in a sustained manner 

with a predominant burst release (about 35-45%) initially within 1 h in simulated lung fluid 
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(SLF), pH 7.4 and phosphate buffer saline (PBS), pH 7.4 (Figure 6.11). Burst release of coated 

formulation found to be more in SLF than PBS. Burst release decreased in case of same 

formulation when studied in PBS. This might be due to the presence of several salts such as 

magnesium chloride, potassium chloride, sodium acetate, sodium sulfate, sodium citrate etc. in 

the SLF and those salts might have enhanced the drug dissolution faster in case of chitosan 

coated formulation as compared to the non-coated PLGA formulation. Drug release kinetic data 

show that drug release from the nanoparticles might follow a complex mechanism of diffusion as 

well as erosion as the data were best supported by Korsmeyer–Peppas kinetic model. 

In vivo uptake of FITC nanoparticles containing drug in the alveoli of both the lungs was 

found to remain almost similar with the duration (24 h) of the study in case of coated 

nanoparticles. However, for non coated nanoparticles the initial uptake was found to be more but 

with the duration the value decreased. Possibly this could be due to the mucoadhesive effect of 

the coated particles which retained longer time in the lungs as compared to the non coated one.  

The pharmacokinetic data reveal that the Cmax was found to be greater for non-coated 

nanoparticles in both the plasma and lung. This could be due to the slow drug release. Further,  

CS is a hydrophilic polymer and voriconazole has little solubility in water. Hence, diffusion of 

hydrophobic voriconazole through chitosan might have taken longer time as compared to PLGA 

nanoparticle. Tmax values of voriconazole of P5 and P6 for lung pharmacokinetics were same. 

However, those values varied in plasma kinetics. Tmax value for chitosan coated formulation in 

plasma kinetics was 3 h which was half of that value for non coated formulation.  

Chitosan coating increased the AUC and AUMC 4.77 times and 38 times in plasma and 2.49 

times and 10 times in lungs, respectively. The enhanced AUC and AUMC values suggest that the 

availability of drug from the formulation was more for chitosan coated formulation. This might 

be due to the slower release and predominantly longer retention time (MRT) of drug in plasma 

and lung tissue from the chitosan coated formulation.  

Several reasons may be given for improved bioavailability of voriconazole after 

pulmonary administration of chitosan-coated nanoparticles. Bioadhesion, conferred by chitosan, 

is probably responsible for the enhancement of drug pharmacokinetic profile in both blood and 

lung. The bioadheshion is achieved through different mechanisms such as electrostatic 

interaction, hydrogen bond, covalent linkage or van der Vaals forces (Parveen and Sahoo, 2011; 
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Dyawanapelly et al., 2016). Bioadhesion results in increased residence time at the lung epithelial 

cells and thus enhances the drug absorption due to the close intimacy of nanoparticles with the 

epithelial cells. Moreover, avoidance of hepatic “first-pass” metabolism contributes to improve 

bioavailability of the nanoparticles. The improved AUC values for the coated particles also 

guarantee for the prolonged drug release from the nanoformulations in a slow and sustained 

manner. A marked increase in MRT of voriconazole in case of chitosan-coated nanoparticles was 

noticed as compared to the voriconazole in PLGA nanoparticles and free voriconazole. This is 

because of the more residence time of the nanoparticles in the lung due to chitosan coating. The 

slow release of voriconazole from the nanoparticles due to more biodegradation time of the 

nanoparticles prepared with biocompatible and biodegradable polymer PLGA also increases the 

pharmacokinetic parameters in comparison with the free voriconazole (Table 6.7). In this study 

drug level in lung tissue as well as plasma was measured. Due to the localized nature of lung 

fungal infections, to measure concentration of voriconazole in different lobe is more meaningful 

especially for chitosan coated PLGA nanoparticulate formulation due to its better 

pharmacokinetic profile. 

The micron-sized foreign bodies primarily have clearance by phagocytosis by resident 

alveolar macrophages. Inhaled nanosized particles generally are not recognized by macrophages 

and might instead be internalized by traversing the alveolar epithelium consisting of cuboidal 

alveolar type II epithelial (ATII) cells and flattened alveolar type I epithelial (ATI) cells (Thorley 

et al., 2014). The ATI cells are the primary target of inhaled nanoparticles mediated through 

clathrin- and caveolin-mediated endocytic pathways
 
important in trans-epithelial transport, 

receptor recycling, and cellular signaling.
 
Whereas, secretory ATII cells synthesize and release 

pulmonary surfactant which helps reducing the surface tension at the air–liquid interface and 

contains surfactant proteins A–D, which act as opsonins to promote clearance (Thorley et al., 

2014). In case of chitosan coated particles due to the mucoadhesive nature of chitosan, the 

clearance through A-D cell surfactant protein might be distinctly hindered compared to the non-

coated particles. This might have held prolonged retention time of P6 formulation in the alveoli 

resulting in remarkably longer AUC and AUMC values of the drug in lungs. This is an important 

requirement for treating the lung fungal infection. 
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As far as toxicity is concerned, study shows that PLGA nanoparticles without the 

tamoxifen citrate failed to show any toxicity to viable cells and exhibited viability of 99.11% in 

MCF7 cell line (Maji et al., 2014). Another study revealed that chitosan coated PLGA 

nanoparticles showed less toxicity in lung fibroblasts than in cancer cells and interestingly it 

showed negligible toxicity in normal human bronchial epithelial cells at equivalent drug 

concentrations used in cancer cells (Babu et al., 2017). Dyawanapelly et al., 2016 found that 

none of the PLGA nanoparticles or chitosan coated PLGA nanoparticles exhibit cytotoxicity to 

A549 cells as compared to 1% Triton X-100 as positive control (100% cytotoxic) even at much 

higher concentrations of 20 mg/mL (Dyawanapelly et al., 2016). Trif and co-workers (2015) 

found that PLGA and chitosan-PLGA nanoparticles were not cytotoxic at concentrations up to 

2500 μg/mL in Madin-Darby bovine kidney and human colorectal adenocarcinoma cells (Trif et 

al., 2015). Parveen and Sahoo, 2011 showed that void nanoparticles of PLGA and PLGA-

chitosan showed no considerable toxicity of 5 days of incubation study in different cell lines 

used (Parveen and Sahoo, 2011). Chronopoulou et al., 2013 concluded that chitosan coating of 

DXM loaded PLGA NPs without inducing cytotoxicity permit their uptake by cultured 3T6 and 

C3A cells (Chronopoulou et al., 2013). 

In vivo evaluation of experimentally developed chitosan coated nanoparticles was 

achieved by gamma scintigraphic imaging of the particles deposited in the lung. Imaging 

provides information on the amount and localization of Tc-99m-P5 and Tc-99m-P6 deposited in 

lungs after their administration through pulmonary route. The comparatively more deposition 

and retention of the nanoformulations was seen in case of chitosan coated formulation in spite of 

more elimination of chitosan coated formulation from the mice with respect to the non-coated 

formulation. The non-adhered particles might have eliminated and Tc-99m-P6 was found to 

eliminate more as compared to Tc-99m-P5. More water affinity of chitosan polymer might have 

eliminated the non-adhered chitosan coated formulation more and faster in the excretory organ. 

On the other hand the mucoadhesive nature of the polymer chitosan might overcome the problem 

of low retaintability of the formulation in lungs and thus helped promoting more and longer 

retention of the sustained release formulation. With the time (at 3 h and 6 h) there were eventual 

enhancement of hepatic accumulation of Tc-99m-P6 and Tc-99m-P5 and a simultaneous 

decrease of them in urinary bladder. It suggests that nanoparticles deposited in the lungs 

preferentially eliminated through liver. 
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8. Conclusion 

Lung fungal infection has been increasing the death burden day by day. Treatment with 

potent antifungals does not warrant complete cure with conventional methods. The present work 

has provided an optimized method for the development of nanoscale size chitosan coated PLGA 

nanoparticulate drug delivery system containing voriconazole for successful delivery and 

treatment of fungal infection in lung. The outcome of the present investigation proposes a novel 

formulation of TNPs, prepared by a multiple emulsion solvent evaporation technique. The 

method provided stable optimized nanoparticles after a profound understanding of the inherent 

relationship between formulation variables and the desired responses. The anticipated range of 

particle size, zeta potential, drug loading, encapsulation efficiency, are found in desired range. 

Morphological studies demonstrated smooth and spherical shape of the nanoparticles without 

any aggregation. The drug release profile showed initial burst release followed by sustained drug 

release. The confocal images of lung tissue showed an adequate distribution of the fluorescent 

NPs throughout the tissue. Pharmacokinetic studies performed following pulmonary 

administration in healthy Swiss Albino mice displayed enhanced systemic bioavailability with 

much higher MRT value. Further studies presented on the present thesis indicate that the 

administration of inhalable chitosan coated PLGA nanoparticles led to predominantly prolonged 

retention of the NPs in the lung as well as in plasma as compared to the PLGA nanoparticles and 

free voriconazole. We believe that this improvement was caused by the enhancement of 

mucoadhesion effect owing to the surface coating using chitosan and sustained drug release was 

obtained due to the presence of both the PLGA and chitosan. Experimental nanoparticles 

intended for pulmonary delivery may have considerable pharmaceutical potential in the 

treatment of lung fungal infection. 
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9. Summary 

Various drug administration methods have been in research till date for delivering drug to 

the lungs. Local delivery of medications to the lungs is highly desirable, especially in patients 

with specific pulmonary diseases such as cystic fibrosis, chronic pulmonary infections, lung 

cancer, asthma, etc., where conventional therapy seems to be ineffective to maintain the desired 

drug concentration in lung for a prolonged period of time. PLGA nanoparticles have been widely 

used in research in the past few decades and are also known for their capability of sustaining 

drug in the pulmonary region. The advantages of modifying the surface of PLGA particles with a 

mucoadhesive polymer, such as chitosan, may include the predominant variation or even 

inversion of zeta-potential, ability to promote cellular adhesion and retention of the drug delivery 

system at the target site. The specific advantage of nanoparticles coated with chitosan for 

pulmonary delivery is the retention of the formulation in the pulmonary site of infection for a 

longer time period than that of chitosan-free nanoparticles providing effective treatment, curbing 

the phagocytic effects and thereby enhancing the longevity of the nanoparticles in the biological 

system. 

Voriconazole, the first available second-generation triazole group of antifungal agent 

from the ‘azole’ family, possesses broad-spectrum activity against resistant fungal species such 

as Aspergillus, Candida, Scedosporium and Fusarium. Antifungal effect of voriconazole exerts 

by altering the fungal cell membrane by blocking synthesis of ergosterol that converts lanosterol 

to ergosterol, affecting the integrity and function of the fungal membrane.  

The objective of the present study was to prepare, characterize and deliver mucoadhesive 

PLGA nanoparticles containing an antifungal drug (voriconazole) by pulmonary route to treat 

lung fungal infection. The in vivo deposition, pharmacokinetics and biodistribution of the drug 

was detected and compared with the non-coated PLGA nanoparticles. 

In this study mucoadhesive nanoparticles have been prepared by using different types of 

biodegradable polymers such as PLGA and chitosan by multiple emulsion solvent evaporation 

method. Various critical formulation and process parameters were optimized in order to keep the 

size of the final formulation within ≤500 nm along with the satisfactory physicochemical 

properties. Here, we have investigated both qualitatively and quantitatively the potential of our 
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developed formulations to deliver drug in the pulmonary site of infection as well as in plasma in 

vivo.  

Initially the drug-excipient interaction study was conducted by FTIR spectroscopy and 

the data showed that there was no chemical interaction between the excipients namely, PLGA, 

PVA and chitosan used for the preparation of nanoparticles and the drug, voriconazole. By 

selecting specific conditions and process parameters, we had prepared a numbers of voriconazole 

loaded PLGA nanoparticles (P5) and chitosan coated voriconazole loaded PLGA nanoparticles 

(P6). Based on their physicochemical characterization data namely data of FTIR spectroscopy, 

drug loading and drug encapsulation efficiency, P5 (voriconazole loaded PLGA nanoparticles) 

and P6 (chitosan coated voriconazole loaded PLGA nanoparticles) were selected for further in 

vitro characterization and in vivo study and reported here. 

The Malvern particle size analyzer data showed that particle size of P5 and P6 were 154.6 

nm and 277 nm, respectively. The surface charges of P5 and P6 were found to be -14.8 mV and 

31.9 mV, respectively. Presence of terminal carboxyl group in the PLGA polymer provided 

negative surface charge in the uncoated nanoparticles, while positive surface charge of the coated 

nanoparticles was due to the presence of amino group of chitosan. The drug loading of P5 and P6 

formulations were 35.62% and 28.57% with the drug encapsulation efficiency of 71.24% and 

68.57%, respectively. The particle size and size distribution analysis were further substantiated 

by FESEM, AFM and Cryo-TEM study. FESEM images revealed that experimental formulations 

were spherical in shape with smooth surface. In non-coated formulations, most of the particles 

were below 500 nm in size and the particles of the coated nanoparticle formulation were little bit 

larger than those of the non-coated formulation. But the surface coating was not distinguished 

properly by FESEM data. The surface coating of chitosan onto the PLGA nanoparticles were 

confirmed by Cryo-TEM and TEM images. AFM image showed that the particles of both the 

formulations were purely spherical in shape and the surface was coated with chitosan was 

smooth.  

Both the experimental formulations had more or less similar drug release pattern in 

phosphate buffer saline, pH 7.4 (PBS) up to 8 days. The drug released from the experimental 

formulations initially at a faster rate up to 24 h and then at a slower rate in a sustained manner up 
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to 8 days. After 8 d, 74.76% and 68.12% of drug released from formulations, P5 and P6, 

respectively in PBS. A distinct difference was observed for drug released in simulated lung fluid, 

pH 7.4. After 5 d, drug release values were 64% and 81% from P5 and P6, respectively.  

Maximum deposition of particles from formulations, P5 and P6, were observed at stage 5 

(1.1–2.1 μm diameter) of cascade impactor apparatus. Data obtained upon deposition of particles 

on different stages of cascade impactor showed that particle size obtained in P5 and P6 are 

relevant (150-300 nm) for deposition in trachea, primary and secondary bronchi, and alveolar 

region for deep lung penetration. Higher deposition from chitosan coated particles (P6) at stage 0 

(9.0–10 μm) to stage 2 (4.7–5.8 μm) and at stage 5 (1.1–2.1 μm), are also suitable for deposition 

in the pharynx and terminal bronchial area, respectively, of the pulmonary tract.  

In vivo deposition at 1 h, 8 h and 24 h after pulmonary administration of FITC containing 

coated and non-coated formulations in the lungs have been confirmed by confocal images. The 

result revealed that nanoparticles penetrated into the lung tissue cell membrane and were 

distributed uniformly in the alveoli. In addition, the green fluorescent intensity in the cells 

augmented with time as measured by ImageJ analysis. For both the formulations at different time 

points (1 h, 8 h, and 24 h), the corrected total cell fluorescence (CTCF) value decreased with 

time in case of non-coated nanoparticles whereas the value increased gradually with time for 

chitosan coated nanoparticles. 

Voriconazole levels in blood and lungs were determined at six different time points up to 

72 h after single dose administration of both types of nanoparticles containing voriconazole as 

well as free drug given through pulmonary route and different pharmacokinetic parameters were 

found out. Both the nanoparticles showed sustained drug release profile for up to 72 h in 

comparison to the free voriconazole. Our formulation showed to maintain the plasma 

concentration of voriconazole above minimum inhibitory concentration (MIC) required for 

effective treatment of lung fungal infection. The mean residence time (MRT) and the half life 

(t1/2) of voriconazole were found to increase in both plasma and lung for chitosan-coated 

nanoparticles as compared to the non-coated nanoparticles and free drug. Study shows that left 

lung lobe had the highest voriconazole concentration, while, distribution of drug in the middle 

lobe was found to have the lowest value during the entire study duration (i.e., 72 h).  
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The formulation P5 and P6 containing voriconazole were radiolabeled with Tc-99m with 

more than 95% efficiency. Gamma scintigraphy pictures of animals which received Tc-99m-P5 

and Tc-99m-P6 by pulmonary route showed that Tc-99m-P6 accumulated predominantly more in 

lungs and urinary bladder at 3 h after its pulmonary administration. Interestingly, at 6 h after its 

administration, it was found to accumulate more in liver and simultaneously there was a decrease 

in urinary bladder. Similar phenomenon was observed in animals after pulmonary administration 

of Tc-99m-P5 at 3 h and 6 h with a lesser signal than P6. 

The experimentally developed nanoparticles have thus been found to be an emerging way 

to deliver the drug in the lung and this could be a successful strategy to treat lung fungal 

infection using voriconazole. 
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Chitosan-coated nanoparticles enhanced
lung pharmacokinetic profile of voriconazole
upon pulmonary delivery in mice
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Aim: Chitosan-coated polylactic-co-glycolic acid nanoparticles of voriconazole (VChNP) were developed
to increase residence time and provide sustained drug release locally to treat recurrent lung-fungal infec-
tion. Materials & methods: VChNP has been developed using a simple, unique technique and character-
ized. Pharmacokinetics, lung deposition with time and gamma imaging were conducted with optimized
formulations. Results: The deposition of fluorescein isothiocyanate-labeled VChNP in lung was confirmed
by confocal microscopy. Gamma-scintigraphic images showed that Tc-99m-labeled VChNP had better pul-
monary retention for longer period than that of noncoated formulation. Drastic improvement in pharma-
cokinetic profile of VChNP than noncoated formulation was observed. Conclusion: Thus, VChNP may be
useful for effective pulmonary delivery with improved bioavailability. Such chitosan-coated nanoparticles
may open up a new avenue for efficacious treatment of lung-fungal infection.
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Various drug administration methods have been in research till date for delivering drug to the lungs [1,2]. Lung is
becoming an attractive target due to its noninvasive nature, avoidance of ‘first-pass’ metabolism, availability of huge
surface area and plenty of blood supply for drug absorption for both local and systemic actions of therapeutics [2–4].
Local delivery of medications to the lungs is highly desirable, especially in patients with specific pulmonary diseases
such as cystic fibrosis, asthma, chronic pulmonary infections, lung cancer, etc., where conventional therapy seems
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to be ineffective to maintain the desired drug concentration in the blood plasma for a prolonged time [5–8]. For
targeted drug delivery, nanocarriers are attractive choice in pharmaceutical research in the recent arena due to
its various beneficial effects such as high stability, high carrier capacity by incorporating more drug molecules in
the particle matrix, feasibility of incorporation of both hydrophilic and hydrophobic substances, and feasibility
of variable routes of administration (including oral and inhalation) and most important is to provide controlled
(sustained) drug release from the matrix [9–13]. Nanoparticles are also known for their capability of sustaining drug
in the pulmonary region [14–17].

Nanoparticles prepared with biodegradable and biocompatible polymers such as polylactic-co-glycolic acid
(PLGA), polylactic acid and chitosan, are [18] attractive choice to load the drug for delivering it to the pulmonary
site of action. PLGA nanoparticles have been widely used in research in past few decades [19–21]. The advantages
of modifying the surface of PLGA particles with a mucoadhesive polymer, such as chitosan, may cause the
predominant variation or even inversion of zeta potential, ability to promote cellular adhesion and retention of the
drug delivery system at the target site [22–24]. Moreover, a decreased burst effect in the release of the encapsulated
drug, and the possibility of conjugating ligand(s) for drug-targeting to the free amino groups of chitosan are the
added advantages [25]. The specific advantage of nanoparticles coated with chitosan for pulmonary delivery is the
retention of the formulation in the pulmonary site of infection for a longer time period than that of chitosan-free
nanoparticles providing effective treatment, curbing the phagocytic effects and thereby enhancing the longevity of
the nanoparticles in the biological system [26].

Voriconazole, the first available second-generation triazole group of antifungal agent from the ‘azole’ family,
possesses broad-spectrum activity against resistant fungal species such as Aspergillus, Candida, Scedosporium
and Fusarium [27–29]. Antifungal effect of voriconazole exerts by altering the fungal cell membrane. Voriconazole
blocks synthesis of ergosterol, an essential component of the membrane, by interacting with lanosterol 14-alpha
demethylase (CYP51 or Erg11p), a CYP-450 enzyme that is needed to convert lanosterol to ergosterol, affecting
the integrity and function of the fungal membrane. The objective of the present study was to prepare, characterize
and deliver mucoadhesive PLGA nanoparticles containing antifungal drug voriconazole to treat fungal infection,
especially in lungs.

Materials & methods
Materials
Voriconazole (gift sample) was obtained from Dr Reddy’s Laboratories Ltd., Hyderabad, India. Fluconazole was
kindly donated by Regional Drugs Testing Laboratory, Guwahati, India. PLGA (MW 50,000–75,000; lactide
to glycolide ratio 85:15) was procured from Sigma-Aldrich Chemicals Pvt. Ltd., Bangalore, India. Polyvinyl
alcohol (PVA, MW 125,000) was obtained from S.D. Fine-Chem. Ltd., Mumbai, India. Chitosan, fluorescein
isothiocyanate (FITC) and lactose monohydrate were purchased from HiMedia Lab. Pvt. Ltd., Mumbai, India.
Acetone, acetonitrile and dichloromethane (DCM) were acquired from E. Merck (India) Ltd., Mumbai, India.
Disodium hydrogen orthophosphate and potassium hydrogen phosphate were obtained from Process Chemical
Industries, Kolkata, India. All other chemicals used were of analytical grade.

Animals
Swiss Albino mice weighing 20–25 g of either sex were used for pharmacokinetics study and in vivo lung deposition
study. The entire experimental protocol was approved by Animal Ethics Committee, Jadavpur University and
procedures followed were in accordance with the Committee for the Purpose of Control and Supervision of
Experiments on Animals guidelines, with necessary care. The animals were fed with a standard diet [30] and water
ad libitum.

Preformulation study by Fourier transform infrared spectroscopy
In Fourier transform infrared (FTIR) spectroscopic study, voriconazole and all the individual excipients such
as PLGA, PVA, chitosan and their physical mixtures, and lyophilized formulations were scanned in an inert
atmosphere over a wave number range of 4000–400 cm-1 in FTIR spectrophotometer (Alpha E, Bruker Alpha,
Ettlingen, Germany).
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Table 1. Formulation composition and process parameters for preparation of optimized formulations.
Code Drug:PLGA:chitosan

(mg:mg:mg)
Homogenization speed (rpm) Stabilizer† Sonication time (min)

P-Blank 0:100:0 20,000 PVA 10

PC-Blank 0:100:80 20,000 PVA 10

P1 100:108:0 16,000 PVA 10

P2 101:108:80 16,000 PVA 10

P3 100:107:40 16,000 PVA 10

P4 100:105:20 16,000 PVA 10

P5 250:254:0 20,000 PVA 15

P6 250:257:100 20,000 PVA 15

P7 250:254:0 25,000 PVA 10

P5-FITC 250:254:0 20,000 PVA 15

P6-FITC 250:257:100 20,000 PVA 15

†Stabilizer: 2.5 and 1.5% aqueous PVA solution.
FITC: Fluorescein isothiocyanate; PC: PLGA-chitosan; PC-Blank: PLGA-chitosan blank nanoparticles; PLGA: Polylactic-co-glycolic acid; PVA: Polyvinyl alchohol.

Preparation of noncoated PLGA nanoparticles containing voriconazole
Multiple emulsion solvent evaporation technique was employed for the preparation of both chitosan-coated PLGA
nanoparticles and noncoated PLGA nanoparticles, with some modifications [31]. Briefly, noncoated nanoparticles
were prepared by solubilizing approximately 250 mg of PLGA in 4 ml of organic phase containing DCM and
acetone (4:1, w/w ratio). Aqueous PVA solutions, 1.5% (w/v) and 2.5% (w/v), were prepared previously. The
organic polymeric solution containing voriconazole was emulsified quickly with dropwise gradual addition of 1.5 ml
of 2.5% PVA solution, and continuous homogenization for 4 min using a high-speed homogenizer at 20,000 rpm
(IKA Laboratory Equipment, Model T10B, Ultra-Turrax, Staufen, Germany). The water-in-oil emulsion (primary
emulsion) was quickly added to 75 ml of 1.5% PVA solution and homogenized for about 8 min at 20,000 rpm to
get secondary emulsion. The emulsion thus obtained was kept in a bath sonicator for 10–15 min to break the large
globules and then stirred on a magnetic stirrer overnight without heating for complete removal of organic solvents
used to dissolve the polymer. The organic phase was allowed to diffuse out and evaporated to get homogenous
nanoparticles. While nanoparticles were hardening, the particles suspension was kept on a bath sonicator (Trans-
O-sonic, Mumbai, India) for about 45 min to break the agglomerates, if any. Then, the particles were separated by
centrifugation at 3000 rpm and 16,000 rpm in a refrigerated centrifuge (Hermle refrigerated centrifuge, Wehingen,
Deutschland) and washed twice with double distilled water to remove the excess of PVA and kept in Petridish in
an ultrafreezer (So-Low, Environmental Equipment, OH, USA). After that, the frozen sample was lyophilized in a
freeze dryer (Laboratory Freeze Dryer, Instrumentation India, Kolkata, India).

Preparation of chitosan-coated PLGA nanoparticles containing voriconazole
Chitosan-coated PLGA nanoparticles of voriconazole (VChNP) was prepared using the above-mentioned method
with the modification in the following steps. Required amount of chitosan (Table 1) was dissolved in 1.5% (w/v)
PVA solution with pH adjusted at 3.0 using 0.1 M HCl solution. The primary emulsion was homogenized in 75 ml
of the chitosan in 1.5% PVA solution for 8 min to get multiple emulsion followed by adjustment of pH from 3.0
to 9.0 by addition of NaOH solution. The various composition of the nanoparticle batches are also mentioned in
Table 1.

Preparation of FITC containing nanoparticles
The FITC containing noncoated and chitosan-coated nanoparticles were prepared using the same processes de-
scribed above except the incorporation of 100 μl of FITC solution into the organic phase containing polymer and
drug before homogenization. FITC solution (0.4% w/v) was prepared in absolute alcohol.

Drug loading (%) & entrapment efficiency (%)
For the determination of % drug loading, 2 mg of lyophilized nanoparticles (NPs) (accurately weighed) was
solubilized in 2 ml of acetonitrile and water (50:50 v/v). The formed solution was kept for maximum 4 h in
an incubator shaker (Somax Incubator Shaker; Shenjhen Pango Electronic Co. Ltd., Shenzhen, China) and then
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centrifuged at 16,000 rpm for 15 min in a refrigerated centrifuge and the supernatant was suitably diluted with the
same solvent mixture and analyzed spectrophotometrically at the corresponding λmax of 255 nm using nanoparticles
(without drug) in the same solvent mixture as blank [17].

Drug loading was determined as follows [32,33]:

Drug loading actual Amount of drug in nanoparticles( ) (%)  1000/Amount of nanoparticles obtained;

Drug entrapment efficiency was calculated as follows [13,34]:

Drug entrapment efficiency Drug loading actual  (%) ( ) (%) 1000/Drug loading theoretical  (%)( ) .

Characterization of nanoparticles
Particle size distribution & zeta potential

The average particle size and zeta potential values of all the experimental formulations were measured using
Malvern Zetasizer Nano-ZS 90 (Malvern Instruments, Malvern, UK) utilizing dynamic light scattering (DLS)
technique [35]. A weighed quantity of the experimental sample was dispersed in Milli-Q water (Millipore Corp.,
MA, USA), followed by sonicating and vortexing before placing it in the cuvette for particle size and zeta potential
measurement [13,32].

Cryogenic-transmission electron microscopy

Carbon-coated copper grid (300#; Ted Pella Inc., CA, USA) was glow-discharged (Pelco easiglow, Ted Pella Inc.) for
30 s to remove dust particles or contamination if any [36,37]. Chitosan-coated PLGA nanoparticles and noncoated
PLGA nanoparticles were dispersed in doubled distilled water and the dispersion was spread on glow-discharged grid
and plunge-frozen in liquid ethane using Vitrobot (Vitrobot Mark IV, FEI Company, Eindhoven, the Netherlands).
Grids were transferred to a cryoholder containing liquid ethane in liquid nitrogen and the samples on the grids
were visualized in Tecnai G2 Polara (D357 Twin, FEI Company) equipped with 300 kV field emission gun. Images
were collected at 82,600× magnification with an underfocus of 4.5 μm. Images were captured on a BM-Eagle
4 k × 4 k charged coupled device camera (FEI Company), unbinned with a final pixel size of 1.89 Å.

Transmission electron microscopy

For transmission electron microscopy (TEM) measurements, 10 μl of lyophillized nanoparticles in water was
carefully placed on a 300-mesh carbon-coated copper TEM grid (Ted Pella Inc.). The excess solution on the grid
was removed using a piece of fine-filter paper, and the samples were allowed to air dry for 10 h prior to imaging
the particles under TEM (JEM 2100; JEOL, Tokyo, Japan) [38].

Field emission scanning electron microscope

Particle morphology was assessed by field emission scanning electron microscope (FESEM; JEOL JSM-7600F,
Tokyo, Japan). The lyophilized particles were placed on a carbon tabs mounted on SEM specimen stubs. The
specimen stubs were coated with gold of 4-nm thickness by ion sputtering device (Au5 Quorum, Q150TES) and
were operated at 15–20 kV accelerating voltage.

Atomic force microscopy

The samples were dispersed in Milli-Q water using brief vortexing and sonication. One drop of sample was placed
in a glass slide and dried in a vacuum dryer. The morphology and particle size were analyzed by atomic force
microscopy (AFM; Dimension Icon, Bruker, Karlsruhe, Germany) under ambient conditions by mode PeakForce
QNM (Quantitative NanoMechanical mapping) using silicon nitride probe having a resonance frequency 150–
350 kHz and a force constant 0.4 N/m.

In vitro drug release & drug release kinetics study

In vitro drug release study was carried out in phosphate-buffered saline (PBS), pH 7.4 [39,40] and in simulated lung
fluid (SLF), pH 7.4, respectively [13,39], for 8 days. The studies were performed with noncoated and chitosan-coated
nanoparticles. Briefly, nanoparticles were weighed (triplicate for each type of formulation) accurately 2 mg and
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taken in 2 ml microcentrifuge tube. Drug release media (2 ml) were added in each tube and shaken briefly and the
time was considered as zero. The tubes were kept in an incubator shaker at 37◦C with shaking (20 rpm). Samples
were taken at predetermined time points and centrifuged at 16,000 rpm for 10 min. The supernatant (2 ml) was
withdrawn and 2 ml fresh media were added and the tubes were kept in shaker incubator for next time point [13,32].
The supernatant was analyzed by UV–Vis spectroscopy with proper dilution (if required), at 255 nm. The drug
release data were plotted as cumulative percentage of drug released against time (h) for both noncoated and coated
PLGA nanoparticles [34].

In order to predict and correlate the behavior of the in vitro voriconazole release from both the noncoated
and coated nanoparticles studied, suitable mathematical models were used. Thus, the experimental data obtained
from in vitro drug release experiments of voriconazole-loaded noncoated and chitosan-coated nanoparticles were
investigated using five conventional models: zero-order, first-order, Higuchi, Hixson–Crowell and Korsmeyer-
Peppas models [31,41].

Determination of mass median aerodynamic diameter & geometric standard deviation using an eight-stage nonviable
Andersen cascade impactor

Mass median aerodynamic diameter (MMAD) is defined as the average diameter under which 50% of the particles
remain. This study was performed to determine MMAD and geometric standard deviation (GSD). Weighed
amount of nanoparticle was blended with micronized lactose (1:3 w/w) ratio and introduced into an eight-stage
nonviable Andersen cascade impactor (model 20–800, Thermo Fischer Scientific, MA, USA). After that, the plates
were accumulated and weighed. MMAD and GSD were calculated from the deposited particles using the MMAD
calculator for Andersen apparatus at a flow rate of 28.3 l/min [17].

In vivo deposition of nanoparticles in the lungs of mice using nose-only inhalation chamber & fabricated dry powder
inhaler

The experimental animals were divided into two groups for three time points study (1, 8 and 24 h) and each
group had three animals. FITC-loaded nanoparticles of each type were weighed (50 mg) and mixed with 150 mg
of microfine lactose. The powder blend was placed inside the fluidization chamber and dosed in the nose-only
inhalation chamber all at once. After the completion of dosing, the animals were sacrificed at the predesignated
time points (1, 8 and 24 h) and lungs were removed, washed and fixed with formalin solution, and embedded
in paraffin blocks by the conventional method [17]. The tissue sections were observed under a confocal laser
scanning microscope (LSM 510; Carl Zeiss, Jena, Germany) at an excitation wavelength of 494 nm and emission
wavelength of 521 nm to observe the distribution of FITC-tagged nanoparticles and images were captured at
suitable magnification. The images were finally analyzed and total fluorescence intensity of each lung tissue was
determined (integrated density, ID) using ImageJ software [42]. The background was obtained by measuring the
fluorescence intensity of the regions out of the tissues. The corrected total cell fluorescence (CTCF) was then
determined by subtracting the background from the ID [CTCF = ID– (area of selected cell x mean fluorescence of
background readings)] [43].

High performance liquid chromatography

The concentration of voriconazole in blood at different time points after the pulmonary administration was
measured by Dionex Ultimate 3000 RP-HPLC system (Dionex, Idstein, Germany), equipped with an Agilent C18
column (4.6 mm × 250 mm, 5 μm; Thermo Scientific™ Hypersil GOLD™, MA, USA). The injection volume
was 20 μl. The mobile phase for the chromatographic separation composed of acetonitrile–water–formic acid
(60:40:0.05; v/v/v) was filtered before using it isocratically at room temperature at a flow rate of 1 ml/min, and
voriconazole was detected by UV detector at 254 nm [13].

For calibration curve, pooled plasma was thawed at room temperature, plasma (90 μl); internal standard
solution (fluconazole; 10 μl), calibrator solution (10 μl) and acetonitrile (890 μl) were pipetted into respective
microcentrifuge tubes and capped. The tubes were vortexed for 20 min and then centrifuged for 10 min at
10,000 rpm. The supernatant was filtered through 0.45-μm syringe filter (chromatography syringe filter, Cole-
Parmer, Mumbai, India) and transferred to a microcentrifuge tube. The samples (20 μl in each case) were injected
into the system. Peak height measurements were analyzed to obtain the ratio of voriconazole versus fluconazole
(internal standard). The ratios of voriconazole to fluconazole were used to establish a calibration curve and to
quantify voriconazole from the calibration curve. Test samples or controls were prepared by transferring 90 μl of

future science group www.futuremedicine.com 505



Research Article Paul, Sengupta, Mukherjee, Shaw, Gaonkar & Debnath

test or control plasma into a respective microcentrifuge tubes, 10 μl of internal standard solution was then added
to each tube followed by 900 μl of acetonitrile. The tubes were capped and processed in the same manner as
calibrators.

The different lung lobes were thawed and the lung tissues were homogenized separately with the addition of
normal saline (1:4, tissue:normal saline) for 2 min. To the lung homogenate (90 μl), 400 μl of acetonitrile was
added, followed by vortexing for 20 min. Internal standard fluconazole 10 μl (2500 μg/ml) was then mixed with
it. The samples were then centrifuged in a cold centrifuge at 4◦C at 10,000 rpm for 10 min. The supernatant
was then filtered through 0.45-μm syringe filter and the filtrate was injected (20 μl) into the column. The drug
content was calculated from the calibration curve developed in the same way within the concentration range of
0.1562–10.00 μg/ml.

Pharmacokinetics & lung lobe distribution study

All the animal studies were approved by Animal Ethics Committee, Jadavpur University. The studies were performed
in male Swiss Albino mice weighing about 20–25 g. The mice were fasted overnight before experimentation and
were accessed to water ad libitum.

Free drug voriconazole, coated and noncoated PLGA nanoparticles (50 mg) mixed with microfine lactose
monohydrate (150 mg) were administered to mice through the pulmonary route using nose-only inhalation
chamber and dry powder inhaler (DPI) [44]. After complete dosing (taken as zero time), blood samples and lungs
were collected at 1, 3, 6, 24 and 48 h post inhalation. Lung lobes were collected separately and marked as left lobe,
cranial lobe, middle lobe, accessory lobe and caudal lobe and were stored at -80◦C until further use.

At each time point, blood (∼1 ml) from three mice from each group was collected via terminal cardiac puncture
following deep anesthesia using chloroform. EDTA (2 mg) was added to each tube, as an anticoagulant. The blood
sample was mixed with EDTA and centrifuged at 5000 rpm for 5 min at 4◦C for separation of plasma. Plasma
sample was stored at -20◦C until analyzed.

The voriconazole plasma concentration–time data were analyzed by standard noncompartmental methods using
the program WinNonlin Pro (Pharsight Corp, CA, USA) [45–48].

Gamma scintigraphy

Gamma imaging was performed for mice after administering Technetium-99m (Tc-99m)-labeled PLGA nanopar-
ticles containing voriconazole formulation (Tc-99m-VNP) and chitosan-coated PLGA nanoparticles containing
voriconazole (Tc-99m-VChNP). They had 200 microcurie of radioactivity and administered through pulmonary
route. The animals were anesthetized by ketamine hydrochloride prior to imaging. Mice were fixed on a wooden
board and imaging was performed on a planar gamma camera (GE Infinia Gamma Camera equipped with Xeleris
Workstation; GE, OH, USA) at 3 and 6 h after administration.

Results
Preformulation study
Investigation of drug-excipients interaction

Figure 1 shows the FTIR spectra of voriconazole, each of the excipients, mixture of voriconazole with PLGA,
PVA and/or chitosan and a mixture of the polymers, respectively. The FTIR spectra of pure voriconazole, mixture
of drug with the polymers and the lyophilized formulations with or without drug show that the characteristic
peaks (C–N, C–F and C–C stretching bands at 3190.86–3117.54, 1498.31–1452.41 and 1586.96–1452.41 cm-1,
respectively) of the drug were present [13,49].

The shifting of the following peaks of chitosan while in the physical mixture with the drug and the polymers
from 652 to 657 cm-1 and 605 to 606 cm-1 might be due to medium intensity stretching of C–H and C–H bending
and ring puckering, C–H deformation and O–H bending (out of plane), respectively, from 1697 to 1693 cm-1 for
C=O stretching and from 1082 to 1086 cm-1 for C–N medium intensity stretching and C–O stretching [36]. In the
FTIR spectrum of PLGA, sharp peaks at 3589.45–3643.84 cm-1 for –OH (free) and of 2995.43–2946.79 cm-1

for C–H stretching were observed as the typical bands of PLGA. The ester C–O stretching band of PLGA was
observed at 1748.61 cm-1. The main bands appearing in that spectrum were due to stretching vibrations of OH
groups in the range from 3750 to 2900 cm-1, which were overlapped to the stretching vibration of N–H; and
C–H bond in –CH2 (2918 cm-1) and –CH3 (2852 cm-1) groups, respectively. In the FTIR spectrum of chitosan,
the band located near 1146 cm-1 is related to asymmetric vibrations of CO in the oxygen bridge resulting from
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Figure 1. Fourier transform infrared spectroscopy studies of individual components, physical mixture and
nanoparticle formulations. PLGA: Polylactic-co-glycolic acid; PVA: Polyvinyl alcohol.

Table 2. Formulation characteristics such as percent drug loading, percent encapsulation efficiency, average particle size
and zeta potential values for the optimized polylactic-co-glycolic acid formulation without chitosan coating (P5) and
with chitosan coating (P6).
Formulation code Drug loading (%) Encapsulation efficiency (%) Average particle size (nm) Zeta potential (mV)

P5 35.62 ± 0.135 71.24 154.6 -14.8

P6 28.57 ± 3.704 68.57 277 31.9

deacetylation of chitosan. The small peak at approximately 890 cm-1 corresponds to wagging of the saccharide
structure of chitosan [50–53]. Thus, from this it can be concluded that there is no chemical interaction seen between
the drug and the excipients.

Characterization of nanoparticles
Particle size distribution & zeta potential by DLS analysis

The average particle size and zeta potential values of the experimental formulations are given in Table 2. The data
(Supplementary Figure 1) revealed that most of the particles had an average particle size of 154.6 and 277 nm with
zeta potential value of -14.8 and +39.1 mV for noncoated and coated nanoparticles, respectively.

Determination of drug loading & entrapment efficiency

The drug loading values were expressed by the quantity of voriconazole encapsulated in the formulations and
the drug entrapment efficiency was associated with the percentage of voriconazole encapsulated with respect
to theoritical voriconazole loading in a particular formulation [13,36]. The percentage values of drug loading of
noncoated and coated nanoparticles were 35.62 ± 0.135% and 28.57 ± 3.704% with the drug-loading efficiency
values of 71.24 and 68.57%, respectively (Table 2).

Surface morphology

FESEM images revealed that experimental formulations were spherical in shape. In noncoated formulations, most
of the particles were below 500 nm (Figure 2D) in size and the particles of the coated nanoparticle formulation
(Figure 2E) were little bit larger than those of noncoated formulation. But the surface coating was not distinguished
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Figure 2. Morphology of the experimental nanoparticles. Cryogenic transmission electron microscopic images of (A)
noncoated PLGA nanoparticles and (B) chitosan-coated PLGA nanoparticles; (C) transmission electron microscopic
image of chitosan-coated PLGA nanoparticles; Field Emission scanning electron microscopic images of (D) noncoated
PLGA nanoparticles and (E) chitosan-coated PLGA nanoparticles; atomic force microscopic images of (F) noncoated
PLGA nanoparticles and (G) chitosan-coated PLGA nanoparticles.
PLGA: Polylactic-co-glycolic acid.

properly by FESEM data. The surface coating of chitosan onto the PLGA nanoparticles was confirmed by cryogenic
(cryo)-TEM images (Figure 2B) and TEM image (Figure 2C). The particles of noncoated formulation were smooth
in surface (Figure 2A). The AFM images of noncoated (P5) and coated (P6) nanoparticles have been shown in
Figure 2F and G. AFM image shows that the particles of both the formulations were purely spherical in shape
and the surface was coated in case of chitosan-coated nanoparticles. Amount of chitosan coated in the formulation
was determined by substracting the weight of uncoated lyophilized drug-loaded nanoparticles from the weight
of chitosan-coated lyophilized drug-loaded nanoparticles, and the amount of chitosan was determined to be
13.89 ± 1.94% of the uncoated lyophilized drug-loaded nanoparticles. The size of nanoparticles was in nanograde.
The sphere-like particles were 150–300 nm in diameter.
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Figure 3. Release of voriconazole from the experimental nanoparticles in different drug release media. Release
profiles of voriconazole from noncoated PLGA nanoparticles (P5) and chitosan-coated PLGA nanoparticles (P6) in (A)
phosphate-buffered saline (pH 7.4) and (B) simulated lung fluid (pH 7.4).
PLGA: Polylactic-co-glycolic acid.

In vitro drug release study

Both the experimental formulations had more or less similar drug release pattern in PBS, pH 7.4 up to 21 days
(Figure 3A). The drug released from the experimental formulations initially at a faster rate up to 24 h and then at
a slower rate in a sustained manner up to 8 days (after 8 days, no significant increase in the percentage cumulative
drug release was seen). It shows that at first 30 min about 25% of the drug released from the optimized uncoated
nanoparticles, whereas the data for the optimized chitosan-coated nanoparticles were less (16%). The drug released
in a similar sustained manner after 24 h of release from both the formulations. After 8 days, 74.76 and 68.12% of
drug released from P5 and P6, respectively, in PBS.
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Figure 4. In vitro deposition of nanoparticles analyzed by cascade impactor. In vitro deposition of noncoated PLGA
nanoparticles (P5) and chitosan-coated PLGA nanoparticles (P6) from Andersen cascade impactor (data as mean ±SD,
n = 3).
PLGA: Polylactic-co-glycolic acid; SD: standard deviation.

A distinct difference was observed for drug released in SLF, pH 7.4 (Figure 3B). For noncoated nanoparticles,
54% of drug was released at 6 h, but in chitosan-coated nanoparticles drug released 70% and at day 5, drug release
values were 64 and 81% from noncoated and coated nanoparticles, respectively.

Drug release kinetics study

The drug release kinetic revealed that the drug release followed the Korsmeyer–Peppas kinetic model (R2 = 0.719
and 0.896 for P5 and P6 in PBS; and 0.835 and 0.801 for P5 and P6 in SLF, respectively; Supplementary Table
1). The release of drug from the particles followed non-Fickian diffusion kinetics, as depicted from the release
component value.

Determination of MMAD & GSD using an eight-stage nonviable Andersen cascade impactor

Cascade impactor scenario of the noncoated (P5) and chitosan-coated (P6) PLGA nanoparticles are shown in
Figure 4. P5 and P6 had the highest particle retention in stage 5 and lowest particle deposition at stage 8 of the
impactor. The particles were deposited less than 10% in stages 0–2, 6–7. Stages 3 and 4 showed particle deposition
above 10% but below 20%; whereas only stage 5 showed particle deposition above 20%. MMAD and GSD of P5
(noncoated) and P6 (chitosan-coated) were calculated to be 2.46 μm and 2.15 (for P5), and 2.8 μm and 3.04 (for
P6), respectively.

Particle size below 5 μ was considered as fine fraction [54]. Fine powder fraction of noncoated (P5) and chitosan-
coated (P6) nanoparticles from cascade impactor device were 0.6676 and 0.5747, respectively. Emitted dose percent
of noncoated (P5) and chitosan-coated (P6) nanoparticles were calculated excluding the total loss during the delivery
to cascade impactor device. The values were 11.67 and 9.96%, respectively.

In vivo deposition of nanoparticles in the lungs of mice using nose-only inhalation chamber & fabricated DPI

In vivo deposition of FITC nanoparticles coated and noncoated types in the lungs have been confirmed by confocal
images taken at 1, 8 and 24 h during the experiment. Figure 5A and B revealed that NPs penetrated into the lung
tissue cell membrane and were distributed uniformly in the alveoli. In addition, the green fluorescent intensity in
the cells augmented with time. In order to investigate, the influence of the chitosan coating on nanoparticles on
the nanoparticle deposition in the lung tissues, we calculated the CTCF values for noncoated and chitosan-coated
PLGA nanoparticles at different time points of 1, 8 and 24 h.

The CTCF values have been summarized in Figure 6A. CTCF values of both the formulations at different time
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8 h 24 h1 h

Figure 5. Confocal microscopic images of lung tissue
section of mice treated with the experimental
nanoparticles. Confocal laser scanning microscopic
images of lungs treated with (A) noncoated PLGA
nanoparticles(P5) (at 1, 8 and 24 h after pulmonary
administration), and (B) chitosan-coated PLGA
nanoparticles (P6) (at 1, 8 and 24 h after pulmonary
administration).
PLGA: Polylactic-co-glycolic acid.

Table 3. Pharmacokinetic parameters for free drug voriconazole, optimized polylactic-co-glycolic acid formulations
without chitosan coating (P5) and with chitosan coating (P6) in Swiss albino mice after pulmonary administration.
Parameter Plasma kinetics Lung kinetics

Free voriconazole PLGA nanoparticles CS-coated PLGA
nanoparticles

Free voriconazole PLGA nanoparticles CS-coated PLGA
nanoparticles

Cmax (μg/ml) 15.33 ± 1.16 29.69 ± 2.87 22.15 ± 2.10* 12.03 ± 0.47 19.62 ± 6.76 14.33 ± 4.37

Tmax (h) 1 6 3 1 24 24

AUC (μg/μl*h) 0.25 ± 0.01 1.87 ± 0.09 8.92 ± 2.93 0.07 ± 0.01 1.81 ± 0.67 4.49 ± 0.54**

AUMC (μg/μl*(h)2) 4.08 ± 0.30 126.78 ± 20.92 4799.7 ± 891.61* 0.57 ± 0.14 134.94 ± 23.05 1341.55 ± 469.26*

MRT (h) 15.95 ± 0.41 67.73 ± 7.38 537.97 ± 97.92* 7.84 ± 0.94 74.60 ± 15.36 298.49 ± 83.65*

t1/2 (h) 10.01 ± 0.36 45.55 ± 7.92 372.8 ± 132.48 5.37 ± 0.77 48.28 ± 13.258 204.10 ± 64.125*

CS chitosan; Values represent mean ± SD (n = 3); Statistical significance evaluations (using two-tailed unpaired t-test) represented by asterisks compared with PLGA nanoparticles.
*p � 0.05 at 95% CI.
**p � 0.01 at 99% CI.
AUC: Area under the curve; AUMC: Area under the first moment curve; CS: Chitosan; MRT: Mean residence time; PLGA: Polylactic-co-glycolic acid; SD: Standard deviation; t1/2: Half-life.

points (1, 8 and 24 h) showed that CTCF value decreased with time in case of noncoated nanoparticles, whereas
the value increased gradually with time for chitosan-coated nanoparticles.

Pharmacokinetics & lung lobe distribution study

Different pharmacokinetic parameters after pulmonary administration of free voriconazole, noncoated and chitosan-
coated nanoparticles have been listed in Table 3. Voriconazole levels in blood and lungs were located after single-dose
administration of nanoparticles containing voriconazole given through pulmonary route. Drug level was observed
at six different time points up to 72 h. Both the nanoparticles showed sustained drug release profile for up to
72 h in comparison to the free voriconazole [13]. Our formulation showed to maintain the plasma concentration
of voricoanzole above minimum inhibitory concentration (∼0.5 mg/l) [55] required for effective treatment of
lung-fungal infection (LFI).

The maximum concentration of voriconazole in plasma was achieved 3 h before for chitosan-coated nanoparticles
compared with the noncoated one. But the free drug was found to be maximum in 1 h in both the plasma and lung
(Table 3). Whereas the time required to achive maximum concentration in lung was same for both the formulations.
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Figure 6. Quantification of fluorescence from lung sections of the experimental animals and distribution of
voriconazole in different lobes of lungs of the experimental mice treated with developed nanopartcles. (A) CTCF
values and integrated density quantification of FITC fluorescence staining in lung tissue sections after pulmonary
delivery of noncoated PLGA nanoparticles and chitosan-coated PLGA nanoparticles (data as mean ± SD, n = 3); (B)
Distribution of voriconazole (μg/ml) in mice lung lobes at different time points up to 72 h after treatment with
noncoated and chitosan-coated nanoparticles in pulmonary route.
CTCF: Corrected total cell fluorescence; FITC: Fluorescein isothiocyanate; PLGA: Polylactic-co-glycolic acid;
SD: Standard deviation.

The concentration of drug was found to be relatively more in plasma as a result of the higher perfusion rate in lung
due to more densed capillary network present in the pulmonary region [56,57]. The mean residence time (MRT)
and the half-life (t1/2) of voriconazole were found to increase in both the plasma and lung for chitosan-coated
nanoparticles as compared with the noncoated nanoparticles and free drug.
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3 h

6 h

Non-coated PLGA
nanoparticles

Chitosan coated PLGA
nanoparticles

Figure 7. Gamma scintigraphic images of mice treated
with Technetium-labelled experimental nanoparticles.
Scintigraphy pictures of animals after receiving
Tc-99m-labeled polylactic-co-glycolic acid nanoparticles
containing voriconazole formulation (P5) and
chitosan-coated polylactic-co-glycolic acid nanoparticles
containing voriconazole (P6) by pulmonary route after 3
and 6 h.

From Figure 6B, it is evident that left lung lobe had the highest voriconazole concentration, while distribution
of drug in the middle lobe was found to have the lowest value during the entire study duration (i.e., 72 h). Drug
concentration was detected in all the lobes of lung above minimum inhibitory concentration level (0.5 μg/ml)
within 24 h.

Gamma scintigraphy

The noncoated and chitosan-coated nanoparticles containing voriconazole were radiolabeled with Tc-99m with
more than 95% efficiency. Figure 7 shows gamma scintigraphy pictures of animals which received Tc-99m-VNP
and Tc-99m-VChNP by the pulmonary delivery method. Tc-99m-VChNP was found to be predominantly more
in lungs and urinary bladder at 3 h after its pulmonary administration. Interestingly, at 6 h after its administration, it
was found to accumulate more in liver and simultaneously there was a substantive decrease in urinary bladder. This
suggests its urinary clearance decreased remarkably along with eventual hepatic accumulation. Similar phenomenon
was observed in animals after pulmonary administration of Tc-99m-VNP at 3 and 6 h. However, markedly low
signal was detected in lungs indicating lower amount of retention of Tc-99m-VNP in lungs than Tc-99m-VChNP.

Discussion
In this study, we have developed chitosan-coated, US-FDA-approved biodegradable polymer (PLGA)-based
nanoparticles for pulmonary delivery of voriconazole to treat fungal infections in lungs, which is one of the
major killer diseases in immunocompromised patients. Furthermore, its in vitro characterization and pharmacoki-
netic evaluation have been reported here. Initially, we have investigated drug to excipients interaction by FTIR
spectroscopy. Data reveal that all the typical bands of PLGA and voriconazole were present in the FTIR spectrum
of their physical mixture. Furthermore, the presence of the characteristic peaks of drug and the excipients in
the formulations were observed. This suggests that there was no chemical interaction between the drug and the
excipients used in this study. However, shifting of some peaks was also observed. The probable reason might be
due to the physical interactions by formation of weak physical bonds such as van der Waals force of attraction,
H-bonding or dipole–dipole interaction between the various functional groups of voriconazole, PLGA, chitosan
and PVA molecules. The physical interaction might be responsible for the formation of spherical structure of the
nanoparticles and sustained drug release from them. Presence of drug peak in the lyophilized formulations suggests
that some drug molecules were present on the surface.
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Voriconazole was present in DCM along with the PLGA in the primary emulsion (W/O). This primary emulsion
was further emulsified in the 1.5% PVA solution to prepare W/O/W emulsion. Initially, the pH of the PVA solution
for preparation of secondary emulsion was brought down to pH 3.0 to solubilize chitosan and during this process
some of the voriconazole molecules leached from the DCM solution to the aqueous media and at this low pH
voriconazole remained dissolved along with the chitosan in this aqueous PVA media. However, for coating purpose,
when the pH was raised to pH 9.0, there might be coprecipitation of chitosan along with the drug on the surface
of the nanoparticles. Presence of this drug molecule on the surface might have been detected by the FTIR study.

Drug–polymer ratio was varied to initially optimize the drug loading and particle size of the experimental
noncoated nanoparticles and drug–polymer ratio (1:1) was established to be the best for this purpose. The ratio
of drug:PLGA:chitosan was optimized as 1:1:0.4 for the purpose of development of chitosan-coated nanoparticles.
In this method, incorporation of chitosan coating was done simultaneously during the process of development of
multiple emulsion and no additional step for coating was required. Furthermore, time of lyophillization was also
same as it was required for noncoated formulation. Thus, this simple process of chitosan coating on nanoparticle
could be highly beneficial for the industrial production point of view. However, due to chitosan coating, the drug
loading was found to decrease as compared with the noncoated formulation. This might be due to the dissolution
of some drug molecules, which escape from the formulation due to acidic pH (pH 3.0) as voriconazole has high
solubility in acidic pH (1.2) [58,59]. As we have mentioned earlier, the coating was developed by coprecipitation of
the drug along with the polymer, there must be a loss of drug owing to the precipitation of the drug at higher pH.
Drug-loading efficiencies in both the types of formulations were more or less similar. However, the overall value
(∼70%) was less than the expected. It might be due to the incomplete removal of the whole product from the small
containers and the homogenizer. There was a little variation of % drug-loading efficiency due to chitosan coating
and that may be due to the use of much less quantity of material for preparation of nanoparticles.

There are several investigations proposing PLGA/chitosan nanoparticles available in the literature. Yang et al.
and Babu et al. have prepared chitosan-coated nanoparticles by the multistep method. Initially, they have prepared
PLGA nanoparticles and lyophilized them. In the next step, the lyophilized nanoparticles were coated with chitosan.
Both of them used PLGA variety 50:50 with variable drug loading [60,61]. Babu et al. had 6.5% drug loading [61].
On the other hand, Yang et al. had drug loading of about 3.5% [60]. In another study, Taetz et al. wanted to deliver
antisense 20-Omethyl-RNA using chitosan-coated PLGA nanoparticles where the variety of PLGA used was 70:30.
Initially, they mix PLGA-ethyl acetate (EA) solution with chitosan containing PVA solution for 1 h and this mixture
was homogenized at 13,500 rpm for 15 min. But no data related to drug loading were reported [62]. In our study,
we used PLGA (85:15) and chitosan to develop chitosan-coated PLGA nanoparticles. This is a single-step method
where formation of nanoparticles and coating of chitosan were done simultaneously. Our method is similar to the
method described by Taetz et al. However, instead of mixing PLGA-EA solution with aqueous chitosan containing
2.5% PVA for 1 h [62], we added primary emulsion (PLGA-DCM-acetone in 2.5% aqueous PVA) to chitosan
dissolved in 1.5% PVA solution at pH 3.0 just before the preparation of secondary emulsion. This improves the
drug loading about five-times more than the other two reported methods.

Four different methods, namely, DLS, FESEM, AFM and Cryo-TEM were adopted in order to accurately
know the particle size, particle size distribution, surface morphology and surface coating by chitosan on the PLGA
nanoparticles containing voriconazole in lyophilized as well as hydrated states. Sizes of lyophilized particles observed
using FESEM were smaller than those detected by DLS. The difference in size may be because of the DLS method,
which measures the average hydrodynamic diameter of nanoparticles in aqueous suspension where the particles
might swell and increase in size [63]. Size analysis data by DLS (Supplementary Figure 1) show that the average
size (Z-average) of noncoated nanoparticles (154.6 nm; Supplementary Figure 1A) and that of chitosan-coated
nanoparticles (277 nm; Supplementary Figure 1B) were well below 300 nm. The range of obtained particle size
has been reported to distribute throughout the lungs (i.e., from the upper lobe to lower lobe region) by pulmonary
delivery [64]. Lyophillized PLGA nanoparticles and chitosan-coated nanoparticles were free flowing in nature. In
pulmonary drug delivery, flowability of powder is predominantly important for distribution of nanoparticles by
DPI/nebulizer to the lungs. More is the flowability of the powder, more is its distribution and deposition in various
parts of lungs. Presence of chitosan can help the nanoparticulate powder to adhere to the alveoli and not to be
phagocytosed quickly [26].

Maximum deposition of particles from P5 and P6 were observed at stage 5 (1.1–2.1 μm diameter) of cascade
impactor apparatus (Figure 4). Data obtained upon deposition of particles on different stages of cascade impactor
showed that particle size obtained in P5 and P6 is relevant (150–300 nm) for deposition in trachea, primary and
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secondary bronchi, and alveolar region for deep lung penetration [54]. Higher deposition from chitosan-coated
particles (P6) at stage 0 (9.0–10 μm) to stage 2 (4.7–5.8 μm) and at stage 5 (1.1–2.1 μm) is also suitable for
deposition in the pharynx and terminal bronchial area, respectively, of the pulmonary tract [54]. The zeta potential
of a particle is the overall charge that particles acquire in a particular medium and at particular temperature [65]. The
physical stability of particles can also be predicted from their zeta potential value. Zeta potential value above +30 mV
and/or below -30 mV indicates that the particles are having good colloidal stability [30]. Zeta potential values in
between +30 and -30 mV suggest that the precipitation of particles in a suspension is more as the zeta potential
value changes more toward zero [66]. Thus, the noncoated nanoparticles (surface charge -14.8 mV; Supplementary
Figure 1C) may settle down faster than the chitosan-coated nanoparticles (surface charge +31.9 mV; Supplementary
Figure 1D), while in suspension. Presence of terminal carboxyl group in the PLGA polymer provided negative
surface charge in the noncoated nanoparticles [67], while positive surface charge of the coated nanoparticles was
due to the presence of amino group of chitosan [68]. In case of noncoated nanoparticles, they should be stored in a
lyophilized form and should be reconstituted just before use to prevent faster precipitation.

FESEM images (Figure 2D & E) of the experimental nanoparticles show that all the particles belonged to P5
and P6 had smooth surface. This data along with the findings of AFM (Figure 2F & G) and cryo-TEM (Figure 2A
& B) suggest that the particles were spherical and submicron size with a heterogenous distribution where particles
size varied from 150 to 300 nm.

Furthermore, their characterization by cryo-TEM reveals that the obtained nanoparticles were coated (Figure 2D).
The analysis by cryo-TEM is a method for the amplification of selected basic structural questions rather than for
regular quality control issues [69]. TEM analysis (Figure 2C) of chitosan-coated nanoparticles show that the
additional polymer (chitosan) was uniformly deposited (as a coat) on to the surface of PLGA nanoparticles.

In vitro drug release data for PLGA nanoparticles and chitosan-coated PLGA nanoparticles containing voricona-
zole show that voriconazole released in a sustained manner with a predominant burst release (about 35–45%)
initially within 1 h in SLF, pH 7.4 and PBS, pH 7.4 (Figure 3). Burst release of coated formulation found to
be more in SLF than PBS. Burst release decreased in case of same formulation when studied in PBS. This might
be due to the presence of several salts such as magnesium chloride, potassium chloride, sodium acetate, sodium
sulfate, sodium citrate, etc., in the SLF and those salts might have enhanced the drug dissolution faster in case of
chitosan-coated formulation as compared with the noncoated PLGA formulation. Drug release kinetic data show
that drug release from the nanoparticles might follow a complex mechanism of diffusion as well as erosion as the
data were best supported by the Korsmeyer–Peppas kinetic model.

In vivo uptake of FITC nanoparticles containing drug in the alveoli of both the lungs was found to remain almost
similar with the duration (24 h) of the study in case of coated nanoparticles. However, for noncoated nanoparticles,
the initial uptake was found to be more but with the duration the value decreased. Possibly, this could be due to the
mucoadhesive effect of the coated particles that retained longer time in the lungs as compared with the noncoated
one.

The pharmacokinetic data reveal that the Cmax was found to be greater for noncoated nanoparticles in both
the plasma and lung. This could be due to the slow drug release. Furthermore, chitosan is a hydrophilic polymer
and voriconazole has little solubility in water. Hence, diffusion of hydrophobic voriconazole through chitosan
might have taken longer time as compared with PLGA nanoparticle. Tmax values of voriconazole of P5 and P6 for
lung pharmacokinetics were same. However, those values varied in plasma kinetics. Tmax value for chitosan-coated
formulation in plasma kinetics was 3 h, which was half of that value for noncoated formulation.

Chitosan coating increased the AUC and AUMC 4.77-times and 38-times in plasma and 2.49-times and 10-
times in lungs, respectively. The enhanced AUC and AUMC values suggest that the availability of drug from the
formulation was more for chitosan-coated formulation. This might be due to the slower release and predominantly
longer MRT of drug in plasma and lung tissue from the chitosan-coated formulation.

Several reasons may be given for improved bioavailability of voriconazole after pulmonary administration of
chitosan-coated nanoparticles. Bioadhesion, conferred by chitosan, is probably responsible for the enhancement
of drug pharmacokinetic profile in both the blood and lung. The bioadhesion is achieved through different
mechanisms such as electrostatic interaction, hydrogen bond, covalent linkage or van der Waals forces [26,70].
Bioadhesion results in increased residence time at the lung epithelial cells and thus enhances the drug absorption
due to the close intimacy of nanoparticles with the epithelial cells. Moreover, avoidance of hepatic ‘first-pass’
metabolism contributes to improve bioavailability of the nanoparticles. The improved AUC values for the coated
particles also guarantee for the prolonged drug release from the nanoformulations in a slow and sustained manner.
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A marked increase in MRT of voriconazole in case of chitosan-coated nanoparticles was noticed as compared with
the voriconazole in PLGA nanoparticles and free voriconazole. This is because of the more residence time of the
nanoparticles in the lung due to chitosan coating. The slow release of voriconazole from the nanoparticles due to
more biodegradation time of the nanoparticles prepared with biocompatible and biodegradable polymer PLGA also
increases the pharmacokinetic parameters in comparison with the free voriconazole (Table 3). In this study, drug
level in lung tissue as well as plasma was measured. Due to the localized nature of LFIs, to measure concentration of
voriconazole in different lobe is more meaningful, especially for chitosan-coated PLGA nanoparticulate formulation
due to its better pharmacokinetic profile.

The micron-sized foreign bodies primarily have clearance by phagocytosis by resident alveolar macrophages.
Inhaled nanosized particles generally are not recognized by macrophages and might instead be internalized by
traversing the alveolar epithelium consisting of cuboidal alveolar type II epithelial cells and flattened alveolar type
I epithelial cells [71]. The alveolar type I epithelial cells are the primary target of inhaled nanoparticles mediated
through clathrin- and caveolin-mediated endocytic pathways important in trans-epithelial transport, receptor
recycling and cellular signaling. Whereas secretory alveolar type II cells synthesize and release pulmonary surfactant
that helps reducing the surface tension at the air–liquid interface and contains surfactant proteins A–D, which
act as opsonins to promote clearance [71]. In case of chitosan-coated particles due to the mucoadhesive nature
of chitosan, the clearance through A–D cell surfactant protein might be distinctly hindered compared with the
noncoated particles. This might have held prolonged retention time of P6 formulation in the alveoli resulting in
remarkably longer AUC and AUMC values of the drug in lungs. This is an important requirement for treating the
LFI.

As far as toxicity is concerned, study shows that PLGA nanoparticles without the tamoxifen citrate failed to show
any toxicity to viable cells and exhibited viability of 99.11% in MCF7 cell line [32]. Another study revealed that
chitosan-coated PLGA nanoparticles showed less toxicity in lung fibroblasts than in cancer cells and interestingly
it showed negligible toxicity in normal human bronchial epithelial cells at equivalent drug concentrations used
in cancer cells [61]. Dyawanapelly et al. found that none of the PLGA nanoparticles or chitosan-coated PLGA
nanoparticles exhibit cytotoxicity to A549 cells as compared with 1% Triton X-100 as positive control (100%
cytotoxic) even at much higher concentrations of 20 mg/ml [70]. Trif et al. found that PLGA and chitosan-PLGA
nanoparticles were not cytotoxic at concentrations up to 2500 μg/ml in Madin–Darby bovine kidney and human
colorectal adenocarcinoma cells [72]. Parveen and Sahoo showed that void nanoparticles of PLGA and PLGA-chitosan
showed no considerable toxicity of 5 days of incubation study in different cell lines used [26]. Chronopoulou et al.
concluded that chitosan coating of dexamethasone-loaded PLGA NPs without inducing cytotoxicity permit their
uptake by cultured 3T6 and C3A cells [25].

In vivo evaluation of experimentally developed chitosan-coated nanoparticles was achieved by gamma scinti-
graphic imaging of the particles deposited in the lung. Imaging provides information on the amount and localization
of Tc-99m-VNP and Tc-99m-VChNP deposited in lungs after their administration through pulmonary route.
The comparatively more deposition and retention of the nanoformulations was seen in case of chitosan-coated for-
mulation in spite of more elimination of chitosan-coated formulation from the mice with respect to the noncoated
formulation. The nonadhered particles might have eliminated and Tc-99m-VChNP was found to eliminate more
as compared with Tc-99m-VNP. More water affinity of chitosan polymer might have eliminated the nonadhered
chitosan-coated formulation more and faster in the excretory organ. On the other hand, the mucoadhesive nature of
the polymer chitosan might overcome the problem of low retaintability of the formulation in lungs and thus helped
promoting more and longer retention of the sustained release formulation. With the time (at 3 and 6 h), there
were eventual enhancement of hepatic accumulation of Tc-99m-VChNP and Tc-99m-VNP and a simultaneous
decrease of them in urinary bladder. It suggests that nanoparticles deposited in the lungs preferentially eliminated
through liver.

Conclusion
Studies presented on the current article indicate that the administration of inhalable chitosan-coated PLGA
nanoparticles led to predominantly prolonged retention of the nanoparticles in the lung as well as in plasma.
We believe that this improvement was caused by the enhancement of mucoadhesion effect owing to the surface
coating using chitosan and sustained release effect of PLGA and chitosan. Further studies are warranted in the area.
Experimental nanoparticles intended for pulmonary delivery may have considerable pharmaceutical potential in
the treatment of LFI.
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Summary points

Background
• Local delivery of medications to the lungs is highly desirable, especially in patients with specific pulmonary

diseases such as cystic fibrosis, asthma, chronic pulmonary infections or lung cancer.

• Current therapies are insufficient to prevent recurrent fungal infection in lungs.

• The aim of the present investigation was to develop, characterize and evaluate chitosan-coated
polylactic-co-glycolic acid (PLGA) nanoparticles containing voriconazole intended for pulmonary delivery of
medication to lungs for treating lung-fungal infections.

Methods
• The novelty relies on the simple and reproducible preparation method for chitosan-coated biodegradable

polymer-based nanoparticles with uniform coating.

• Physicochemical in vitro and in vivo characterizations of the developed nanoformulations using advanced
scientific methods have been performed to get extensive understanding of the developed formulation.

Results & conclusion
• Nanoparticles reached in deep lung tissue and delivered drug for both local and systemic actions by promoting

cellular adhesion and retention of the delivery system at the target site.

• Deposition of FITC-containing chitosan-coated nanoparticles in lung and the lung alveoli has been confirmed by
confocal images up to 24 h.

• Pharmacokinetics study showed that chitosan coating onto PLGA nanoparticles promoted to release drug in
lungs from where it was transferred to systemic circulation having advantage of highly vascularized system and
increased in vivo residence time in comparison to the PLGA nanoparticles.

• Gamma scintigraphic imaging showed that more retention of chitosan-coated nanoparticles in lungs as
compared with noncoated formulation was achieved.

• Nanoparticles maintained prolonged drug level in lungs and the distribution of drug from the chitosan-coated
formulation in five different lobes of lung up to 72 h showed that drug was above minimum inhibitory
concentration level, thus, it was obviously beneficial to kill the fungal spores that generally remain dormant and
survive in case of conventional treatment and causes recurrence of the disease.

• Therefore, chitosan coating on PLGA nanoparticles is promising for bioavailability improvement for effective
pulmonary delivery and may be for efficacious treatment of fungal infection in lung.
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43. Stefančı́ková L, Porcel E, Eustache P et al. Cell localisation of gadolinium-based nanoparticles and related radiosensitising efficacy in
glioblastoma cells. Cancer Nanotechnol. 5(1), 6 (2014).

• Describes the method for quantification of fluorescence of fluorescein isothiocyanate in nanoparticles in the lung tissue section.

44. Sinha B, Mukherjee B. Development of an inhalation chamber and a dry powder inhaler device for administration of pulmonary
medication in animal model. Drug Dev. Ind. Pharm. 38, 171–179 (2012).

•• Designed a nose-only inhalation chamber for delivering the nanoparticles to mice using dry powder inhaler.

45. Reddy LH, Murthy RS. Pharmacokinetics and biodistribution studies of doxorubicin loaded poly(butyl cyanoacrylate) nanoparticles
synthesized by two different techniques. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc. Czech Repub. 148(2), 161–166 (2004).

46. Ma W, Lu S, Pan P, Sadatmousavi P, Yuan Y, Chen P. Pharmacokinetics of peptide mediated delivery of anticancer drug ellipticine.
PLoS ONE 7(8), e43684 (2012).

47. Kan SL, Li J, Liu JP, He HL, Zhang WZ. Evaluation of pharmacokinetics and pharmacodynamics relationships for salvianolic acid B
micro-porous osmotic pump pellets in angina pectoris rabbit. AJPS 9(3), 137–145 (2014).

48. Kudgus RA, Walden CA, McGovern RM, Reid JM, Robertson JD, Mukherjee P. Tuning pharmacokinetics and biodistribution of a
targeted drug delivery system through incorporation of a passive targeting component. Sci. Rep. 4, 1–6 (2014).
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ABSTRACT: Current therapies are insufficient to prevent
recurrent fungal infection especially in the lower part of the
lung. A careful and systematic understanding of the properties
of nanoparticles plays a significant role in the design,
development, optimization, and in vivo performances of the
nanoparticles. In the present study, PLGA nanoparticles
containing the antifungal drug voriconazole was prepared
and two best formulations were selected for further character-
ization and in vivo studies. The nanoparticles and the free drug
were radiolabeled with technetium-99m with 90% labeling
efficiency, and the radiolabeled particles were administered to investigate the effect on their blood clearance, biodistribution, and
in vivo gamma imaging. In vivo deposition of the drug in the lobes of the lung was studied by LC−MS/MS study. The particles
were found to be spherical and had an average hydrodynamic diameter of 300 nm with a smooth surface. The radiolabeled
particles and the free drug were found to accumulate in various major organs. Drug accumulation was more pronounced in the
lung in the case of administration of the nanoparticles than that of the free drug. The free drug was found to be excreted more
rapidly than the nanoparticle containing drug following the inhalation route as assessed by gamma scintigraphy study. Thus, the
study reveals that pulmonary administration of nanoparticles containing voriconazole could be a better therapeutic choice even as
compared to the iv route of administration of the free drug and/or the drug loaded nanoparticles.

KEYWORDS: biodistribution, clearance, gamma imaging, lungs, nanoparticles, pulmonary drug delivery, radiolabeling

1. INTRODUCTION

Voriconazole [(2R,3S)-2-(2,4-difluorophenyl)-3-(5-fluoro-4-
pyrimidinyl)-1-(1H-1,2,4-triazol-1-yl)-2-butanol] is an antifun-
gal drug that is derived by modification of fluconazole molecule,
having one triazole moiety replaced by a fluoropyrimidine ring
and a methyl group added to the propanol backbone.1

Voriconazole is the first line available second-generation
triazole with potent activity against a broad spectrum of
clinically significant fungal pathogens, including Aspergillus,
Candida, Cryptococcus, and some less common molds.
Voriconazole primarily acts by inhibiting fungal cytochrome
P450-dependent 14α-sterol demethylase, an essential enzyme
in ergosterol biosynthesis.2

Invasive fungal infection occurs in both immunocompetent
and immunocompromised patients.3 Patients with malignancy,
HIV, hematologic disease, and conditions requiring immuno-
suppressive medications have contributed to an escalation of
respiratory fungal infections. Fungal infection may be endemic
or opportunistic. Many available antifungal treatments are often

limited by concerns about efficacy, safety, drug interaction,
and/or cost. Although some liposomal formulations of
amphotericin B are developed, these formulations suffer from
some problems such as use of lipids in the formulations (lipid
peroxidation and stability) and increased toxicity due to
nontargeted delivery through the parenteral route.4 Moreover,
their rapid clearance from circulation due to uptake by the
reticuloendothelial system, primarily in the liver, cannot be
ignored. Treatment becomes difficult if fungal infection occurs
in the lower respiratory tract or deep in the lung, as sustained
availability of therapeutic quantities of drug at the site of
infection is often inadequate because of rapid removal of drug
due to high blood flow turnover in the tissue. Delivery of drug
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directly to the site of action in the case of pulmonary infection
can reduce the drug level in the whole blood significantly while
the desired therapeutic concentration at the site of infection is
maintained. Developing a nanoparticle-based system and
delivering it to the lungs may help to retain the particle in
lungs over a prolonged period of time and reduce the toxicity
compared to the parenteral route. Biodegradability, biocompat-
ibility, mechanical strength, and processing ease are the prime
requirements of a polymer matrix for nanoparticle preparation.5

Among the various classes of synthetic polymers, poly lactic-co-
glycolic acid (PLGA) has a wide range of applicability for
controlled drug delivery system.6 The lactide/glycolide polymer
chains are cleaved by hydrolysis into natural metabolites (lactic
acid and glycolic acid) and are washed out from the biosystem
by the citric acid cycle.7

In the present study, a PLGA based nanosize sustained
release delivery system of voriconazole was developed and
evaluated to treat fungal infection in lungs. The hypothesis of
the present study is that “since the drug is a well-known
antifungal agent, if it releases from a formulation and is available
at a desirable concentration at the infected tissue site, it would
certainly exert its action”. So the prime concern of the study
was not to investigate antifungal testing of the drug in the
formulation but to understand and ensure that the antifungal
drug would be available at an effective concentration at the site
of action (lungs) for a prolonged period of time when
administered through the pulmonary route.

2. EXPERIMENTAL SECTION

2.1. Materials. Voriconazole (gift sample) was obtained
from Dr. Reddy’s Laboratories Ltd., Hyderabad, India.
Fluconazole was obtained from Regional Drugs Testing
Laboratory, Guwahati, India. PLGA (molecular weight (MW)
50,000−75,000; lactide to glycolide ratio 85:15) was purchased
from Sigma-Aldrich Chemicals Pvt. Ltd., Bangalore, Karnataka,
India. Poly(vinyl alcohol) (PVA, MW 1,25,000) was procured
from S. D. Fine-Chem. Ltd., Mumbai, Maharastra, India.
Lactose monohydrate was purchased from Himedia Lab. Pvt.
Ltd., Mumbai, Maharastra, India. Acetone and dichloromethane
(DCM) were obtained from E. Merck (India) Ltd., Mumbai,
Maharastra, India. Potassium hydrogen phosphate and
disodium hydrogen orthophosphate were procured from
Process Chemical Industries, Kolkata, West Bengal, India. All
the other chemicals used in this study were of analytical grade.
2.2. Animals. Swiss albino mice weighing 20−25 g of either

sex at a ratio of 1:1 were used for gamma scintigraphy and in
vivo deposition study. Sprague−Dawley rats of either sex
(male:female ratio 1:1) (body weight 250 to 300 g) were
selected for the blood clearance and biodistribution studies.
The experimental protocols were approved by the Jadavpur
University and Dibrugarh University Animal Ethics Commit-
tees, and procedures followed were in accordance with the
Committee’s guidelines, with necessary care. The animals were

kept in individual cages and fed with a standard diet8 and water
ad libitum.

2.3. Preformulation Study. Preformulation study was
carried out to detect any interaction between voriconazole and
the excipients. Different techniques such as Fourier transform
infrared spectroscopy (FTIR), infrared spectroscopy, differ-
ential scanning calorimetry (DSC), thermogravimetric analysis,
X-ray diffraction study, etc. are available to detect drug−
excipient interaction. In the present study, we initially used
FTIR spectroscopy to determine the drug−excipient inter-
action (if any) at the level of their functional groups. Chemical
interaction (if any) between the drug and the excipients was
further verified by DSC analysis of the drug, the individual
excipients, their physical mixture with or without the drug; and
the formulations with or without the drug.

2.3.1. FTIR Spectroscopy. In the FTIR spectroscopic study,
pure drug voriconazole, PLGA, PVA, the physical mixture of
voriconazole with the excipients, and the lyophilized
formulations with or without drug were scanned over a
wavenumber range of 4000−400 cm−1 in an inert atmosphere
in an FTIR spectrophotometer (Alpha, Bruker, Ettlingen,
Germany).

2.3.2. DSC Study. In the DSC study, physicochemical
compatibility between voriconazole and the polymers was
evaluated using a differential scanning calorimeter (Jade DSC,
PerkinElmer, Tokyo, Japan). In the DSC study, accurately
weighed samples were hermetically sealed in flat bottom
aluminum pans and heated over a temperature range from 40
to 220 °C at a constantly increasing rate of 20 °C/min in an
atmosphere of nitrogen gas environment with a flow rate of 20
mL/min.

2.4. Preparation of Voriconazole Loaded PLGA Nano-
particles. Several formulations were prepared by varying
voriconazole to polymer ratio (1:10, 1:5 or 1:2.5), stabilizer
(PVA or poloxamer), homogenization speed (15000 or 20000
rpm), using solvent(s) in different ratios (DCM:acetone, 1:0,
4:1, 1:4, or 0:1), and the solvent removal process (namely,
using rotary vacuum evaporator or overnight stirring on a
magnetic stirrer) (Table 1), and the best two formulations
(FP1 and FP2) based on % yield, % drug loading, particle size,
drug release pattern, etc. were selected. Out of the two
formulations, FP1, further showed good drug loading capacity
and a smaller range of particle size. Hence, FP1 was finally
selected for further in vitro and in vivo characterizations.
Voriconazole nanoparticles were prepared by a modified

multiple emulsion solvent evaporation technique.9 Initially
blank nanoparticles (without drug) were prepared without
adding the drug. Briefly, 250 mg of PLGA was solubilized in 3
mL of DCM. 1.5% (w/v) and 2.5% (w/v) aqueous PVA
solutions were prepared by slowly adding the required amount
of PVA in double distilled water (DDW) and heating lightly on
a magnetic stirrer with a heating facility (1MLH magnetic
stirrer, Remi Equipment, Mumbai, India). The organic
polymeric solution was emulsified with dropwise gradual

Table 1. Composition, % Yield, Drug Loading (%), Size Distribution, and Zeta Potential Values of the Experimental
Nanoparticle Formulations

formulation
code

drug polymer ratio
(w/w)

stabilizer
used

DCMa:acetone
(v/v)

homogenization
speed (RPM) % yield

drug loading (%)
± SD (n = 3)

av particle diam (Z-
av) (nm)

zeta potential
(mV)

FP1 1:10 PVAb 4:1 20000 71 2.91 ± 0.09 300 −10.5
FP2 1:10 PVA 4:1 15000 56 2.57 ± 0.22 303.5 −8.10

aDichloromethane. bPolyvinyl alchohol.
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addition of 0.5 mL of 2.5% PVA solution, homogenized for 5
min using a high speed homogenizer (Ultra-Turrax, model
T10B, IKA Laboratory Equipment, Staufen, Germany). This
primary emulsion (water-in-oil) was quickly poured dropwise
into 75 mL of PVA (1.5% w/v) solution and homogenized for
8 min to get a multiple emulsion of water-in-oil-in-water (w/o/
w) type. This w/o/w emulsion was kept in a bath sonicator for
10 min to break the large globules and then stirred overnight
on a magnetic stirrer to remove the organic solvents
completely.10 Rotary vacuum evaporator (Rotavac, model
PBU-6, Superfit Continental Pvt. Ltd., Mumbai, India) was
also used for removal of organic solvents for some preparations.
It was run for 30 min at 130 rpm at 40 °C. Thus, DCM was
allowed to diffuse out and evaporate to get homogeneous
nanoparticles. When the nanoparticles started hardening, the
particle suspension was kept on a bath-type sonicator (50 Hz)
(model ULAC-14, Trans-O-Sonic, Mumbai, India) for 45 min
to break the agglomerate if any. Then the particles were
separated by centrifugation at 3000 and 15000 rpm in a cooling
centrifuge (3K30 Sigma Lab Centrifuge, Merrington Hall Farm,
Shrewsbury, U.K.) and washed twice with DDW to remove the
excess of PVA and free drug and kept in a Petri dish in an
ultrafreezer (Ultra-Low Freezer, model no C85-5, So-Low
Environmental Equipment, Cincinnati, OH, USA). Then the
preparation was lyophilized (without any cryoprotectant) in a
freeze-dryer (laboratory freeze-dryer, Instrumentation India,
Kolkata, India) for 8 h. The same experimental procedure was
followed for the preparation of voriconazole loaded PLGA
nanoparticles. Here the drug was added to the organic
polymeric solution after complete dissolution of the polymer.
2.5. Characterization of Nanoparticles. 2.5.1. Percent-

age of Yield (% Yield). The lyophilized nanoparticles were
weighed, and the percentage yield of respective formulations
was calculated by using the following formula:11

= ×% yield
weight of nanoparticles obtained

total weight of drug and polymers used
100

2.5.2. Particle Size Distribution and Zeta Potential. Particle
size distribution and zeta potential of all the experimental
formulations were measured using a Malvern Zetasizer Nano-
ZS 90 (Malvern Instruments, Malvern, U.K.). A weighed
quantity of the experimental sample was dispersed in Milli-Q
water (Milli-Q, Merck Millipore, Billerica, MA, USA) by
vortexing and then sonicated and placed in a cuvette for size
and zeta potential measurement.
2.5.3. Drug Loading Study. A drug loading study was

performed to find out the amount of drug that had been
actually encapsulated in the nanoparticles. In this study a
mixture of acetonitrile and DDW in a 1:1 ratio was prepared
and used as the solvent system. An amount of 2 mg of
nanoparticles was weighed accurately and taken in a micro-
centrifuge tube, 2 mL of the solvent mixture was added, and the
tube was closed tightly and kept in an incubator shaker (Somax
Incubator Shaker; Shenjhen Pango Electronic Co. Ltd.,
Shenzhen, China) for 4 h. The drug was extracted in the
solvent mixture, and the amount of drug present was quantified
using a UV−vis spectrophotometer (advanced microprocessor
UV−vis single beam, Intech-295, AP, India) at 255 nm. Drug
loading was determined as follows:12

= ×

drug loading (actual) (%)
amount of drug in nanoparticles

amount of nanoparticles obtained
100

2.5.4. Scanning Electron Microscopy (SEM). Particle
morphology was assessed by SEM (Jeol JSM-6360, Japan).
The lyophilized particles were placed on a carbon tab mounted
on an SEM specimen stub. The specimen stub was coated with
palladium before observation, which was carried out at 20 kV
accelerating voltage.

2.5.5. Transmission Electron Microscopy (TEM). Samples
for TEM were prepared by dispersing approximately 1 mg of
lyophilized formulation (FP1) in 600 μL of Milli-Q water in a
microcentrifuge tube and placing one drop of the sample on a
copper grid. The sample was then allowed to dry in air, and
finally the dried sample was analyzed using a transmission
electron microscope (FEI, Tecnai G2 Spirit Bio Twin, Czech
Republic) at about 210−240 V and 50−60 Hz frequency.

2.5.6. Atomic Force Microscopy (AFM). 10 μL of the sample
(as mentioned in an earlier paragraph) was deposited onto a
freshly cleaved muscovite ruby mica sheet (ASTM V1 grade
ruby mica, Micafab, Chennai, India) and placed for 15−30 min.
Although mica sheets are strongly negative, the mica surface
was chemically altered using 3-aminopropyltriethoxysilane to
create positive charge at the surface. This helps bind negatively
charged materials (such as nanoparticles in this case) on the
mica surface. After 15 min, the sample was dried using a
vacuum dryer. The sample was gently washed from time to
time with 0.5 mL of Milli-Q water to remove the molecules that
were not firmly attached to the mica, and the sample was dried
as mentioned above.
Acoustic ac mode AFM was performed using a Pico plus

5500 ILM AFM (Agilent Technologies, Santa Clara, CA, USA)
by a piezo scanner with a maximum range of 9 μm.
Microfabricated silicon cantilevers of 225 μm in length with a
nominal spring force constant of 21−98 N/m were used from
Nanosensors, Soquel, CA, USA. Cantilever oscillation
frequency was tuned to resonance frequency (150−350 kHz).
The images (512 by 512 pixels) were captured with a scan area
of 2.0 × 2.0 μm at the scan speed rate of 0.5 lines/s. Images
were analyzed with the help of PicoView 1.12 version software
(Agilent Technologies, Santa Clara, CA, USA).13

2.6. In Vitro Assessment. 2.6.1. In Vitro Drug Release
Study. For studying the drug release at various time intervals
(mentioned below), an accurately weighed amount of
voriconazole loaded nanoparticles (5 mg) from each of the
formulations was taken separately in prelabeled microcentrifuge
tubes (2 mL) in triplicate for each time point. The
nanoparticles in each of the tubes were suspended in 2 mL
of simulated lung fluid (SLF, pH 7.4)14/phosphate buffer saline
(PBS, pH 7.4). The tubes were incubated at 37 °C (with gentle
shaking) using an incubator shaker after brief vortexing for the
specific time period of 15 days. The prelabeled respective tubes
were taken out at their respective time points, i.e., 3 h and 1, 3,
5, 7, 10, and 15 days, and centrifuged at 5000 rpm for 15 min.
The supernatant was separated out and analyzed by UV−vis
spectroscopy. The drug release data were plotted as cumulative
percentage drug release against time for different formula-
tions.15

2.6.2. Drug Release Kinetics Study. Data obtained from the
in vitro drug release study were plotted in different release
kinetic models such as zero-order, first-order, Higuchi,
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Korsmeyer−Peppas, and Hixson−Crowell kinetic models.
Coefficients of determination (R2), rate constants for zero-
order kinetics (K0), first-order kinetics (K1), the Higuchi model
(KH), the Hixson−Crowell model (KHC), and the release
component (n) for the Korsmeyer−Peppas model were
determined (by putting the data in the corresponding
plots)16 to understand drug release kinetics.
2.7. In Vivo Investigation. 2.7.1. Radiolabeling of

Voriconazole and Voriconazole Loaded PLGA Nanoparticles.
The radiolabeling of voriconazole and voriconazole loaded
nanoparticles with technetium-99m (99mTc) was done by
reduction with stannous chloride (SnCl2) dihydrate as per the
reported method17,18 with some modifications. Briefly, 2 mg of
voriconazole was dissolved in 1 mL of ethanol (pH adjusted to
4.0), and voriconazole loaded nanoparticle (equivalent to 2 mg
of voriconazole; pH 4.0) was dispersed in 1 mL of nitrogen
purged water. Aqueous 99mTc-pertechnetate (99mTcO4

−) (74−
148 MBq) was added to them, followed by the addition of
freshly prepared stannous chloride dihydrate solution (20 μL
containing 20 μg of SnCl2). They were then incubated for 15
min at room temperature. The radiolabeled efficiencies were
then analyzed by ascending thin layer chromatography (TLC)
using 2.5 cm × 10 cm silica gel strips (Merck, Darmstadt,
Germany) as the stationary phase and acetone as a mobile
phase. The quantitative analysis of the chromatograms was
performed by cutting the strips into 1 cm pieces and counting
them in a well-type gamma scintillation counter (Electronic
Corporation of India, model LV4755, Hyderabad, India) at 140
keV. The contaminants were identified as reduced/hydrolyzed
(R/H) technetium, colloids of tin hydroxides, and free
99mTcO4

−. The free pertechnetate (TcO4
−) which moved

with the solvent front (Rf = 0.9) was estimated as 15−20% of
the total radioactivity added.
2.7.2. Blood Clearance of Radiolabeled Nanoparticles in

Rats. All the animal experiments were approved by the
Institutional Animal Ethics Committee, Jadavpur University,
Kolkata. Sprague−Dawley rats of either sex (male:female ratio
1:1) (body weight 250 to 300 g) were selected for the blood
clearance study. The animals were anesthetized (ketamine 30−
50 mg/kg intramuscular), and the femoral vein of each animal
was cannulated for blood sampling. A volume of 0.2 mL of the
99mTc-labeled complexes of voriconazole loaded nanoparticles
was intravenously injected. The blood samples were collected
starting from 2 min to 4 h, weighed, and analyzed for
radioactivity in a gamma ray spectrometer considering the
volume of blood as 7.3% of the total body weight.
2.7.3. Biodistribution Study in Rats. The biodistribution of

the radiolabeled nanoparticles was investigated in male
Sprague−Dawley rats weighing between 250 and 300 g. All
animals were well hydrated by the intraperitoneal admin-
istration (2 mL) of normal saline (0.9% NaCl (w/v) in water)
for 1 h. Then after a gap of 1 h, 99mTc-chelates of free
voriconazole or 99mTc labeled voriconazole loaded PLGA
nanoparticles in a total volume 0.03 mL in each case (8−12
MBq/kg) were injected in each rat through the tail vein. The
rats were sacrificed at 0.5 and 4 h postinjection, the organs and
tissues (heart, lung, liver, kidneys, spleen, stomach, intestine,
muscle, etc.) were collected and then weighed after being
washed with normal saline and dried briefly by blotting paper
(wherever applicable), and the corresponding radioactivity was
measured using a well-type gamma scintillation counter along
with an injection standard. The results were expressed as
percent injected dose/g of organ/tissue.

2.7.4. Gamma Scintigraphy. In vivo evaluation and
comparison of the radiolabeled nanoparticles and the radio-
labeled free drug were achieved by gamma scintigraphic
imaging of both types of particles deposited in lungs. For
gamma imaging studies, male and female (ratio 1:1) Swiss
albino mice weighing 20−25 g were used. The animals were
subjected to dosing once using fabricated and validated dosing
chamber and dry powder inhaler (DPI),19 as mentioned below,
and then anesthetized by intramuscular injection of 1 mL of
ketamine hydrochloride, and they were fixed on a board in the
posterior position. Imaging was performed at different time
intervals to 4 h (30 min, 60 min, and 4 h) using a planar gamma
camera (GE Infinia Gamma Camera equipped with Xeleris
Workstation, GE, Cleveland, OH, USA). Imaging provided
direct information on the amount (qualitatively) and location
of the nanoparticles and free drug deposited in the lungs after
the administration.

2.7.5. In Vivo Deposition of Voriconazole Loaded PLGA
Nanoparticles Using Fabricated Dry Powder Inhaler (DPI)
and Inhalation Chamber. In vivo deposition of voriconazole in
different lobes of lungs was studied using previously fabricated
and validated inhalation chamber and DPI. Briefly, the DPI
consisted of a sample holder with a tube for pumping out the
dry powder, which was then transported through a connecting
tube and delivered at the dosing chamber region of the
inhalation chamber. The inhalation chamber is a rectangular
chamber that can hold up to six animals, fabricated in such a
way that the noses of the animals are exposed in the dosing
chamber. The animals were divided into two groups for two
time point study (2 and 4 h), and each group had six animals.
Voriconazole nanoparticles (50 mg) were weighed and mixed
with 150 mg of microfine lactose. The powder blend was placed
inside the fluidization chamber and dosed in the inhalation
chamber once. After the completion of dosing, the animals were
sacrificed at the designated time points, lungs were removed,
and different lobes were separated and marked as left lobe,
cranial lobe, middle lobe, accessory lobe, and caudal lobe. They
were stored at −80 °C until further use. The lung tissue lobes
were thawed and homogenized separately with the addition of 1
mL of normal saline for 3 min, followed by vortexing for 30 s
and addition of 500 μL of 0.02 M borate buffer (pH 9.0). Again
after vortexing for 30 s, 500 μL of ethyl acetate was added,
followed by brief vortexing. Internal standard fluconazole 10 μL
(4 μg/mL) was then mixed with it. The samples were placed in
an aluminum heating block at room temperature and dried
under nitrogen stream for 60 min. The samples were
redispersed in 200 μL of mobile phase, centrifuged at 15000
rpm for 3 min, and transferred to HPLC vial after filtration for
LC−MS quantification. The drug content was calculated from
the calibration curve developed in the same way within the
concentration range 45.30 to 961.92 ng/mL.

2.7.6. Chromatographic and Mass Spectroscopic Analysis.
The liquid chromatography tandem mass spectrometry (LC−
MS/MS) (Agilent 6410 Triple Quad MS-MS, Baltimore, MD,
USA) was used for quantification of voriconazole from the
different lobes of lungs. The mobile phase for the chromato-
graphic separation was composed of acetonitrile−water−formic
acid (60:40:0.05 v/v/v). The mobile phase was filtered before
being used, and it was delivered at a flow rate of 0.4 mL/min.
The analyte was monitored using a mass spectrometer
equipped with a double quadrupole and an electrospray
ionization interface, operated in a positive mode. The analysis
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was carried out at 40 °C with a sample injection volume of 20
μL.
2.8. Statistical Analysis. Mean values and standard

deviations of the various sets of data were performed using
SPSS 16.0 software. The number of replicas considered for
calculation for each set of data has been mentioned under the
relevant data sets in tables and figures.

3. RESULTS

3.1. Preformulation Study. 3.1.1. FTIR Spectroscopic
Analysis. Among the various preformulation studies, inves-
tigation of interaction between drug and the excipients in a
formulation provides information about the stability of the drug
in the formulation, the drug release pattern, and the lag time of
drug release from the formulation.20 Among the available
analytical methods, FTIR spectroscopy provides a distinct idea
regarding interaction among the different functional groups
present in the drug and the excipients.21 In the present study,
when the FTIR spectra of voriconazole, PLGA, PVA, physical
mixture of voriconazole, PLGA, and PVA, formulation without
drug, and formulation with drug (FP1) were compared, no
positional shifting of characteristic peaks of voriconazole was

detected (Figure 1). Voriconazole used in the formulation was
of pure grade, and the FTIR spectrum revealed that the peaks
of C−N, C−F, and C−C stretching bands of the drug were at
3190.86−3117.54 cm−1, 1498.31−1452.41 cm−1, and 1586.96−
1452.41 cm−1, respectively, which match with our earlier
observations.22 In the FTIR spectrum of PLGA, the peaks, at
3564.81 cm−1 for OH and at 2995.43−2946.79 cm−1 for C−H
stretching bands, were observed, showing the presence of the
characteristic peaks of PLGA. The typical ester C−O stretching
band of PLGA was observed at 1748.61 cm−1. All the
characteristic peaks of PLGA and voriconazole appeared in
the FTIR spectrum of their physical mixture. For PVA, OH and
H are the predominant reactive groups. The FTIR spectrum of
PVA revealed the peaks at 2943.94 cm−1 for CH2 asymmetric
stretching. The peak observed at 1088.36 cm−1 is attributed to
the presence of terminal polyvinyl groups, while 1705.29 cm−1

indicates the carbonyl (CO) stretching band.23 Therefore,
physical interactions existing between the functional groups of
voriconazole and the excipients and among the excipients
resulted in minor shifting of the peaks. Formation of a weak
hydrogen bond, interaction due to van der Waals force, or
dipole−dipole interaction among those functional groups might
be responsible for the physical interactions. The presence of the

Figure 1. Fourier transform infrared (FTIR) spectra of (A) voriconazole; (B) poly lactic-co-glycolic acid (PLGA); (C) poly(vinyl alcohol) (PVA);
(D) physical mixture of voriconazole, PLGA, and PVA; (E) formulation without drug; (F) formulation FP1.
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characteristic peaks of the drug and the excipients suggests that
there was no chemical interaction. Such physical interactions
might have been responsible for the sustained release of the
drug from the formulations and might provide a spherical
structure of the nanoparticles.24 The characteristic peaks of
PLGA were also present in the FTIR spectra of the
formulations with and without the drug. However, no drug
peak was observed for PLGA nanoparticles, indicating complete
encapsulation of the drug.

3.1.2. DSC Analysis. The DSC thermograms (Figure 2)
obtained for the pure drug, formulations with (FP) or without
drug (Blank-F), polymers, and the physical mixtures of drug−
polymers have been compared. The DSC thermograms show a
broad endotherm at 134.29 °C for voriconazole and at 51.33
°C for PLGA. In the physical mixture, the endothermic peak of
voriconazole and that of PLGA were in those respective
positions. This implies the nonreactive nature of PLGA with
voriconazole. Since PVA was removed by washing the

Figure 2. Differential scanning calorimetry thermograms of voriconazole (Vori); PLGA; PVA; and their physical blends (Vori+PVA+PLGA, PVA
+PLGA); formulation without drug (Blank-F); and formulation with drug (FP).

Figure 3. Scanning electron microscopic images of (A) formulation FP1 at 8000×; (B) formulation FP2 at 5000×. Transmission electron
microscopy photographs of formulation FP1 (C, E) of formulation FP2 (D), showing entrapped drug particles in the nanoparticles.
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nanoparticles three times during the centrifugal separation
process, the formulations with or without the drug have shown
the absence of PVA.
3.2. Characterization of Experimental Nanoparticles.

3.2.1. Particle Size and Zeta Potential. Different PLGA
nanoparticle formulations containing voriconazole were pre-
pared by a multiple emulsification−solvent evaporation method
by altering their composition and different process parameters.
Most of the prepared formulations had their particle size
diameter (Z average) less than 1000 nm. Out of those
formulations, the two best formulations in terms of drug
loading and other physicochemical properties have been
reported here. Formulation FP1 had an average particle size
of 300 nm, which was close to that of FP2 (303.5 nm). Zeta
potential values of both formulations were found to be negative,
and the values were 10.5 and 8.10 for FP1 and FP2, respectively
(Table 1).
3.2.2. Drug Loading and % Yield. The drug loading values

were expressed by the quantity of voriconazole encapsulated
per unit quantity of the formulations.25 The various
composition and the process parameters of the experimental

formulations with their respective drug loading are shown in
Table 1.
The reported two formulations were prepared keeping the

same drug to polymer ratio of 1:10 (w/w) using the stabilizer
PVA but were homogenized at different RPM. These result in a
formation of particles with 2.91% and 2.57% drug loading and a
yield of 71% and 56% for formulations FP1 and FP2
respectively.

3.2.3. SEM and TEM Analysis. The nanoparticles were found
to be spherical and had a smooth surface as seen in SEM and
TEM images (Figure 3). The photographs revealed that the
particles loaded with voriconazole were of submicron size.
TEM photograph (Figure 3E) shows the entrapment of drug
particles inside the polymeric nanoparticles (formulation FP1),
as seen in darker spots.

3.2.4. AFM Analysis. In the AFM images, the flattened
topography and the three-dimensional view of PLGA nano-
particles on mica support as well as step height measurement,
surface of a hole or peak, and the profile curve of FP1 are
shown in Figure 4. Data revealed that the PLGA nanoparticles
had an average width of 155 nm, a mean depth of 1.83 nm
(Figure 4A), and a tendency to agglomerate.

Figure 4. Atomic force microscopy images of nanoparticles formulation FP1 obtained 20 min after the deposition on mica support. (I) Topography
flattened and (II) 3D view; (A) step height measurement; (B) surface of a hole or peak; (C) profile curve.
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3.3. In Vitro Assessment. 3.3.1. In Vitro Drug Release.
FP1 and FP2 had more or less similar drug release pattern in
SLF up to 7 days (Figure 5A). After that, there was a sudden
jump of drug release which occurred from FP1 in 10 days, and
in 15 days about 67% and 62% drug was released from
formulations FP1 and FP2 respectively. Likewise, steady
mimicking drug release patterns were observed from
formulations FP1 and FP2, and in 15 days drug release was
about 58% and 49% respectively from them in PBS (Figure
5B).
3.3.2. Drug Release Kinetics. Drug release profiles of FP1

and FP2 in PBS were much more linear as compared to those
in SLF. Amounts of drug release of FP1 and FP2 in SLF at
different time points were found to be generally more (except a
few cases where the values were marginally less) than those in
PBS at the respective time points. The R2 values and rate
constants/release exponent values determined from the data of
drug release following different kinetic models26 are given in
Table 2. More linearity (by assessing R2 values) was detected in
the Korsmeyer−Peppas plot (R2 = 0.970, 0.921 for FP1, FP2,
respectively) followed by Higuchi’s (R2 = 0.952, 0.928 for FP1,
FP2, respectively) in SLF. The drug release exponent (n value)

in Korsmeyer−Peppas plot was found to be between 0.45 and
0.89, suggesting anomalous diffusion of the drug from the
matrix-type nanoparticles.27 Drug release profiles of FP1 and
FP2 in PBS were found to be best fitted in Hixson−Crowell
kinetics (R2 = 0.984, 0.978 for FP1, FP2, respectively).
However, FP1 had more linearity toward zero-order kinetics
(R2 = 0.987), and FP2 had a tendency to follow first-order (R2

= 0.982) kinetics.
3.4. In Vivo Investigation. 3.4.1. Radiolabeling. The

radiolabeling efficiency as determined by instant thin layer
chromatography (ITLC) was about 90% (in both cases). The
radiolabeled nanoparticles remained at the origin of the TLC
sheets, and free TcO4

− was moved to the solvent front at a Rf
value of 0.9. The amount of free TcO4

− was about 10%.
3.4.2. Blood Clearance. The serum elimination of the

radiolabeled nanoparticles is shown in Figure 6. The decline in
the percentage of injected dose in blood was observed over the
increasing duration after injection.

3.4.3. Biodistribution. Biodistribution of the radiolabeled
free drug and radiolabeled nanoparticles containing voricona-
zole was investigated in rats at 30 min and 4 h after injection.
Hepatic accumulation was higher (37.37% injected dose (ID)

Figure 5. In vitro drug release profile. (A) Cumulative percent drug released (% CDR) vs time (days) in simulated lung fluid (pH 7.4) and (B) %
CDR vs time (days) in phosphate buffer (pH 7.4) from various nanoparticle formulations at different time points (data as mean ± SD, n = 3).

Table 2. Data of Drug Release Kinetics of the Experimental Nanoparticles

simulated lung fluid phosphate buffer saline

FP1 FP2 FP1 FP2

zero order y = 0.199x + 11.622 y = 0.183x + 9.635 y = 0.155x + 2.862 y = 0.138x + 4.093
R2 = 0.835a R2 = 0.811 R2 = 0.987 R2 = 0.967
K0 = 0.199b K0 = 0.183 K0 = 0.155 K0 = 0.138

first order y = −0.002x + 1.953 y = −0.0013x + 1.958 y = −0.001x + 1.999 y = −0.001x + 1.988
R2 = 0.898 R2 = 0.87 R2 = 0.977 R2 = 0.982
K1 = −0.0006c K1 = −0.0005 K1 = −0.0004 K1 = −0.0003

Higuchi kinetics y = 4.126x − 2.327 y = 3.799x − 3.262 y = 2.904x − 5.249 y = 2.654x − 3.726
R2 = 0.952 R2 = 0.929 R2 = 0.920 R2 = 0.948
KH = 4.126d KH = 3.799 KH = 2.904 KH = 2.654

Korsmeyer−Peppas kinetics y = 0.626x + 0.312 y = 0.722x + 0.044 y = 0.551x + 0.225 y = 0.527x + 0.268
R2 = 0.971 R2 = 0.921 R2 = 0.927 R2 = 0.928
n = 0.626e n = 0.722 n = 0.551 n = 0.527

Hixson−Crowell kinetics y = −0.004x + 4.465 y = −0.004x + 4.491 y = −0.003x + 4.623 y = −0.003x + 4.592
R2 = 0.879f R2 = 0.854 R2 = 0.984 R2 = 0.978
KHC = −0.004 KHC = −0.004 KHC = −0.003 KHC = −0.003

aCoefficient of determination. bZero order rate constant (mg mL−1 h−1). cFirst order rate constant (h−1). dHiguchi rate constant (h−1/2). eRelease
exponent. fHixson−Crowell rate constant (mg1/3 mm−1) h−1.
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per gram of organ (% ID/g)) at 30 min than that (28.08% ID/
g) at 4 h (Table 3). Predominant accumulation was also
observed in lungs and spleen (5.65% ID/g and 5.98% ID/g
respectively at 30 min and 3.46% ID/g and 4.83% ID/g
respectively at 4 h). This can also be justified for the targeting
of the voriconazole loaded nanoparticles to lungs. Uptake of the
drug in heart was not prominent. Urinary excretion was
predominant at 4 h compared to at 30 min in the case of the
free drug. About 50−70% less urinary excretion of drug loaded
nanoparticles was seen in 30 min to 4 h.
3.4.4. Gamma Scintigraphy. Figure 7 shows the gamma

scintigraphy pictures of mice which received 99mTc labeled
nanoparticles containing drug and 99mTc labeled free drug by
the pulmonary route. The pictures were taken after 0.5 h, 1 h,
and 4 h of administration of the nanoparticles/free drug. The
figures confirm that nanoparticles remained longer in lungs
with respect to the free drug after pulmonary administration.
3.4.5. In Vivo Deposition. The concentration of voriconazole

in the different lobes of lungs was assessed. The drug was found
to be available more in the accessory lobe followed by the
cranial, caudal, middle, and last left lobes, respectively, after 2 h
of administration (Figure 8). The drug concentration reduced
at 4 h in all the lobes except the left lobe, where the drug
concentration increased 40% of its value at 2 h.

4. DISCUSSION
Effects of formulation variables such as the drug to polymer
ratio, stabilizer concentrations, solvent variation, types of
stabilizer, homogenizing speeds, etc. were investigated to
develop formulation. These parameters were found to affect

% yield, drug loading, particle size, zeta potential, drug release,
etc. of the particles (please see the Supporting Information).
When we enhanced the polymer content in drug to polymer
ratio, the drug loading increased. This could be due to the
hydrophobic nature of the drug. Different solvent compositions
(DCM and acetone) were used in the formulation development
stage. We found that the solvent ratio 4:1 of DCM to acetone
(by volume) resulted in an increased drug loading compared to
the other solvent ratios. The solvent composition might favor
more drug partitioning than the other solvent compositions
studied. This caused higher drug loading. Solvent removal
process plays an important role in the in vitro properties of the
particles. We used a rotary vacuum evaporator followed by
overnight stirring on a magnetic stirrer and only the overnight
stirring on a magnetic stirrer. Particle size was found to reduce
in case of the first process. Initial quick evaporation of solvent
might prevent the small clusters of smaller particles to
aggregate to form larger particles. However, the drug loading
was reduced. When all other parameters remained constant, the
homogenizing speed was optimized and it showed that, at
20,000 rpm, maximum drug loading and the smallest size of the
particles were obtained. At higher and lower speeds, drug
loading (decreased) as well as the particle size (increased) were
altered. Lower homogenizing speed might produce insufficient
force to form the desired decreased particle size, whereas higher
speed could produce smaller particles which upon the solvent
evaporation process might aggregate in small numbers to form
larger particles. Finally, based on the physicochemical character-
izations, we have selected the best two formulations and
reported here the findings related to them.

4.1. Preformulation Study. 4.1.1. FTIR and DSC. Drug−
excipient(s) interaction is an important preformulation study as
it indicates whether the drug is compatible with the excipients
used in a particular formulation.28 In the present investigation,
the interaction study was done using FTIR and DSC to confirm
any interaction between voriconazole and the polymers, PLGA
and PVA. The data of FTIR spectroscopy and DSC reveal that
there was no chemical interaction, although minor shifting of
some peaks in FTIR spectra was found possibly due to the
formation of physical bond(s) such as weak H-bond, van der
Waals force of attraction, dipole−dipole interaction, etc., which
might be responsible for sustained drug release and formation
of nanoparticles. Further, in the case of the drug loaded
formulations, absence of drug peak in the FTIR spectra and
presence of drug peak in DSC thermogram reveal that drug was

Figure 6. Blood clearance of radiolabeled nanoparticles at different
time points.

Table 3. Biodistribution Study of 99mTc Labeled Voriconazole Loaded PLGA Nanoparticles and 99mTc-Chelate of Free
Voriconazole in Rats

voriconazole loaded PLGA nanoparticles free voriconazole

organ/tissue 30 min 240 min 30 min 240 min

heart 0.45 ± 0.06a 0.39 ± 0.12a 0.36 ± 0.05a 0.32 ± 0.07a

blood 1.30 ± 0.11 0.88 ± 0.18 0.95 ± 0.13 0.73 ± 0.11
liver 37.37 ± 1.20 28.09 ± 2.19 41.06 ± 1.23 32.04 ± 1.01
lungs 5.65 ± 0.50 3.46 ± 0.49 3.05 ± 0.06 2.19 ± 0.07
spleen 5.98 ± 1.38 4.83 ± 0.63 4.02 ± 0.07 3.75 ± 0.06
muscle 0.08 ± 0.01 0.07 ± 0.02 0.13 ± 0.02 0.11 ± 0.03
kidney 2.65 ± 0.30 3.45 ± 0.35 4.44 ± 1.05 5.75 ± 0.94
stomach 0.88 ± 0.12 1.64 ± 0.40 1.11 ± 0.12 1.94 ± 0.22
intestine 2.12 ± 0.22 3.20 ± 0.21 1.18 ± 0.09 2.57 ± 0.65
urine 3.67 ± 0.43 15.14 ± 2.11 7.89 ± 0.08 26.54 ± 0.15

aEach data indicates % injected dose (ID) per gram of organ/tissue ± SD (n = 6).
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completely encapsulated and no free drug was available on the
particle surface.
4.2. Characterization of Nanoparticles. 4.2.1. Particle

Size and Zeta Potential. Particle size, in particular, plays a
crucial role in the distribution of nanoparticles in lungs when
administered by the pulmonary route. A report suggests that
the aerodynamic diameter of the particles in the range of 0.43−
0.65 μm was capable of distributing nanoparticles in alveoli of
deep lung tissue.29 Particle size equally plays a key role in the
biodistribution of nanoparticles.30 Particles with a hydro-
dynamic diameter less than 5.5 nm (which is the cutoff size
for renal excretion) are rapidly excreted in the urine.31 Since the
particle sizes of the developed nanoparticles were much higher
than the above-mentioned size, they might have escaped size
dependent rapid clearance through urine.
The PDI values were found to be nearly 1 (data not shown),

which suggests that polymer chains approached uniform chain
length.32 The surface charge (zeta potential) of nanoparticles
has a significant impact on their biodistribution and
pharmacokinetic profiles. Positively charged particles are
filtered more rapidly than the negatively charged particles in
the basement membrane of glomerulus, mainly consisting of
negatively charged polysaccharide glycosaminoglycans.33 Since
the experimental particles had negative zeta potentials, they
were devoid of the charge dependent rapid clearance problem
through kidneys. The zeta potential values were found to be
negative for all the formulations, and the negative values might
be due to the dissociation of hydrogen ion from carboxyl group
(−COOH) of the PLGA chain.34

4.2.2. % Yield. Alteration of homogenizing speed was found
to vary % yield marginally within an approximate range of 60−
70%. As a whole, little less % yield was due to the recovery
problem of the sticky PLGA polymeric mass adherence to the
homogenizer and use of smaller quantities of formulation
ingredients. However, the formulation prepared in a large
quantity will automatically improve the yield value, by
minimizing the loss.

4.2.3. Drug Loading. % drug loading was found to be less in
FP2 formulation as compared to FP1. Enhancing the speed of
homogenization might help, effectively improving drug
retention in the particles.35 Further, higher homogenizing
speed enhanced a greater intensive shear force, quicker solvent
evaporation, and faster water diffusion in the oil phase, resulting
in a decrease in drug partitioning and/or drug permeability
from the lipid layer to the aqueous media.36

4.2.4. SEM, TEM, and AFM. The surface morphology of the
particles of FP1, as assessed by SEM, has shown that the
particles were spherical in shape and homogeneously
distributed in the nanoscale range. They had smooth surface
also. TEM image suggests that drug was distributed in
particulate form throughout the nanoparticle bodies.37

AFM data was applied for imaging the PLGA nanoparticle
surface and to measure the size of the particles absorbed onto a
mica sheet. The greater abundance of the smaller particles on
the lower end of the 3D structure was observed. AFM images
showed that no reorganization occurred in the surface structure
of nanoparticles due to the presence of the therapeutically
active agent. Drug particles were completely covered by the
polymeric surface, and the particles fused or aggregated in small
clusters of size less than 155 nm in width. A very high dilution
reduced the numbers of nanoparticles on the mica surface.
Since mica is hydrophilic, traces of solvent even after drying
could cause agglomeration of nanoparticles.

4.3. In Vitro Assessment. 4.3.1. Drug Release in SLF and
PBS. In vitro drug release was studied in SLF (mimicking lung
fluid) and in PBS (mimicking blood serum). Our objective was,
first, to investigate whether drug release from the same
formulation differs due to a variation of the drug release
media and, second, to get drug release data in PBS that would
also provide an idea of drug release from the formulation when
injected into blood. The release of voriconazole from FP1 and
FP2 was studied in SLF and PBS, of which the former is
considered to be the more relevant medium for in vivo
condition.38 Physicochemical characteristics of drug and
formulation such as particle size, shape, surface charge, etc.,
manufacturing parameters such as formulation composition,

Figure 7. Scintigraphy pictures of animals which received 99mTc labeled nanoparticles and free drug by pulmonary route after 0.5 h, 1 h, and 4 h.

Figure 8. Voriconazole concentration in different lobes of lung.
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homogenizing speed, method of preparation, etc., and even the
different release media contribute to drug release behavior.39 A
comparison of Figure 5A and Figure 5B shows a crucial role of
drug release medium on drug release from a formulation. Since
SLF and PBS contained high amounts and varieties of salts,
these excess amounts of salts in the release medium might
obviously affect the swelling behavior of PLGA and retard drug
diffusion from the particles, limiting its incorporation in
water.40 Further, PBS mediated alteration in drug diffusion
might retard drug release comparatively more slowly and
steadily.
4.3.2. Drug Release Kinetics. Drug release data were fitted to

different kinetic models (Table 2) to identify the possible drug
release mechanism(s). Drug release kinetics in SLF showed that
FP1 and FP2 followed the Korsmeyer−Peppas model and they
had also a good amount of linearity toward Higuchi kinetics.
This suggests that a coupling of diffusion and erosion
mechanism, so-called anomalous diffusion or non-Fickian
diffusion (based on n values), was involved in controlling
drug release from the nanoparticles. In contrast, drug release of
FP1 and FP2 in PBS followed Hixson−Crowell kinetics,
suggesting that drug release was limited by the drug particle
dissolution rate.
4.4. In Vivo Investigation. 4.4.1. Radiolabeling. In the

present study, voriconazole and its nanoparticle formulation
(FP1) were labeled with 99mTc having significant radiolabeling
efficiency. The mechanism of this radiolabeling process involves
the reduction of TcO4

− from its existing heptavalent oxidation
state to a lower valence state by SnCl2. SnCl2 is essential for
good radiolabeling efficiency.41 This is a well-known radio-
labeling process for the labeling of drug as well as the
formulations presented in many studies.42

After conducting preliminary trials, pH adjusted for reduced
99mTc to obtain high labeling efficiency (about 90%) was
optimized to 4.0. The amount of SnCl2 used for reducing the
TcO4

− performs a major role in the radiolabeling process since
higher amount results in formation of undesirable radiocolloids
whereas a lower amount of SnCl2 causes poor labeling
efficiency. In the present investigation, 20 μg of SnCl2 was
found to be optimum for high labeling efficiency with a low
amount of free and R/H pertechnetate. Incubation time at
room temperature in which maximum percentage of labeling
occurred has been optimized as 15 min after the addition of
99mTcO4

− to the preparation containing voriconazole or
voriconazole nanoparticles. For optimizing the above parame-
ters, quality control tests were performed by TLC using ITLC
strips.43

4.4.2. Blood Clearance. The blood clearance graph had two
phases in it. The first phase had a comparatively rapid clearance
of the nanoparticles within 30 min, which might occur due to
the quick biodistribution of the nanoparticles. In the second
phase, slow and steady clearance of nanoparticles was observed
until 240 min. This suggests that the nanoparticles were
eventually bound to plasma protein, delaying their plasma
clearance.
4.4.3. Biodistribution. Generally, the biodistribution of

nanoparticles implies the nanoparticle mass in tissues at various
time points. Biodistribution of nanoparticles is dependent on
their physicochemical properties (such as size, surface charge,
etc.).44 Free drug and the nanoparticles were found to
distribute into tissues within 30 min. The residence time of
nanoparticles in blood was found to be more compared to the
free drug. Predominantly faster clearance of free drug from the

body compared to nanoparticles, as supported by the urinary
excretion data (Table 3) and their tissue accumulation data in
liver, kidneys, and to some extent stomach, could be
responsible for that. Among the organs tested, the liver showed
maximum accumulation of free drug/nanoparticles (FP1) at 30
min after administration. After 4 h, both the free drug and
nanoparticle concentrations started decreasing, indicating their
hepatic elimination from the body. Although the hepatic
elimination was found to be less for nanoparticles, both the free
drug and the nanoparticles were well excreted by the liver.
Hepatic drug metabolizing enzymes, hepatic macrophages, and
Kupffer cells are known to play a significant role in such hepatic
clearance.45 Data further suggest that nanoparticle delivery
directly to the target tissue (such as lungs in this case) could be
more fruitful to avoid their significant loss due to processes of
major systemic clearances.46

Spleen uptake of the formulation was higher as compared to
free drug and decreased with time. Thus, spleen-mediated
elimination of free drug and nanoparticles should not be
ignored.
A higher amount of accumulation of voriconazole in kidneys

and predominantly faster urinary excretion of the free drug
suggest that nanoparticles would remain in the body for a
longer period of time than the free drug.47 Lungs have shown a
predominant uptake of nanoparticles (about 1.5 times more)
than the free drug. Slower and much less distribution of
nanoparticles in the muscles might be due to a much larger
volume of the tissue. Heart muscles had marginally higher
nanoparticle distribution as compared to the free drug.
However, distribution patterns were more or less similar.
Complicated muscular structure and very active functional role
might take part in the role of less distribution of both the free
drug and the nanoparticle in heart tissues.

4.4.4. Gamma Scintigraphy. When radiolabeled drug (free
drug) and radiolabeled nanoparticles containing drug were
administered to two different groups of mice through the
pulmonary route using a dry powder inhaler, the distribution of
nanoparticles and free drug in lungs was predominant at 30 min
after their administration. The images taken at 60 and 240 min
show that accumulation of radioactivity in kidneys became
progressively prominent in the case of the animals treated with
the free drug, suggesting the genitourinary tract as a major
excretory pathway of radiolabeled voriconazole. However,
labeled nanoparticles were not observed in the excretory
organ even after 240 min. Nanoparticles may have poorer
plasma protein absorption as compared to the free drug,
ultimately leading to less clearance of drug through urine.
However, the amount of nanoparticles in lungs became less,
which could be due to the biodistribution of nanoparticles in
other organs. Further, the data indicate a better retention of
nanoparticles in the lungs after 4 h as compared to the free
drug, following the pulmonary/inhalation route. Retention of
the nanoparticles in the deeper tissues of the lungs is very
complex. The presence of varieties of proteins and lipids in the
alveolar lining and the tight junctions at the epithelial cell acts
as a barrier for the particles to be transported. Hence, they are
retained in the tissue for a longer time and are not easily
phagocytosed by the alveolar macrophages, whereas, in the case
of the free drug deposited in the lungs, they might translocate
to the pulmonary epithelial cells and interstitial cells, which
ultimately could transport the drug to the blood, causing
clearance of the drug from the lungs.
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4.4.5. In Vivo Deposition. Voriconazole levels in the
different lobes of the lungs of the experimental animals
following pulmonary administration suggest that the drug levels
in the different parts of lungs were not the same at any time
point after the administration. Size-dependent distribution of
nanoparticles in different lobes of lung48 and a rapid turnover of
blood supply49 might be the cause of such variation of drug
levels. Further, a nonsteady blood level of the drug could be
detrimental as the fungal spores in lungs may survive and even
the drug level may not be sufficient to kill the active fungi.50,51

The findings undoubtedly suggest why fungal diseases in lungs
are extremely difficult to be managed therapeutically. Thus, an
alternative route such as pulmonary drug delivery or lung
targeting of the drug may be a better prospective approach to
treating pulmonary fungal diseases.

5. CONCLUSIONS

Physicochemical characteristics and in vitro and in vivo
distribution of the developed voriconazole loaded nanoparticles
have shown that they were therapeutically more efficacious for
delivery of the drug in different lobes of lungs, as compared to
the iv route of delivery. The nanoparticles were subsequently
radiolabeled with 99mTc. Administration of radiolabeled PLGA
nanoparticles containing voriconazole leads to prolonged
retention of particles in lungs with enhanced biodistribution
when compared to voriconazole alone. This study also reveals
that voriconazole encapsulated PLGA nanoparticles are a better
drug delivery system to deliver drug in deep lung tissue in high
concentration for a prolonged period of time and are assumed
to provide greater antifungal effect in fungal infections.
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Abstract

Docetaxel (DTX) is found to be very effective against glioma cell in vitro. However, in vivo
passage of DTX through BBB is extremely difficult due to the physicochemical and
pharmacological characteristics of the drug. No existing formulation is successful in this
aspect. Hence, in this study, effort was made to send DTX through blood–brain barrier (BBB) to
brain to treat diseases such as solid tumor of brain (glioma) by developing DTX-loaded
nanoliposomes. Primarily drug-excipients interaction was evaluated by FTIR spectroscopy. The
DTX-loaded nanoliposomes (L-DTX) were prepared by lipid layer hydration technique and
characterized physicochemically. In vitro cellular uptake in C6 glioma cells was investigated.
FTIR data show that the selected drug and excipients were chemically compatible. The
unilamellar vesicle size was less than 50 nm with smooth surface. Drug released slowly from
L-DTX in vitro in a sustained manner. The pharmacokinetic data shows more extended action of
DTX from L-DTX in experimental rats than the free-drug and Taxotere�. DTX from L-DTX
enhanced 100% drug concentration in brain as compared with Taxotere� in 4 h. Thus,
nanoliposomes as vehicle may be an encouraging strategy to treat glioma with DTX.
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Introduction

Astrocytoma (commonly known as glioma) is most prevalent

among three different types of brain tumors, namely astro-

cytomas, oligidendrogliomas and oligoastrocytomas, in adults.

This aggressive malignant form of cancer accounts for �45–

50% of all primary tumors resulting in death of patients within

a couple of years (Guo et al., 2011; Nance et al., 2014). The

characteristic features such as lack of sharp border, infiltration

ability of the tumor cells in the brain of glioma as well as their

wide distribution restrict their treatments by surgery and

radiotherapy (Guo et al., 2011). Further, due to the strategic

location of the blood–brain barrier (BBB) that allows a

selective transport of drugs into the brain, chemotherapy

becomes an auxiliary treatment for malignant glioma. In the

last few decades, many drugs have been or being explored for

the treatment of glioma. Most of them including docetaxel

(DTX) are large hydrophobic molecules, which are unable to

cross the BBB easily (Asperen et al., 1997) and may become an

effective candidate for efflux by various efflux pumps

governed by BBB as well as tumor cells (Beaulieu et al., 1997).

Docetaxel (DTX) is a complex diterpene alkaloid, isolated

from the bark of Texas baccata, congener of paclitaxel. It has

an efficient antineoplastic effect against a wide spectrum of

solid tumors, such as ovarian, breast and lung cancer. It is

found to be effective in the treatment of glioma in vitro but its

in vivo efficacy is highly compromised due to its poor

aqueous solubility and high molecular weight (Banks, 2009;

Liu et al., 2011; Tan et al., 2012). Therefore, suitable design

and development of appropriate vehicle for the transport of

therapeutic payload is of prime importance in order to

develop an effective therapy against glioma. In this context

colloidal drug carrier especially nanoliposomes have gained

significant interest among the researchers around the globe.

(Jain, 2012; Zhang & Zhang, 2013; Hao et al, 2015; Sonali

et al., 2016a; Sonali et al., 2016b; Sonali et al., 2016c).

Liposomes, the small spherical vesicle with single or

multiple lipid bilayers, made from natural and/or synthetic

lipids have been widely exploited due to their unique

characteristics such as high biocompatibility, biodegradabil-

ity, and non-immunogenicity (Laouini et al., 2012;

Akbarzadeh et al., 2013). They usually improve biodistribu-

tion and pharmacokinetic profile of the therapeutic payload

by sustained drug release from the formulation and
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minimizing the toxicity of the chemotherapeutics by their

selective accumulation in the target area (Chang & Yeh, 2012;

Akbarzadeh et al., 2013). Moreover, liposomes are able to

accommodate both hydrophilic (in the aqueous core) drug and

hydrophobic (in the lipidic bilayers) drug. Thus a liposomal

drug delivery system can be used to increase the solubility of

hydrophobic drugs and can protect them from metabolism in

the body fluid (Allen & Moase, 1996; Irache et al., 2011;

Akbarzadeh et al., 2013). However, optimized size of

liposomal formulation is a critical aspect in order to develop

efficient therapeutics against glioma. It has been reported in

the literature that a nanosize (5200 nm) drug carrier can

exploit the advantages of leaky vasculature associated with

primary brain cancer for transport of therapeutic payload

within the tumor easily through a common mechanism known

as enhanced permeability and retention effect (EPR)

(Kobayashi et al., 2014).

The marketed formulation of DTX (Taxotere�) contains a

solubilizing vehicle which consists of 50:50 mixtures of

tween 80 and dehydrated ethanol; and tween 80 is responsible

for certain adverse effects such as severe hypersensitivity

reactions, anaphylaxis, hyperlipidemia, abnormal lipoprotein

patterns, and aggregation of erythrocytes (Tije et al., 2003).

Further, infusion of DTX for a prolong period of time may

sometimes cause cumulative fluid retention, and peripheral

neuropathy (Sanchez-Moreno et al., 2012).

Administration of DTX requires a long infusion period

(typically 3–24 h) and patients are generally required to be

admitted in hospitals overnight resulting additional incon-

venience. Therefore, incorporation of DTX into liposomal

formulation results in a sustained release formulation, which

could be administered easily through intravenous route and

also use of tween 80 can be avoided, resulting improve patient

compliance and better therapeutic outcome. Innovations of

the present study focused on the development of nanosize

(5100 nm) homogeneously distributed liposomes containing

DTX using common materials with a simple technology. The

developed formulation was able to cross blood brain barrier

successfully to provide adequate concentration of drug in

brain for a longer period by releasing the drug in a sustained

manner. Comparable to the commercial formulation contain-

ing tween 80, further our formulation was devoid of tween 80

related toxicity.

Few similar recent important investigations (Hao et al.,

2015, Sonali et al., 2016b, Sonali et al., 2016c) also developed

nanoformulations with receptor targeting agents. However,

they were constituted with absolutely different constituents

such as D-a-tocopheryl polyethylene glycol 1000 succinate

(TPGS), poly-lactic-co-glycolic acid (PLGA). Further, Sonali

et al. (2016c) developed micelles. Hao et al. (2015) developed

multifunctional nanoparticles and Sonali et al. (2016b)

developed theranostic liposomes.

Advantages of our studies over those studies are that we

have developed simple nanosize liposome with very common

constituents such as phospholipid and cholesterol without any

receptor targeting agent, using a very simple technology. Our

formulations were much smaller than the size of the liposomes

and nanoparticles reported in those studies. However, our

formulations were little larger than the micelles, but well below

100 nm in size. Further, it provided much slower drug release

with a more sustaining effect as compared to the above three

formulations. Moreover, IC50 value of our formulation was

considerably lower and the formulations were internalized well

by the C6 glioma cells. The major disadvantage of the targeted

delivery is the saturation of the receptor by the targeting agent.

Our formulation is also devoid of such problem, and thus would

deliver the drug more effectively for a prolonged period of time

across the BBB to the brain.

Therefore, the objective of the present study was to

develop nanoliposomal formulation of DTX and to establish

its successful delivery in the brain. This may be beneficial for

the treatment of brain cancer such a glioma.

Materials and methods

DTX was obtained as gift sample from Fresenius-Kabi

Oncology Ltd. (Kalyani, West Bengal, India). Cholesterol

(CHL) and chloroform were purchased from Merck (Mumbai,

India) and soya-L-a-lecithin (SPC), fluorescein isothiocyanate

(Isomer I) (FITC), Dulbecco’s Modified Eagle’s Medium

(DMEM) containing 10% fetal bovine serum (FBS) and

antibiotics (10,000 U/L penicillin and 10 mg/L streptomycin)

were purchased from HiMedia Laboratories Pvt. Ltd

(Mumbai, India). NaHCO3 was purchased from Invitrogen

Corporation (Carlsbad, CA), butylated hydroxy toluene

(BHT) was purchased from Qualigens Fine Chemicals

(Mumbai, India). 40,6-Diamidino-2-phenylindole) (DAPI)

and tetrazolium dye 3-(4,5-dimers dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were purchased from

Sigma-Aldrich (St. Louis, MO). C6 glioma cells of rats were

purchased from National Center for Cell Science (Pune,

India). Marketed formulation of DTX (Taxotere� injection

20 mg vial) was purchased from M/s Adeline, Kolkata, India

(batch no. 4F170A, invoice no. 31375). All other chemicals

and reagents used were of analytical grade.

Experimental animals

Male Sprague-Dawley rats of body weight 160 ± 20 g were

used for this study. Animals were obtained from animal house,

Department of Pharmaceutical Technology, Jadavpur

University, Kolkata, India. The animals were acclimatized to

the laboratory condition at 22 ± 1 �C and humidity of 60 ± 10%

for 7 days prior to the actual experiment and they had free

access to water and food (Dey et al., 2016). The animals were

maintained at 12 h dark/light circle. The animal experiments

were conducted with the prior approval of the Institutional

Animal Ethical Committee (IAEC), Jadavpur University,

Kolkata, by strictly following the guidelines of the IAEC.

The animals were deprived of food for 12 h with a free access

of water before administration of different formulations.

Drug-excipients interaction study

In the present study, we have investigated the drug-excipients

interaction by Fourier transform infrared (FTIR) spectroscopy

(Dey et al., 2016). The pure components of the experimental

formulations (i.e. DTX, CHL and SPC, a mixture of CHL,

SPC and a mixture of drug with CHL, SPC), the optimized

formulation containing DTX (L-DTX) and formulation with-

out DTX (B-DTX) (both the formulations were in the

lyophilized forms) were mixed separately, with infrared
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grade potassium bromide (KBr) in a ratio of 1:100. Pellets

were prepared using KBr press at a pressure of 5.5 metric ton.

The pellets were then scanned using FTIR spectrophotometer

(Jasco, FTIR 4200, Japan).

Preparation of nanoliposomes (NLs)

DTX loaded NLs (L-DTX) were prepared by lipid layer

hydration method as reported earlier (Dey et al., 2016).

Requisite weights of different components of NLs such as SPC,

CHL, DTX (Table 1) were taken into a 250 mL round bottom

flask and were dissolved in 10 mL chloroform. The resultant

mixture was mixed by gently-shaking the content in a rotary

vacuum evaporator (Rotavap, model: PBU-6, Superfit

Continental Pvt. Ltd., Mumbai, India) fitted with an A3S

aspirator (Eyela, Tokyo Rikakikai Co. Ltd., Taguig City,

Philippines) and circulating water bath (at 4 �C) (Spac-N

Service, Kolkata, India) and the chloroform was evaporated at

40 �C in the water bath. It was then kept overnight in a vacuum

desiccator. The thin film thus obtained was hydrated in PBS

(pH,7.4) for 60 min at 60 �C at 160 rpm and sonicated at about

30 ± 3 KHz using a sonicator (Trans-o-Sonic, Mumbai, India)

for 60 min. It was then preserved overnight at 4 �C. The

suspension was centrifuged in a cold centrifuge (3K30 Sigma

Lab Centrifuge, Merrington Hall Farm, Shrewsbury, UK) at

16 000, rpm at 4 �C for 60 min to obtain the liposomes and

collected in a petridish; and freeze-dried using a laboratory

freeze-drier (Laboratory-Freeze Dryer, Instrumentation India

Ltd., Kolkata, India) for getting a dried mass of the sample.

NLs without DTX (B-DTX) were prepared by the same

method without the addition of DTX during preparation.

Fluorescent NLs containing DTX (F-DTX) for cellular uptake

study were prepared by the same method of L-DTX

preparation except that addition of 100 mL of 0.4% (w/v)

FITC, as a fluorescent marker, dissolved in a mixture of

chloroform and ethanol (3:1 v/v) (Sinha et al., 2013) during

the initial mixing of the components in chloroform.

Vesicle characterization

DLS study

The average vesicle size, polydispersity index (PDI) and zeta

potential of L-DTX were determined by dynamic light

scattering (DLS) technology in a Zetasizer Nano ZS90

(Malvern Instruments, Malvern, UK) at 25 �C using a

standard method of analysis (Dey et al., 2016).

Surface morphology study by field emission scanning electron

microscopy (FESEM)

FESEM of optimized NLs was done by using electron

microscope (Model-JSM-6700F; JEOL, Tokyo, Japan).

Lyophilized formulation was spread on to a carbon tape

over a stub and a platinum coating of about 5 nm was applied

at an accelerating voltage of 10 kV and 10 mA current with

the help of a platinum coater (JEOL, Tokyo, Japan).

Cryogenic-transmission electron microscopy (Cryo-TEM)

study

Further, morphology, rigidity and lamellarity were confirmed

by Cryo-TEM as reported earlier and images were captured

on a BM-Eagle 4 k� 4 k CCD camera (FEI Company,

Eindhoven, The Netharlands) and the final pixel size was

1.89 Å (Helvig et al., 2015; Dey et al., 2016).

Yield percentage

Yield of each formulation batch was determined to know the

amount of NLs obtained with respect to the total amount of

raw materials used for the formulation. The completely dried

formulation was weighed after a batch run and percentage

yield was then determined by the following equation:

Percentage yield

¼ Amount of NLs obtained

Total amount of components in the formulation
� 100

Percentage of drug loading and loading efficiency percentage

Requisite quantity of NLs (2 mg) was lysed by sonication

followed by vortex in acetonitrile (HPLC grade) and

DTX was separated out by centrifugation at 10 000, rpm for

10 min. The absorbance of supernatant was measured at

230 nm in an ultraviolet-visible spectrophotometer (Advanced

Microprocessor UV-Visible single beam, Intech 295, Andhra

Pradesh, India). The same procedure was repeated for

formulation without drug (B-DTX) to get absorbance to

nullify the effect of excipients on DTX absorbance readings

by subtracting the readings of the absorbance of B-DTX from

those of L-DTX. The percentage drug loading and loading

efficiency were calculated from following equations as

mentioned earlier (Dey et al., 2016).

Percentage of drug loading ¼ Amount of DTX in NLs

Amount of NLs taken
� 100

Percentage loading efficiency ¼ Practical loading %

Theoretical loading %
� 100

In vitro drug release and drug release kinetic study

Comparative in vitro drug release behavior of the optimized

formulation (L-DTX) with the marketed formulation

Table 1. Formulation composition, % yield, drug loading and loading efficiency of different formulations.

Formulation
code

DTX:SPC:CHL
(by weight) Yields %* % of drug loading* Loading efficiency %*

NL1 1:5:5 42.03 ± 4.19 2.6 ± 0.45 28.61 ± 5.05
NL2 1:10:5 69.21 ± 4.75 5.48 ± 0.5 87.81 ± 7.82
NL3 1:15:5 49.89 ± 2.86 1.86 ± 0.5 70.26 ± 11.04

*Data show mean ± standard deviation of three different formulations or three different experiments in triplicate
(where applicable).
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(Taxotere�) and free-drug suspension, consisted of 2 mg/mL

of DTX in a mixture of 520 mg of tween 80 and 13%

ethanol (Dou et al., 2014) was investigated by dialysis

method (Dey et al., 2016). Briefly, phosphate-buffer saline

pH 7.4 (PBS), 50 ml containing 0.5% (w/v) sodium lauryl

sulfate (SLS) (Hu et al., 2012) was taken as drug release

media in a borosilicate glass beaker of 100 ml capacity.

Accurately weighed (5 mg) formulation (lyophilized) and an

equivalent amount of free-drug suspension; and Taxotere�;

were reconstituted with 1 mL drug release media and poured

into a dialysis bag (molecular weight cut-off 12–14 kDa).

The bag containing formulations was made and immersed

centrally into the release media in a glass beaker (100 ml)

with the help of a glass rod. The beaker was placed on a

magnetic stirrer and maintained the content of the beaker for

a rotation of 300 rpm using a magnetic bead. At different

predetermined time intervals for 48 h, drug release medium

(1 mL) was withdrawn and replaced with 1 mL fresh drug

release media. The absorbance of the samples was measured

in a spectrophotometer at lmax of 229 nm. The different

concentrations were calculated from the calibration curve of

DTX in PBS containing 0.5% SLS.

To understand in vitro DTX release kinetics from L-DTX

formulation, the drug release data was analyzed by different

release kinetic models such as zero-order, first-order, Higuchi

kinetics, Korsmeyer–Peppas model and Hixon–Crowell

model for the highest correlation coefficient value (R2)

(Pattnaik et al., 2012).

In vitro cell viability assay

Cell viability assay in rat C6 glioma cells was performed to

monitor growth inhibitory potential or cytotoxicity of differ-

ent formulations of DTX such as, L-DTX, B-DTX, Taxotere�

and free DTX solution, by MTT assay (Barth, 1998; Dey

et al., 2015). These cells were grown in DMEM containing

10% FBS, NaHCO3 and antibiotics (10 000 U/L penicillin and

10 mg/L streptomycin). C6 cells were maintained in T-25

culture flask at 37 �C in CO2-incubator (Heraeus Hera Cell,

Burladingen, Germany). Briefly the method is as follows:

C6 glioma cells (2.5� 103 cells in 100 ml incomplete

media/per well (media without FBS) were placed in 96-well

plate and kept overnight in CO2-incubator. Then, the cells

were treated with various concentrations of different DTX

formulations (equivalent to 5–150 nM drug). After 48 h of

treatment, incomplete media was discarded and 100 ml of

MTT solution (1 mg/ml) was added in each well and kept in

the incubator for 4 h. After incubation, MTT solution was

discarded and 100 ml DMSO was added in each well to

dissolve insoluble formazan dye produced by mitochondrial

reductase enzyme of viable cells. Then, plates were put on

shaker for 10 min and optical density (O.D.) was measured

at 560 nm by plate reader (Biorad, Hercules, CA).

Antiproliferative effect was evaluated by measuring the

percentage of cell viability as given below:

% of cell viablity

¼ O:D: at 560 nm of the sample of treated cells

O:D: at 560 nm of the sample of untreated cells
� 100

Cellular uptake studies in C6 rat glioma cells

Cellular uptake study was performed to evaluate cellular

localization of DTX-loaded fluorescent liposome in C6 rat

glioma cell line (Venkatesan et al., 2011). In brief, C6 cells

were seeded (3� 104) and grown on poly-L-lysine coated

cover slips. Then, cells were treated with F-DTX (FITC-L-

DTX) suspension in water for injection (WFI) at an equivalent

DTX concentration of 7.5 nM for 0.5 and 6 h in serum free

DMEM medium. After the time dependent treatment, medium

was discarded and cover slips were carefully washed with PBS.

Treated cells were then fixed with 4% paraformaldehyde

solution for 5 min. After fixation, the cells were washed with

PBS and stained with DAPI. Cover slips were dried for

overnight and mounted on glass slide using DPX (dibu-

tylphthalate polystyrene xylene). Fluorescence images

(20�magnification) were taken using a fluorescence micro-

scope (Carl Zeiss, Oberkochen, Germany) to evaluate local-

ization of nanoliposomes. Further, the quantification of

amount of DTX uptake was done using flow cytometery

analysis as follows: C6 rat glioma cells were grown in 60 mm

petri dish. After 70% confluency, complete DMEM medium

was removed and incomplete DMEM media was added. Then,

cells were treated with F-DTX for 0.5 and 6 h. After treatment,

cells were collected by trypsin treatment. Cells were then fixed

in chilled ethanol and kept in �20 �C overnight. Next day,

samples were centrifuged to collect the cells and resuspended

in sterile PBS. Samples were then subjected to flow cytometric

analysis (FACS Canto II� cell sorter, BD Biosciences, San

Jose, CA) using FACS Diva software (BD Biosciences) to

measure cellular uptake of liposomes (Baishya et al., 2016).

In vivo plasma and brain pharmacokinetic (PK) study

In vivo plasma and brain pharmacokinetics of the different

preparation of DTX were investigated to know the compara-

tive distribution of DTX in the plasma and brain from

L-DTX, Taxotere�, the marketed DTX formulation

(Taxotere�) and free-drug suspension, consisted of 2 mg/mL

of DTX in WFI (Dou et al., 2014; Dey et al., 2016).

The animals were divided into four groups. One group of

animals was treated with L-DTX dispersed in WFI, second

group with Taxotere� and third group with free-drug

suspension in WFI at an equivalent dose of 10 mg/kg body

weight of rats of DTX intravenously through tail vein

(Venishetty et al., 2013; Dey et al., 2016) and the fourth

group of animals was treated as control group. At a time

interval of 0.25 h, 0.5 h, 1 h, 2 h, 4 h, 8 h of dosing, about

1.0 mL blood was collected into a microcentrifuge tube

containing EDTA solution from the heart of each animal by

terminal cardiac puncture following deep anesthesia using

chloroform. The plasma was separated out by centrifugation

at 5000 rpm for 6 min. The plasma was then stored at �80 �C
until analysis. The brain portion was separated and stored in

�80 �C until further analysis by tandem liquid chromatog-

raphy-mass spectroscopy (LC-MS/MS) (Kuppens et al., 2005;

Venishetty et al., 2013).

Sample analysis by LC-MS/MS

Working stock of DTX was prepared by serial dilution in

HPLC grade methanol. Calibration control (CC) and quality

DOI: 10.1080/10717544.2016.1253798 Treatment strategy for brain tumor 349
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control (QC) samples were prepared by spiking the working

stocks in blank plasma. CC, QC and pharmacokinetic (PK)

study samples were extracted by protein precipitation tech-

nique. Plasma sample (100 ml) was precipitated with 300 ml

ice cold acetonitrile containing 500 ng/ml paclitaxel as

internal standard (IS), vortex-mixed for 10 min, centrifuged

at 4000 rpm at 15 �C for 15 min. Supernatant (100 ml) was

mixed with 100 ml water and loaded into LC-MS/MS (LC:

Shimadzu Model 20AC, MS: AB-SCIEX, Model: API4000,

Software: Analyst 1.6) (Hou et al., 2004). Analytes were

eluted using YMC Triat C18 column (2.1� 30 mm, 5 m) and

gradient elution technique of two mobile phases (mobile

phase A: 0.1% formic acid in water and mobile phase B: 0.1%

formic acid in 80:20 acetonitrile/water), with injection

volume: 20 ml, flow rate 0.8 ml/min and total run time

3.5 min. Brain samples were weighed and four times water

was added, homogenized and analyzed by LC-MS/MS

following the above-mentioned technique. Quantified DTX

concentrations were plotted and different PK parameters such

as maximum blood concentration (Cmax), area under the

concentration–time curve from time of injection (t¼ 0) to a

determined time point, i.e. AUC0!t, time taken for Cmax to

drop in half-life (t1/2), clearance (CL), steady state volume of

distribution (Vss), mean residence time (MRT) of DTX were

calculated using NCA toolbox of Phoenix-Winnonlin software

(Certara, Princeton, NJ) (Kuppens et al., 2005). The intake of

DTX from all the investigating formulations into the brain

was assessed from the plasma to brain value (plasma/brain

value) of DTX (Kemper et al., 2004; Venishetty et al., 2013).

Statistical analysis

All the experiments were performed in triplicate in order to

check the reproducibility and all the data were expressed as

mean ± standard deviation. Statistical calculations were per-

formed using one-way ANOVA followed by the Tukey post

hoc test using Origin Pro 8 (OriginLab, Northampton, MA,

USA). Differences were considered statistically significant

when the probability value (p) was less than 0.05 at 95%

confidence level.

Results

Drug-excipients interaction study

Drug-excipients interaction (if any) was investigated using

FTIR spectroscopy to assess the type of interaction among the

various functional groups of the drug and the excipients of a

formulation (Figure 1A–G). When the FTIR spectra of the

excipients (namely, CHL, SPC) and the pure drug (DTX)

were compared with their physical mixtures, it was found that

the characteristic bands of all the excipients and the drug were

present in their physical mixtures. The C¼C asymmetric

stretch of medium intensity bending vibration and C¼O

variable weak intensity out of plane bending vibration (at

721 cm�1), strong intensity C¼O stretching vibration (at

1741 cm�1) and medium intensity bending vibration of –CH3

deformation (at 1379 cm�1) of SPC were present in the

physical mixture. Similarly, the characteristics bands of CHL

were observed in the spectra of physical mixture and in the

spectra of cholesterol alone. For example, strong intensity

stretching vibration of C–OH group (at 1057 cm�1) and

medium intensity bending vibration of –CH3, –CH2, –CH

deformations (at 1465 cm�1) indicate the presence of CHL in

the physical mixture of CHL, SPC and DTX and that of SPC

and CHL. Further, in case of DTX, medium intensity out of

plane bending vibration C¼C (at 800 cm�1) and C–O

stretching bands were observed in the spectrum of physical

mixture and the spectrum of drug alone. This suggests that

there is no chemical interaction seen between the drug and the

excipients.

In the FTIR spectra of L-DTX and B-DTX, minor shifts of

few characteristic bands of SPC from 1739 to 1743 cm�1 and

from 1378 to 1381 cm�1 were observed. Again, for CHL, a

shift of characteristic bands from 1465 to 1466 cm�1, from

1060 to 1063 cm�1 in L-DTX were observed. In case of DTX,

the characteristic peak at wave number 800 cm�1 was retained

by the formulation with reduction of band intensity, suggest-

ing that there was no chemical interaction between the drug

and the excipients. Further, minor shifts of some bands in case

of SPC and CHL in the formulation might be due to some

physical interactions. After the selection of drug and

the excipients, various formulations were prepared and

the best optimized formulation (NL2) was selected and

reported here.

Vesicles characterization

The data from Malvern particle size analyzer revealed that the

100 percentage vesicles of NL2 had an average particle size

45.9 ± 12.3 nm (Figure 2A) with a PDI of 0.27 ± 0.04 and zeta

potential was found to be �56.8 ± 8.7 mV (Figure 2B and

Supplementary Table 1A). Further, FESEM image revealed

that L-DTX had smooth surface and were homogenously

distributed having size less than 50 nm (Figure 2C). From

Cryo-TEM images, it was further confirmed that the vesicles

were unilamellar with the intact lamellarity and were in the

nanometer range (Figure 2D).

Percentage of drug loading, drug loading efficiency
percentage and yield

The percentage of drug loading of NL2 was 5.48 ± 0.5% with

a drug loading efficiency percentage 87.81 ± 7.82% and

product yield, 69.21 ± 4.75% (Table 1).

In vitro drug release and drug release kinetic study

The comparative in vitro release of DTX from the experi-

mental formulation (L-DTX), Taxotere� and free-drug solu-

tion was done by dialysis method and the result was expressed

as cumulative drug release percentage against time in hour (h)

(Figure 3A). It shows that 38.3 ± 2.6% of drug was released at

the end of 48 h, whereas the release of DTX from Taxotere�

was very fast in comparison to L-DTX. More than 95% of

DTX released within 8 h. The release of DTX from free-drug

solution was at a lower rate than Taxotere� but quicker than

L-DTX. More than 83% DTX released within 24 h. Thus the

experimental formulation possessed a slower rate of release of

DTX than Taxotere� and free drug solution. However, the

drug released from L-DTX formulation initially at a faster

rate up to 12 h and then at a slower rate in a sustained manner.
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The drug release kinetic revealed that the release was

occurring by the Korsmeyer–Peppas kinetic (R2¼0.955)

(Supplementary Table 2A). The release of the drug

from the vesicles followed non-Fickian diffusion kin-

etics, as depicted from the release component value

(n¼ 0.848).

In vitro cell viability assay

In vitro cell viability or anti-proliferative effect of free DTX,

L-DTX, B-DTX and Taxotere�, was evaluated in C6 glioma

cells of rats using MTT assay method. The plot of % cell

viability against dose (nM) shows that as the concentration of

formulation of DTX (L-DTX) increased, the death rate of

cells increased. L-DTX-mediated cellular death was found to

be more compared to the cells treated with free-drug solution

and Taxotere�, respectively. The half maximal inhibitory

concentration (IC50) value of L-DTX significantly decreased

in comparison to others. IC50 values of DTX from L-DTX

was found at 9.5 ± 0.8 nM which is significantly very less

in comparison to free-DTX (IC50 value, 70.8 ± 0.1 nM)

and Taxotere� (IC50 value, 86.5 ± 0.3 nM). The data

also reveal that there was no effect of the excipients used

in the formulation on the cytotoxicity of DTX as the cell

death from blank formulation (B-DTX) was insignificant

(Figure 3B).

Figure 1. FTIR spectral data of (A) DTX,
(B) CHL and (C) SPC, (D) a mixture of CHL,
SPC and (E) a mixture of drug with CHL,
SPC, (F) the optimized formulation with
DTX (L-DTX) and (G) formulation without
DTX (B-DTX).
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Cellular uptake studies in C6 rat glioma cells

To ascertain whether the prepared NLs can permeate into the

cell or not, we have performed in vitro cellular uptake study in

C6 glioma cells by fluorescent microscopy using F-DTX

formulation. The images reveal that the formulation was

internalized into the cells through the cell membrane and

distributed at the cytoplasm. As the time of dosing increased,

the amount of uptake of NLs also increased (Figure 3C). This

was further substantiated by the flow cyclometry study

(Figure 3D), data shows about 18%, and about 23% enhance-

ment of uptake in terms of FITC incorporated liposomes in

cells at 0.5 h (Figure 3D-II) and 6 h (Figure 3D-III) of

treatments, respectively, in comparison to untreated cells

(Figure 3D-I).

In vivo plasma and brain pharmacokinetic (PK) study

The pharmacokinetic data of DTX from the experimental

formulations in plasma and brain were investigated in

Sprague-Dawley rats. A dose of 10 mg/kg body weight of

rats of DTX was administered by intravenous route and

different PK parameters of DTX were calculated (Table 2).

The mean plasma concentrations of DTX from L-DTX at

the different time points were comparatively higher than

those of the free DTX-treated rats up to 6 h (Figure 4A).

However, the plasma concentration of DTX could not be

detected below the lower limit of quantification (2 ng/mL)

after 6 h for the free-drug, but for L-DTX, the drug was

detected up to 8 h. The plasma concentration of DTX from

L-DTX was 5.44-fold higher than that of free drug at the end

of 8 h, indicating more circulation of DTX in the blood of

the experimental rats.

When we compared Taxotere� with L-DTX, concentra-

tions of DTX in plasma at the different time points of post-

dosing did not significantly vary. The plasma t1/2 value of

DTX from L-DTX was higher than those of the free-drug and

Taxotere�-treated rats by 2.43 folds and 2.21 folds, respect-

ively. MRT value of DTX was considerably higher for L-DTX

than free-drug and Taxotere� by about 66% and 42%,

respectively. Further, there was a decrease of clearance and

increase of AUC of DTX by 27.3% and 37.5%, respectively, in

L-DTX-treated rats in comparison to free-drug-treated group

of animals.

DTX level in brain was 4.4-fold higher in L-DTX-treated

rats than the free-drug-treated rats at 1 h (Figure 4B). After 1 h

the drug concentration in brain could not be quantified for

free-drug-treated animals although DTX concentration for L-

DTX-treated animals was measured up to 4 h. The drug level

in brain from L-DTX was little lower than that from

Taxotere� up to 2 h, but DTX concentration became predom-

inantly more in L-DTX-treated animals at 4 h than Taxotere�-

treated rats.

We have also calculated the plasma/brain value of DTX

from the different groups of animals at the different time

points up to 4 h of study. There was 4.07-fold increase of

plasma/brain value of DTX for L-DTX with respect to the

Figure 2. (A) Particle size distribution (B) Zeta potential value (C) Field emission scanning electron microscopic image at a magnifications of
(70 000�) and (D) Cryo-TEM image of the experimental formulation (L-DTX).
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Figure 3: (A) In vitro release profile of DTX from the experimental formulation (L-DTX), marketed formulation (Taxotere�) and free-DTX solution in
phosphate buffer, pH 7.4. Data show mean ± standard deviation of three different experiments in triplicate. (B) Cell viability study by MTT assay of
blank formulation (B-DTX), L-DTX (formulation with DTX), marketed preparation (Taxotere�) and free-drug (DTX) in C6 glioma cells of rats. Data
show mean ± standard deviation of three different experiments. (C) Cellular localization study of FITC-L-DTX (F-DTX) at different time points by
fluorescence microscopy in C6 glioma cells of rats and (D) Flow cytometric measurement of C6 glioma cells of rats incubated with F-DTX at 0.5 h and
6 h of treatments, indicating about 18%, and about 23% enhancement of uptake in terms of FITC incorporated liposomes in cells at 0.5 h (Figure 3D-II)
and 6 h (Figure 3D-III) of treatments, respectively, in comparison to untreated cells (Figure 3D-I).
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Figure 4: (A) Plasma level of DTX in rats
after intravenous administration of L-DTX,
free drug and Taxotere�. (B) Concentration
of DTX in brain after intravenous adminis-
tration of nanoliposomal formulation con-
taining DTX (L-DTX), marketed formulation
(Taxotere�) and free drug to rats at a dose of
10 mg/kg of DTX. Note: Data show
mean ± standard deviation (n¼ 3).

Table 2. Pharmacokinetic parameters and plasma to brain values in different groups of rats treated with DTX-loaded liposome (L-DTX), marketed
formulation of DTX (Taxotere�) and free-drug (DTX), administered intravenously at a dose of 10 mg/kg of average body weight of the rats.

Formulation *t1/2 (h) **Cmax (ng/ml)

#AUC0!t

(ng.h/ml)

##AUMC0!t

(ng.h2/ml) $MRT (h) +CL (L/h) ++Vss (L)

Mean plasma/brain

value at different time

interval in hour

L-DTX 1.97 ± 0.02�,E 1508.4 ± 33.9 2061.04 ± 88.19� 3630.19 ± 255.81�,E 1.76 ± 0.13�,E 4.85 ± 0.26� 8.55 ± 0.49�,E 0.5 0.016 ± 0.001

1.0 0.058 ± 0.005�

2.0 0.059 ± 0.008

4.0 0.072 ± 0.017

Taxotere� 0.89 ± 0.05E 1725.2 ± 179.1¥ 2192.57 ± 168.80¥ 2726.41 ± 431.27E,¥ 1.24 ± 0.08E 4.56 ± 0.22¥ 5.67 ± 0.29¥,E 0.5 0.019 ± 0.003

1.0 0.063 ± 0.001¥

2.0 0.049 ± 0.005

4.0 0.035 ± 0.0038

Free drug 0.81 ± 0.04� 1308.1 ± 54.7¥ 1499.25 ± 68.73�,¥ 1587.77 ± 206.70�,¥ 1.06 ± 0.08� 6.67 ± 0.30�,¥ 7.06 ± 0.17�,¥ 0.5 ���
1.0 0.0143 ± 0.002�,¥

2.0 ���
4.0 ���

Values represent mean ± standard deviation (n¼ 3); Statistical calculations were performed using one-way ANOVA followed by the Tukey post hoc test
using Origin Pro 8 (OriginLab, Northampton, MA). Differences were considered statistically significant when the probability value (p) is less than
0.05 at 95% confidence level.

*t1/2, half-life.
**Cmax, maximum blood concentration.
#AUC0!t, area under the concentration-time curve from time of injection (t¼ 0) to a determined time point.
##AUMC, area under the first moment curve.
$MRT, mean residence time.
+CL, clearance.
++Vss, steady state volume of distribution.
�Denotes comparison made between L-DTX and free drug.
EDenotes comparison made between L-DTX and Taxotere�.
¥Denotes comparison made between Taxotere� and free drug.
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free-drug-treated animals at 1 h. The values of plasma/brain

of DTX for L-DTX and Taxotere� were 0.0159 vs. 0.0190 at

0.5 h, 0.0583 vs. 0.0628 at 1 h, 0.0589 vs. 0.0487 at 2 h,

respectively. At 4 h, the value from L-DTX was predomin-

antly higher than that of Taxotere� (Table 2).

Discussion

NLs were prepared by lipid layer hydration technique, and the

drug and the excipients were taken at the ratio (by weight) of

DTX, SPC, CHL varied from 1:5:5 (NL1) to 1:10:5 (NL2) to

1:15:5 (NL3) (w/w/w) (Table 1) to get optimized formulation

in terms of better product yield, percentage of drug loading

and drug loading efficiency percentage. The percentage of

drug loading and percentage loading efficiency study revealed

that 5.48 ± 0.5 mg of drug per mg of the formulation with a

loading efficiency of 87.81 ± 7.82% was achieved in case of

NL2 formulation. So, a ratio of 1:10:5 of DTX:SPC:CHL was

considered as an optimized formulation in this work. Hence, it

has been considered for further physicochemical character-

ization and different in vitro and in vivo pharmacokinetic

studies.

DTX is an approved drug to tumor of brain in combination

therapy, but its entry to the brain is prevented by BBB due to

its different physiochemical and pharmacological factors

(Chen et al., 2004; van Rooy et al., 2011).We have tried to

deliver DTX by incorporating it into the liposomes, based on

the hypothesis that the nanosize of the vesicle may help to

deliver DTX and the use of nanoliposomes may overcome the

solubility problem of DTX and reported toxicity of

Taxotere�, the marketed formulation (Yang et al., 2007;

Yousefi et al., 2009; Costantino & Boraschi, 2012). In this

work we have formulated nanoliposomes of DTX using SPC

as lipid component, and CHL as a stabilizer of lipid

membranes.

Drug-excipients interaction was studied by FTIR spectros-

copy. FTIR spectra showed that the characteristic peaks of

drug, SPC and CHL were present in the physical mixture of

the excipients and drug; and in the formulation. The

characteristic peak of DTX existed in the formulation suggests

that drug was encapsulated in the bilayer.

The FESEM images of the optimized formulation show

that the obtained vesicles were within 50 nm in size and had

smooth surface, and they were homogenously distributed.

Further, their characterization by Cryo-TEM reveals that the

obtained NLs were of unilamellar spherical vesicle with intact

lamellarity.

The particle size analysis data by DLS method show that

the NLs were in the nanometer range with a very narrow

size distribution as indicated by the PDI value. Further, PDI

value of a colloidal system gives an indication of particle

size distribution and also the physical stability of the system.

For drug delivery aspects by intravenous injection or

intravenous infusion, it is preferred that the particle should

be of same size in the formulation. The PDI value of 0.1–

0.25 indicates that the liposomal vesicles are uniformly

distributed having appreciable physical stability and PDI

value more than 0.5 indicates poor uniformity of the vesicles

in the formulation (Dey et al., 2016). In this study, we

obtained nanoliposomes having PDI value 0.27 ± 0.04,

indicating that the prepared liposomes were mostly dis-

tributed homogenously.

The physical stability of the vesicles can also be predicted

from the value of zeta potential. A zeta potential value

above +30 mV and/or below �30 mV indicates that the

vesicles of liposomes are good as per stability of the colloidal

system is concerned (MacLachlan , 2007; Dey et al., 2016). In

this work we got vesicles having zeta potential 56.8 ± 8.7 mV,

suggesting that L-DTX vesicles had good colloidal stability.

The presence of terminal carboxyl group in the lipids could be

liable for this negative charge in the NLs.

In vitro drug release profile of the optimized formulation

shows that the release of DTX from the experimental

formulation (L-DTX) was found to occur faster initially (up

to 12 h) and then at a slower rate in a sustained manner in

comparison to free-drug and marketed product.

The pattern of drug release from the formulation was best

fitted with the Korsmeyer–Peppas kinetics, which clearly

demonstrates the involvement of anomalous diffusion which

is controlled by more than one parameter. In case of the

Korsmeyer–Peppas model, the fraction of drug release with

time is considered and represented as Mt/M1¼Ktn, where

Mt/M1 is a fraction of drug released at time t and n is the drug

release exponent. The drug release mechanism is governed by

the value of ‘‘n’’. When n� 0.45, the drug release is

considered to follow the Fickian diffusion mechanism and it

is non-Fickian when n¼ 0.45–0.89 (Pattnaik et al., 2012).

When n¼ 0.89, drug release follows Case II (relaxational)

transport, and if n40.89, it undergoes super case II transport

mechanism of drug release (Pattnaik et al., 2012). The value

of ‘‘n’’ was 0.848 in our study. Hence, the drug release

occurred by non-Fickian diffusion or anomalous diffusion

mechanism for L-DTX.

The MTT assay data for antitumor activity assessment in

C6 rat glioma cells reveal that at each dosing interval the

death rate was always higher for L-DTX as compared to

Taxotere� and free-drug, suggesting that better antitumor

efficacy of the experimental nanoliposomal vesicles of DTX

(L-DTX) was seen at a comparatively low dose and the IC50

value of L-DTX was significantly decreased (p50.05) as

compared to Taxotere� and free drug-treated C6 cells. For B-

DTX formulation (without drug), the decrease in cell viability

of the cultured cell population was not notably significant,

suggesting that the excipients of the formulation had no

predominant impact on the death rate and these excipients are

safe for glioma treatment.

For cellular uptake of NLs, C6 glioma cell line was used.

FITC-NLs were used to visualize localization of the vesicles

in the cells by its green fluorescence. In order to discriminate

the localization of the vesicles into the nucleus, cells were

stained with DAPI, as a nucleus staining color substance (blue

fluorescence). The fluorescence microscopy images and the

flow cyclometry quantification of the internalized FITC

incorporated liposomes disclosed that our nanoliposomal

formulation predominantly concentrated in a time-dependent

manner in the cytoplasmic part of the cells.

Pharmacokinetic profiles of DTX in plasma and brain were

evaluated after its intravenous dosing in rats at a dose of

10 mg/kg. Pharmacokinetic studies reveal that the plasma

concentrations of DTX were higher for the experimental
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formulation at each investigational time point in comparison

to free-drug. There was a rapid decrease of the plasma level

up to first 2 h, which might be due to the rapid distribution of

drug in the other tissues. Our formulation sustained the

release of the drug at least up to 8 h (period of study) while

the marketed product and the free-drug treatments showed

detectable blood level of the drug up to 6 h only. There was a

significant difference (p50.05) in AUC values among the

various groups of animals treated with free-drug, Taxotere�

and the experimental formulation. The AUC values of L-DTX

and Taxotere�-treated rats were significantly higher

(p50.05) than that of the free-drug treated rats, whereas

there was non-significant difference (p40.05) of AUC value

between L-DTX and Taxotere�.

The plasma/brain values at 1 h among the free-drug,

Taxotere� and L-DTX were significantly different (p50.05),

but upon the Tukey post hoc test, there was no significant

difference in value between our formulation and Taxotere�

(p40.05). Amount of drug was not detectable at 0.5 h in brain

tissues from the animals treated with free-drug. However, at

1 h only, DTX was detected in the same groups of animals.

The DTX concentration in brain was observed from L-DTX

and Taxotere� at all the time points studied.

In L-DTX-treated rats, the plasma/brain values were

more than those of the marketed formulation at 2 h and 4 h

of the study. Thus the experimental formulation crossed

through the BBB better into the brain compartment than

the free-drug. L-DTX was found to maintain 100% more

drug concentration in brain at 4 h as compared to the

marketed formulation. The size ranges of nanocarriers

should be from 40 nm to 200 nm, for a successful brain

delivery of a drug (Jain , 2012; Masserini , 2013;

Mukherjee et al., 2015; Sonali et al., 2016a; Shilo et al.,

2015). The vesicle size in this work was below 50 nm,

hence the experimental formulation might improve the drug

delivery by virtue of its nanosize (Sonali et al., 2016a;

Shilo et al., 2015; Jain , 2012; Masserini , 2013; Mukherjee

et al., 2015) and highly lipidic in nature. The decrease of

brain concentration of the drug with time was held faster

for Taxotere� than L-DTX. The MRT value of DTX from

L-DTX was significantly elevated (p50.05) than free drug

and Taxotere�-treated groups of rats (Table 2). Thus, the

MRT values indicate that L-DTX was available in plasma

more than the marketed formulation, suggesting longer

sustaining effect of the drug from L-DTX.

A comparable drug level in brain from the experimental

formulation with respect to the tween 80 containing commer-

cial formulation suggests that the use of nanoliposome may

avoid tween 80-related side-effects.

Conclusion

DTX-incorporated nanoliposomes may help us to avoid the

use of tween 80, and thus escape tween 80 containing

formulation related side-effects. Due to the sustained release

of the drug from the vesicles, nanoliposomes of DTX may be

used for depot preparation. Predominant uptake of L-DTX in

the rat glioma cells showed the successful entry of the drug in

the cells. The nanosize of the prepared vesicles was found to

cross the BBB successfully in vivo. The experimentally

developed nanoliposomes are thus found to be an emerging

way to deliver the drug in the brain and this could be a

successful strategy to treat brain cancer using DTX.
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Variation of Pharmacokinetic Profiles of Some Antidiabetic Drugs from Nanostruc-
tured Formulations Administered Through Pulmonary Route 

Biswajit Mukherjee*, Paramita Paul, Ankan Choudhury, Sanchari Bhattacharya, Ruma Maji and  
Lopamudra Dutta 
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Abstract: Background: Diabetes is a chronic disease that occurs when the pancreas does not produce enough in-
sulin, or when the body cannot effectively use the insulin it produces. WHO projects that diabetes death will be 
doubled between 2005 and 2030, where 347 million people worldwide had diabetes as per the report of 2013. The 
increase in the prevalence of diabetes is due to three influences - lifestyle, ethnicity, and age. 
Methods: The present review summarizes the pharmacokinetic parameters and challenges in the field of nanoparti-
cles and nanoliposomes of insulin and other antidiabetic drugs given through pulmonary route to treat diabetes ef-
fectively. 
Results: Current challenges in diabetes management include optimizing the use of the already available therapies 
to ensure adequate glycemic condition, blood pressure, lipid control and to reduce complications. At present, sev-
eral pieces of research have been focusing on new management options for diabetes. Among these options, the use 
of nanomedicine is becoming an eye catching and most promising one. Currently, nanoparticles and nanoliposomes are thrust areas of re-
search to treat any deadly disease like diabetes. These drug delivery systems ultimately result in longer circulation half-lives, improved 
drug pharmacokinetics, and reduced side effects of therapeutically active substances that may be insulin and non-insulin. 
Conclusions: Thus, the pulmonary route is the most promising alternative route of drug delivery since it is non-invasive and lungs have a 
large surface area, richly supplied by the capillary network, for absorption of drugs.

Keywords: Antidiabetics, diabetes, insulin, nanoliposomes, nanoparticles, pulmonary. 

INTRODUCTION 
 Diabetes mellitus is caused by the insufficient production of 
insulin in pancreatic islet cells, leading to an increase in blood 
glucose level or hyperglycemia. Diabetes mellitus has been 
classified as insulin-dependent diabetes (type 1) and non-insulin-
dependent diabetes (type 2) [1]. 
 As on today, the subcutaneous route has widely been the 
primary mode for insulin delivery. Nevertheless, clinical studies 
showed that a significant percentage of patients had failed to attain 
this long- term glycemic control with this treatment [2, 3]. Few 
well-recognized reasons for this failure are the poor patient 
compliance due to the fear of injection and the other physiological 
reasons such as pain, discomfort etc. [4]. Several novel approaches 
like supersonic injectors, infusion pumps, sharp needles, pens etc. 
have been developed to increase the compatibility of diabetic 
patients. Oral delivery is the most convenient and acceptable route 
but the antidiabetic drugs specially insulin is degraded by intestinal 
enzymes and is not absorbed intact across the gastrointestinal 
mucosa [5]. 
 The pulmonary delivery route for antidiabetic medication has 
shown a huge hope and expectation and is receiving a lot of 
scholastic interests. Few main reasons behind it are the non-
invasive nature of the method, providing a large area for absorption 
(75-150 m2) [6-9], avoidance of hepatic first-pass metabolism, 
enhanced solubility of the drug in alveolar fluid and rapid onset of 
action due to the presence of a very thin (0.1-0.2 �m) monolayer 
epithelial diffusion path [1, 10] from the airspaces into the blood in 
the alveoli [10-12]. Additionally, the alveolar environment has 
limited degradative activity by enzymes in both the extra and 
intracellular compartments as compared to gastrointestinal tract  
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(GIT) [1, 9, 10, 13], thus making it an attractive path for delivering 
peptides and protein-based therapeutics including insulin [14]. 
 Despite many advantages of the pulmonary route, a frequent 
and long-term inhalation is necessary to achieve satisfactory 
efficacy because the therapeutic effects of most of the protein drugs 
are short [15]. 
 The objective of pharmaceutical formulations is the transforma- 
tion of drug compounds into active products with the desired 
therapeutic effect. Accordingly, a delivery system that allows the 
long-term release of drugs after a single inhalation is required. In this 
context, nanoformulations developed for pulmonary delivery of drugs 
have numerous benefits. The alveolar delivery ensures efficient and 
uniform distribution of drug. The lung environment and alveolar 
surface enhance the solubility of the drug, more so than its intrinsic 
aqueous solubility. Moreover, alveolar retention mimics sustained 
release pattern and hence decreases dosing frequency. These features 
decrease the dose related side-effects, enhance cellular internalization 
of drugs and improve patient compliance [10, 16]. Thus, the 
pulmonary route of delivery of insulin or other peptides and protein 
brings special attention to the drug delivery researchers. 
 There are numerous applications for nanotechnology but the 
branch involving treatment, diagnosis, monitoring and control of 
physiological systems is broadly termed as “nanomedicine” by the 
National Institutes of Health (Bethesda, MD, USA) [17]. The two 
main types of nanomedicine products currently in clinical trials are: 
diagnostic agents and drug delivery devices [18]. Over the past few 
decades, research efforts have been focused on developing 
nanoformulations such as nanoparticles, liposomes, nanoemulsions, 
dendrimers etc. to ensure efficient delivery of drugs to the target 
tissues. Insulin nanoliposomes are one of the recent approaches in 
the controlled release aerosol preparation. Intratracheal delivery of 
insulin liposomes has shown to produce the desired insulin effect 
[19].  
 In this review article, we will mainly focus on the various 
approaches taken to deliver conventional antidiabetic drugs in the 
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nanoformulations via the pulmonary route and their advantages or 
limitations over the concurrent traditional therapies from the 
pharmacokinetic viewpoint. 
 Respiratory System: The respiratory area and the conducting 
airways are two important regions of the human respiratory system. 
The first region includes respiratory bronchioles, alveolar ducts, 
and alveolar sacs; and the later comprises of nasal cavity, associated 
sinuses, nasopharynx, oropharynx, larynx, trachea, bronchi, and 
bronchioles. A major portion (90%) of drug particles are removed 
in the upper airways as it has a higher filtering capacity. In the wall 
of the conducting airways, mucus containing the glycosylated 
protein called mucin forms a gel-like covering and has a ciliary 
action which washes drug molecules away. The main components 
of lungs are bronchi, alveoli, small air passage, lymph tissues and 
blood vessels of which bronchi are further divided into bronchioles 
and alveoli (approx 300 million). The maximum transepithelial 
(i.e., through the blood-gas barrier) drug transport uses the smaller 
airways and alveolar spaces which comprise more than 95% of 
lung’s surface area and are directly connected with systemic 
circulation through dense capillary network [20, 21], making them 
ideal for non-invasive drug administration. The various advantages 
and disadvantages are listed in Table 1.

Significance of Delivery of Drug Nanocarriers by Pulmonary 
Route 
 Pulmonary route of drug delivery via nanocarriers offers well 
maintained systemic as well as local delivery of drugs in various 
ways such as using dry powder inhaler (DPI), nebulizers etc. It is 
also a convenient method for delivery of protein/peptide drug mole-
cules encapsulated in those nanocarriers for treating respiratory as 
well as non-respiratory diseases [23]. Nanomedicine imparts more 
specificity to the treatments compared to the other modes of drug 
delivery, resulting in higher bioavailability and minimum dose re-
lated toxicity. The common nanocarriers used for this purpose are 
described below [22, 23]: 
• Liposome: It is a phospholipid vesicle composed of one or 

more concentric phospholipid bilayer(s) encapsulating an 
aqueous core and is often helpful for achieving sustained sys-
temic release of drugs and efficient encapsulation of both hy-
drophilic and hydrophobic drugs [22]. 

• Nanoparticles: Nanoparticles are colloidal particles where the 
drug molecules are either encapsulated or dissolved or en-
trapped or attached chemically to the main matrix. Nanoparti-
cles provide some advantages which include sustained release 
of drugs, minimal risk of adverse effects, increased patient 
compliance etc. [22].

• Polymeric Micelles: Micelles in nanoscale range (10-400 nm) 
are promising carriers for various drug molecules for pulmo-
nary administration. Drugs are incorporated in the core of 
these structures. Such formulations often result in a better sta-
bility, prolonged in vivo retention time and enhanced capabil-
ity of drug action on the target organs [23].  

Pulmonary Deposition of Inhaled Nanocarriers 
 The mass median aerodynamic diameter (MMAD) of nanopar-
ticles, along with the breathing pattern determine the deposition of 
the particles in the lungs [9, 10, 12]. The aerodynamic diameter of a 
particle is the combined function of its shape, size and density of 
the particle given by the formula [24]: 

daer =
�

�o�
dg

 Where, daer  is the aerodynamic diameter, dg  is the geometric 

diameter, x is the shape factor and 
�

�o
 is the specific gravity of the 

particle.  
 The particles deposit along the pulmonary pathway by inertial 
impact, interception, sedimentation, and diffusion [24, 25]. The 
alveolar deposition is a bimodal phenomenon in which two types of 
particles (in terms of their size ranges) are involved. One kind in-
volves particles between 1000 nm and 5000 nm and another one 
involves particles below 100 nm [9]. Only the two aforementioned 
size ranges penetrate deeper into the central and distal tracts of the 
lungs [12, 26] through sedimentation and diffusion. The highest 
alveolar diffusion occurs for particles below 100 nm [7] as shown 
in Fig. (1). Though the size ranges are not always consensual and 
pulmonary delivery of nanoparticles for therapeutic purposes may 
supersede such limits. Depending on their size and shape, the parti-
cles usually deposit by following the fundamental mechanisms as 
mentioned below. 

Impaction: Impaction is the physical phenomenon by which 
the particles of an aerosol tend to follow a trajectory move-
ment due to inertia while travelling through the airways of the 
respiratory tract. This mainly happens in the first 10 bronchial 
generations, where the velocity of the air is high and the flow 
pattern is turbulent. The particles >5000 nm impact inertially 
in the nasopharyngeal region and are swallowed [10]. Particles 
above 100 nm and below 1000 nm are either deposited in the 
inert tracheobronchial region or are exhaled out [7, 16], espe-
cially if the drug is given through dry powder inhalers (DPI) or 
metered-dose inhalers (MDI).  

Table 1. Advantages and limitations of pulmonary drug delivery  

Advantages Limitations References 

• Non-invasive in nature 

• Less toxic/ negligible side effects 

• Requires less and infrequent dosage  

• Quick onset of action 

• Avoids gastro intestinal tract related problems like gastric irritation, low
bioavailability, protein binding, enzymatic degradation, etc. 

• Avoids first pass metabolism 

• High bioavailability  

• Minimum exposure to other vital organs. 

• Suitable for long-term treatments in asthma, diabetes etc.

• Less stable in vivo

• Difficulty in transportation through
the alveolar cells for certain types 
of molecules. 

• Pulmonary irritation and toxicity. 

• Poor drug retention. 

[1, 9, 12, 22] 
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Interception: Interception occurs mainly in the case of fibers. 
Due to their elongated shape, they are deposited on the wall of 
the airways as soon as they come in contact with it. 
Sedimentation: Sedimentation is the physical phenomenon by 
which particles having sufficient mass are deposited due to 
gravity when they remain in the airways for a sufficient period 
of time. This occurs predominantly in the last 5 bronchial gen-
erations, where the air velocity is slow with a long residence 
time. 
Diffusion: This occurs mainly for the particles below 100 nm 
where the clouds of nanoparticles remain suspended in the al-
veolar spaces in a fluidic motion. This phenomenon is guided 
by the concentration and/or pressure gradient, which facilitates 
the flow of the particles into the alveolar sacs for further ab-
sorption into the capillary network. 

 Besides, size and other factors such as composition, surface 
charges etc. are also crucial. Polymeric nanoparticles of 400 nm 
diameter [27] and lipid nanoparticles of 300 nm diameter [28] pro-
duced alveolar deposition in the magnitude of 75% and 45% re-
spectively of the initial dose delivered. Nanoparticle aggregates 
with an aerodynamic diameter between 1 and 5 �m may enhance 
alveolar deposition provided they segregate on contact with the 
alveolar fluid [29]. 

Pharmacokinetics of Inhaled Nanocarriers Containing Antidia-
betic Drugs 
 Hypoglycemic agents, be it insulin or other oral anti-diabetic 
agents, act primarily when they reach the systemic circulation. They 
mainly sensitize various receptors on the cell membrane either by 
acting as secretagogues for insulin or by improving insulin resis-
tance [30, 31]. Hence rapid absorption of an antidiabetic drug 
through alveolar surface and subsequent rapid onset of action with a 
longer residence time in the systemic circulation ensure efficient 
hypoglycemic action of that agent from a nanoformulation deliv-
ered through pulmonary route. However, residence time of a formu-
lation in blood depends on the combined effect of bypassing the 
hepatic portal system and sustained drug-releasing capability of a 
nanocarrier [32]. Drug permeability through alveolar epithelium is 

found to be predominantly more than that of other noninvasive 
routes. As an example, the bioavailability of insulin administered 
via pulmonary route has been reported to be 20-100 times greater 
than that of other noninvasive routes. The reason may be the higher 
permeability of the drug through the alveolar epithelium and less 
volume of local fluid, resulting in high concentrations of drug near 
the bloodstream [23, 33]. Out of the three main types of alveolar 
cells, other than the Type I and Type II pneumocytes, macrophages 
are mainly responsible for the immunogenic phagocytotic response 
to foreign substances such as drug nanocarriers [34]. Particles be-
tween 300-500 nm are more susceptible to phagocytosis [35], but 
small particles (<260 nm) [7] are capable of escaping phagocytosis 
[10, 36]. Particles with size around 100 nm are widely considered 
as desirable for the purpose of delivering drugs [11, 37]. Though 
anything below 1000 nm is considered as the nanoparticle, but all 
submicron sizes are not considered for pulmonary delivery due to 
safety concerns [11]. Inconsistent or uncontrolled dosing of in-
halable nanoparticles induces inflammatory responses, epithelial 
damage in lungs, and extrapulmonary effects, such as oxidative 
stress or increased blood clotting, as well [9, 36, 38, 39]. But these 
studies mostly relied on inorganic nanoparticles of very high doses. 
Generally, these threats do not correspond entirely to the homoge-
nized and metered dosage of polymeric or lipid nanoparticles used 
in the therapeutic purpose, with care taken during their administra-
tion [40]. 

Alveolar Absorption 
 Drug absorption through alveolar epithelium is very high due to 
its large surface area and all lipophilic and non-ionised molecules 
are readily permeated through it into the circulation [12]. The al-
veolar epithelium is composed of specialized cells with apparent 
structural polarity and the cells are permeable to water, gases and 
lipophilic molecules [9]. Hydrophilic molecules have a mean half-
life value of about an hour whereas the similar size lipophilic mole-
cules have half-lives less than a minute [41] in the alveoli. Many 
molecules undergo parallel transportation via the transcellular and 
paracellular pathways [42], with tight junctions between Type I 
pneumonocytes allowing diffusion of molecules only below 0.6 nm 
diameter. Besides, macromolecules above 40 kDa are absorbed 
very slowly over several hours but smaller peptides such as insulin 
(5.8 kDa) reach the circulation within minutes [43]. This inverse 
relation is more strongly demonstrated for proteins and peptides as 
they are primarily absorbed through the paracellular pathways 
where size/molecular weight acts as a major barrier [9]. Still there 
are many instances where proteins and peptides of higher molecular 
weight crossed transcellular barrier through receptor-mediated tran-
scytosis and non-specific pinocytosis [12]. Peptides and similar 
molecules can be absorbed by active transport using a high-affinity 
peptide transporter (PEPT-2) present in alveolar Type II cells and in 
capillary endothelium [8, 44]. This possibility is further enforced by 
the presence of the protein Caveolin in alveolar Type I cells and 
endothelial cells of the lung. Clathrin (another adjuvant protein) in 
alveolar Type I and II pneumonocytes also attribute to active trans-
portation and absorption of protein through the alveolar pinocytosis 
[45]. Transcellular passive diffusion occurs only for the lipophilic 
molecules [4]. Since most of the antidiabetic drugs have low lipo-
philicity, they are absorbed mainly through the paracellular path-
way into the system [4]. However, drug encapsulation within a 
hydrophobic scaffold and a large area for absorption in the alveoli 
compensate for this problem [7, 16, 46].  

Clearance from the Lungs 
The mucociliary escalator mechanism causes a major obstacle 

for nanoparticles deposited in the airways against penetration into 
alveolar region [47] by decreasing pulmonary retention and enhanc-
ing elimination of nanoparticles [12]. The cells secreting mucous 
exist in the region from the trachea to the terminal bronchiole. This 

Fig. (1). Distribution and absorption of formulations in the respira-
tory system on the basis of the sizes of the inhaled particles. 
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mucous creates a blockade for many particles to reach the alveolar 
site of action [48]. Drug particles held in this mucus layer are re-
moved by the mucociliary clearance mechanism where the con-
stantly beating cilia push the entrapped drug back towards the phar-
ynx [49]. The alveolar Type II cells synthesize lung surfactants that 
are primarily made of phospholipids (mainly dipalmitoylphosphati-
dylcholine), cholesterol and surfactant-associated proteins [50]. 
Insoluble or poorly soluble particles in the mucus and the surfactant 
are not readily absorbed [9]. Since the nanocarrier scaffolds are 
mostly hydrophobic, they undergo dissolution in both intracellular 
and extracellular fluids including mucus.  
 Hydrophobic nanocarriers allow hydrophilic hypoglycemic 
molecules to be absorbed by passive diffusion across the alveolar 
epithelium [7]. However, the level and duration of retention and 
elimination of such nanoparticles vary with the nature of the 
nanoparticles [9] and physiological condition of lungs [12]. For 
instance, the thickness of the mucus layer increases from 2 to 30 
�m in healthy lungs whereas even more than 250 �m in cases of 
cystic fibrosis and other obstructive airway diseases [51]. The nui-
sance of mucociliary and alveolar clearance can be controlled by 
keeping the particle diameter around 100 nm as seen by an experi-
ment by Möller et al. (2008) [38] using 99mTc labeled carbon 
nanoparticles. In this experiment the mucociliary clearance resulted 
in elimination of just 25% of the deposited nanoparticles after 1 
day, while clearance from the periphery of lungs is only about 3% 
of the deposited nanoparticles as explored by a radioactive probe. 
Pharmacokinetic (PK) data gathered after administering Cy-
closporine-A loaded liposome in mice showed that the liposome 
was retained 16.9 times longer than the free Cyclosporine-A in 
healthy lungs and 7.5 times longer than the lungs with inflamed 
epithelial lining and increased mucociliary build-up, upon the ad-
ministration of the same formulation [52]. 
 Although phagocytosis is the predominant mechanism in the 
clearance of solid particles from pulmonary passages, the percent-
age of nanoparticles present in macrophages after inhalation has 
been found to decrease [9]. This may be due to a certain ineffi-
ciency of macrophages in recognition and elimination of particles 
below a certain size [33, 53]. As mentioned earlier, particles below 
260 nm undergo less phagocytosis [7, 54, 55] and below 70 nm are 
not recognized by macrophages [7]. This may be attributed to the 
absence or reduced promotion of the chemotactic signal from the 
smaller nanoparticles [36]. This further ensures the important role 
played by endocytosis in epithelial translocation of nanoparticles at 
the cellular level. There are several existing transcellular endocy-
totic pathways such as pinocytosis, adsorptive endocytosis (nonspe-
cific binding to receptors) and receptor-mediated endocytosis ex-
hibited by both the types of alveolar pneumocytes [45, 56]. The 
abundance of Caveolin 1 protein in alveolar type 1 pneumocytes 
and in the pulmonary capillary endothelium may establish the pos-
sibility of Caveolin-mediated endocytosis as an important pathway 
in epithelial translocation of nanoparticles [51, 57]. The hypothesis 
has been further supported by an experiment by Brandenberger et
al. (2010) where inhibition of Caveolin and Clathrin-mediated en-
docytosis by methyl-�-cyclodextrin resulted in a significant reduc-
tion in uptake of gold nanoparticles by human alveolar epithelial 
cells and inhibition was more extenuated when the nanoparticles 
were coated with polyethylene glycol (PEG) [58]. These factors are 
often helpful in delivering peptides and peptidomimetic molecules 
such as insulin [59], exendin-4 [15] etc. in the form of nanoparticles 
for inducing hypoglycemia through pulmonary routes.  

In vivo Fate of Insulin and non-Insulin Nanoformulations: A 
Pharmacokinetic View 
 Once the nanoparticles cross the physiological barrier and enter 
the systemic circulation, nature of the drug molecules governs their 
ultimate fate. Antidiabetic formulations can be divided broadly into 

two classes- insulin and non-insulin agents (oral hypoglycemic 
agents) [60].  

Insulin 
 Insulin is probably the most studied antidiabetic drug for devel-
oping nanoformulations to deliver through pulmonary routes [9]. 
Insulin is generally used for patients suffering from diabetes melli-
tus type 1, the subtype of the disease which is caused by the lack of 
insulin secretions by � cells of islets of Langerhans in the pancreas. 
Insulin is a dipeptide molecule where the two polypeptidic chains 
of 21 and 30 amino acids long respectively are joined by two disul-
fide linkages [1]. Insulin has gathered so much interest solely for 
being a peptide but unfit for oral administration due to its degrada-
tion by the proteolytic/peptidolytic enzymes (pepsin in stomach; 
trypsin, chymotrypsin, and carboxypeptidases in the duodenum) of 
the gastro-intestinal tract [61, 62]. Parenteral administration, in 
particular subcutaneous route, is accepted widely and unanimously 
for insulin delivery [1]. But there are problems such as patient non-
compliance due to painful injections and episodes of acute hypo-
glycemia due to inconsistent and careless dosing since the delivery 
route is irreversible [63, 64]. Transdermal route acts as a popular 
alternative as a non-invasive parenteral delivery route but the pep-
tidic (ionized) nature, molecular weight and size of insulin make it 
a poor candidate for transdermal absorption and hence, even though 
it reduces the pain problem, it produces incomplete and inconven-
ient results [1]. This led to further investigation with other routes 
among which pulmonary route has become a very prominent choice 
[14] and has been in use since 1925 [9, 14, 65]. This even culmi-
nated in a pulmonary antidiabetic product called Exubera® which 
came to the market in 2006 after the approval of the United States 
Food and Drug Administration and European Medical Agency, but 
was withdrawn in 2007. The product was developed by Nek-
tar/Pfizer as a dry powder formulation [1, 9, 14]. Another aerosol-
based product for the delivery of insulin was developed jointly by 
Aradigm and Novo Nordisk but was discontinued from 2008 while 
it was in Phase III trials [9]. 
 Many experimental formulations have been developed for pul-
monary delivery of insulin through nanocarriers. The main goal for 
such delivery is to allow the nano-encapsulated insulin molecules to 
enter the systemic circulation through a non-invasive route and 
release insulin through a gradual biodegradation of the polymeric 
scaffold [10]. Insulin molecules in the blood bind with the insulin 
receptors present on the cell membrane and initiate a phosphoryla-
tion reaction on the Insulin Receptor Substrate 1 (IRS1) [66]. Phos-
phorylated IRS1 then initiates the activation of phosphoinositol-3-
kinase (PI3K) which in turn converts phosphatidylinositol 4,5-
bisphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate 
(PIP3). This reaction activates the protein kinase B which functions 
bimodally [67] by upregulating glycogen synthesis through inacti-
vation of glycogen synthase kinase, and results in migration of glu-
cose transporter-4 (GLUT4) towards the plasma membrane [68]. 
This migration of GLUT4 causes increased uptake of free glucose 
from the blood into the cells. Glucose then either undergoes glyco-
lysis or gets stored as glycogen in the cells [68]. But these physio-
logical reactions require a steady blood insulin content of 8–11 
�IU/mL (57–79 pmol/L) [69]. The product Exubera® had to be 
withdrawn [9] because the Pfizer found it to be commercially non-
feasible even though it produced patient comfort and convenience 
and showed similar postprandial glycemic control and similar val-
ues of glycated haemoglobin (HbA1c) to that of subcutaneous insu-
lin injections [70]. The main reason is that it was a short-term insu-
lin formulation and failed to maintain the required physiological 
insulin level for a longer duration, which again necessitates further 
injection of long-term insulin [71]. Strategies were taken to prolong 
the duration of action by modification of the structure of the insulin 
molecules by attaching biodegradable molecules such as PEG to it 
(PEGylation). PEGylated insulin were delivered via pulmonary 
routes in rats and dogs and it was seen that PEGylated insulin were 
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systemically absorbed from the lungs [12, 72]. The extent of ab-
sorption was decreased following PEGylation on multi-protein sites 
as well as the use of large PEGs (5–12 kDa). In the circulation, 
PEGylated proteins maintain a sustained plasma level of insulin as 
they would do when injected subcutaneously at regular intervals. 
PEGylation also protects peptides from local proteolysis in the 
lungs and thereby increases the systemic absorption of the intact 
molecule from the alveoli [48, 73, 74].  
 As mentioned before, nanocarriers address the problem of deg-
radation of proteins or peptides by nano-encapsulation which en-
ables the drug to remain in the circulation for a longer time and 
drug release remains sustained for such longer duration. They also 
protect the encapsulated material from phagocytosis and enzymatic 
degradation. Bi et al. (2008) encapsulated insulin into liposomal 
carriers to increase drug retention time and control the drug release 
in the lungs [75]. Nanoliposomes with an average diameter of 295 
nm and an encapsulation efficiency of 43% were administered 
through intratracheal instillation in diabetic rats, causing a decrease 
in systemic levels of glucose for 12 h after its administration [75]. It 
resulted in successful hypoglycemic effect with low blood glucose 
level for a prolonged period and a relative pharmacological 
bioavailability as high as 38.38% in the group of 8 IU/kg dosage. 
These data were compared against the results shown by the tradi-
tional subcutaneous insulin injection and naked insulin solution 
given through pulmonary route. Another study by Chono et al.
(2009) showed that liposome of dipalmitoylphosphatidylcholine 
containing insulin reduced serum glucose to a greater extent than 
insulin solution when both were administered via intratracheal 
routes to the experimental rats [76]. This study also showed the 
relationship between the size of liposomes and their macrophagic 
uptake. Liposomes of mean diameter 100 nm showed elevated se-
rum insulin level and those of 1000 nm size were preferentially 
retained by alveolar macrophages. A parallel in vitro study in the 
same experiment using Calu-3 cell cultures showed that liposomal 
encapsulation enhanced absorption of insulin through the opening 
of the tight junctions of alveolar cells. Insulin encapsulated lecithin 
nanoparticles of an average diameter 300 nm not only produced a 
deposition of 45% of the delivered dose in the alveolar level but 
also retained the primary, secondary and tertiary polypeptide struc-
tures of the insulin molecule [28]. Liu et al. (1993) studied the ef-
fects of oligomerization and liposomal entrapment on pulmonary 
insulin. Pulmonary absorption was investigated in rats using an 
intratracheal instillation method. Their study confirmed that the 
intratracheal administration of insulin liposomes led to the facili-
tated pulmonary uptake of insulin and enhanced the hypoglycemic 
effect [77]. Liu et al (2008) also produced solid lipid nanoparticles 
of phosphatidylcholine having an average diameter of 115 nm, 
which showed a prolonged hypoglycemic effect in diabetic mice by 
lowering the plasma glucose level to 39% within 8 h and elevating 
insulin level to 170 �IU/ml within 4 h of pulmonary administration 
of the nanoparticles containing weight equivalent in insulin of about 
20 IU/kg of formulation [78]. The nanoparticles continued the hy-
poglycemic effect up to 12 h and the basal glucose level returned 
only after 24 h. The formulation achieved a mean residence time 
(MRT) approximately 7.7 h.  
 Polylactide-co-glycolic acid (PLGA) nanosphere of 400 nm 
loaded with insulin was administered to guinea pig through nebuli-
zation for 20 minutes and recorded a significant alveolar deposition 
(75%) and a considerable reduction in blood glucose level with a 
prolonged effect over 48 h as compared to aqueous native insulin 
solution [27]. In a follow-up study, the same research group later 
modified the PLGA nanoparticles with chitosan but this time with a 
different peptide ecaltonin (a calcitonin analogue) so as to utilize 
the properties of the coating to adhere the particles for a longer 
period in the mucociliary environment of the lungs in guinea pigs 
[79]. This strategy was used by Lee et al. (2013) for antidiabetic 
action in delivering a palmitic acid derivative of exendin-4 (ex-

enatide), a glucagon-like peptide (GLP) receptor agonist which 
decreased the release of plasma glucagon [15]. The retention of the 
particles in lungs over 72 h with a sustained release prolonged the 
hypoglycemic action for over 4 days in mice. Huang et al. (2009) 
developed nanoparticles of insulin using low molecular weight 
chitosan, of an average diameter of approximately 400 nm and an 
encapsulation efficiency of 95.5% which gave a characteristic re-
lease profile of insulin beginning with a burst effect followed by 
prolonged release for 24 h. The nanoparticles demonstrated a hypo-
glycemic effect similar to subcutaneous insulin injection but pro-
longed in time in diabetic mice [80]. The biphasic release of insulin, 
also seen by Kawashima et al. (1999), can mimic the actions of 
available insulin mixtures of short and long duration of action [27]. 
Yamamoto et al. (2007) produced PLGA nanoparticles which 
showed an in vitro and in vivo alveolar deposition of approximately 
45% (w/w) of emitted dose and a more prolonged pharmacological 
effect (over 12 h) compared to the solutions of insulin administered 
via pulmonary and i.v. routes [81]. In another study, chitosan 
nanoparticles (average diameter 380-450 nm) were produced with 
[46] and without lipid coating [82] obtained by ionic gelation with 
tripolyphosphate ion. The resultant nanoparticles had encapsulation 
efficiency between 65 and 81%. A rapid release of insulin from 
nanoparticles without lipid coating was observed while the formula-
tions with the lipid coating showed a prolonged release of insulin 
[46, 82]. Poly(n-butyl cyanoacrylate) (PBCA)/dextran nanoparticles 
with an average diameter of 255 nm showed that insulin release (in 
vitro) had a biphasic characteristic of an initial burst effect followed 
by prolonged release of insulin, while in vivo studies showed a 
more prolonged therapeutic effect when compared with insulin 
solution administered via lungs [83]. Further, there was insulin 
bioavailability of 57% from the nanoparticles as compared to the 
subcutaneous injection of insulin solution [83]. The minimum blood 
glucose concentration reached 46.9%, 30.4% and 13.6% respec-
tively of the initial level after pulmonary delivery of 5, 10 and 20 
IU Kg-1insulin-loaded nanoparticles to normal rats. The time to 
reach the minimum blood glucose level (Tmin) was 4, 4 and 8 h for 
three doses, respectively.  

Non-Insulin 
 The non-insulin antidiabetics include the classical oral antidia-
betics and the peptide analogues which act primarily in diabetes 
mellitus type 2 where the insulin secretion is normal, but the cells 
become desensitized to insulin. The predominant classes of oral 
antidiabetics include biguanides, sulfonylureas, thiazolidinediones 
and �-glucosidase inhibitors [84]. The peptide analogues include 
incretin mimetic insulin secretagogues such as glucagon-like pep-
tide-1 (GLP-1) and gastric inhibitory peptide analogues [85]. These 
molecules have warranted far fewer attentions than insulin in terms 
of pulmonary delivery, but there have been some noteworthy works 
involving such drugs. These drugs act mainly via subsidiary path-
ways that help insulin secretion or that manipulate glucose metabo-
lism in the body through enzymatic inhibition/upregulation. Since 
all these drugs have poor lipophilicity, encapsulation in a nanolip-
oidal or polymeric scaffold enhances their absorption through the 
highly lipophilic cellular membranes [4]. Pulmonary route can be a 
highly preferable route as it provides a very large surface for the 
absorption of drug, something that may compensate for the poor 
penetration factor as it is seen in the highly folded epithelium of the 
intestine where larger surface area of the cell overcomes the differ-
ence in partitioning between the cell membrane and the extracellu-
lar fluid [4].  
 Sulfonylureas act as insulin secretagogues by inhibiting the K+

ATP channel in the � cells of the pancreas, thereby stopping the K+

efflux and leading to subsequent depolarization of the cells which 
initiate a Ca2+ influx and a protein activation cascade. This ends in 
exocytosis of insulin-loaded vesicles and hence increases plasma 
insulin level [86]. Non-sulfonyl urea insulin secretagogues include 
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meglitinide and repaglinide, which follow the same mechanism but 
differ in their binding site with the sulfonylureas [87]. They are fast, 
but short-acting insulinotropic drugs which have been employed in 
chitosan-alginate nanocomplexes for inhalation purpose [88]. In 
this study they used repaglinide as the hypoglycemic agent and 
prepared nanocomplexes of sizes in the 300-400 nm range and util-
ized the mucoadhesive properties of chitosan-alginate gel to 
achieve a gradual sustained hypoglycemic effect which lowered the 
blood glucose level to 47% within 8 h and up to 38% in 24 h post-
treatment [88]. 
 Biguanides, such as metformin and phenformin, and thia-
zolidinediones, such as pioglitazone and rosiglitazone [86], act by 
reducing insulin resistance in diabetes mellitus type 2 (DMT2). The 
biguanides are usually the first-line drugs given in DMT2 though 
their mechanisms are not fully understood. Metformin decreases 
hyperglycemia primarily by suppressing hepatic gluconeogenesis 
and may decrease insulin resistance by activation of AMP-activated 
protein kinase (AMPK) [89]. The thiazolidinediones are dependent 
on the presence of insulin for activity, but they themselves do not 
affect insulin secretion. The thiazolidinediones are highly selective 
and potent agonist for the peroxisome proliferator activated recep-
tor-gamma (PPAR-�). Activation of PPAR-� regulates the tran-
scription of insulin-responsive genes involved in the control pro-
duction, transport, and utilization of glucose through increased 
production of GLUT 1 and GLUT 4 receptors [84]. 
 Peptide analogues include GLP-1 and GLP-1 agonist such as 
exenatide (Ex4), which bind with the GLP receptors to inhibit the 
release of glucagon and increase the release of insulin, thus lower-
ing blood glucose level. They have been extensively investigated 
through strategies such as PEGylation and nano-encapsulation for 
administration via pulmonary route. Both the strategies resulted in 
nanoscale formulations capable of protecting them from the prote-
olytic enzymes of the alveolar epithelium and mucociliary passage 
[12,48]. PEGylated versions of GLP-1 were studied for pulmonary 
delivery in diabetic rats where GLP-1 was conjugated with PEG 
(molecular weight 1, 2, or 5 kDa) [90]. The PEG-2000 conjugate 
had the greatest hypoglycemic response as the PEGylation of GLP-
1 prolonged the half-life of GLP-1 and decreased renal clearance 
rate [90]. Although the study showed that the half-life directly de-
pended on the length of the PEG chain, but the length was inversely 
related to the rate of absorption and biological activity of the pep-
tide [90]. This may be due to larger PEG chains which might effec-
tively prevent proteolysis of the peptide molecules and hence in-
creased their bioavailability. Another study investigated Ex4 in type 
2 diabetic mice [91] where Ex4 was conjugated with PEG (molecu-
lar weight 1, 2, or 5 kDa) showing prolonged half-life and hypogly-
cemia. Ex4 was also studied in nanoparticle formulation in its 
palmitic acid derivative form. The mucoadhesive nature of chito-
san-coated PLGA nanoparticles ensured that the drug was released 
over three days in vitro and produced hypoglycemia over four days 
in mice. The above-mentioned findings may encourage formulation 
scientists to explore new strategies to receive more success in the 
field in near future. 

CONCLUSION 
 The review highlights that the pulmonary drug delivery is a 
highly prospective field of drug administration in the near future. 
Pulmonary drug delivery also offers a huge opportunity for sys-
temic administration of antidiabetic drug molecules such as insulin 
or non-insulin agents. The large surface area, good vascularization, 
solute exchange capacity and ultra-thin membranes of alveolar 
epithelia are unique features that facilitate pulmonary drug delivery. 
Further large lung surface area and thin alveolar epithelium permit 
rapid drug absorption and the first-pass metabolism can be avoided, 
too. 
 Pulmonary drug delivery depends upon several factors includ-
ing particle size, shape, density, charge and pH of delivery entity, 

velocity of entry, quality of aerosol deposition, character of alveoli, 
binding characteristics of aerosol on the alveolar surface, quality of 
alveolar capillary bed and its subsequent vascular tree. Those pa-
rameters ultimately reflect the pharmacokinetic modulation of the 
administered therapeutic agent using the pulmonary route. How-
ever, the defense mechanism of lungs against foreign particle 
should not be ignored. The defense can be by either mucosal clear-
ance or degradation by macrophages and enzymes. The lung can 
also develop immunological reactions against unwanted entities 
such as viruses. As per the safety concern, depending on the size of 
the nanocarriers it is possible to escape the phagocytosis by deliver-
ing the nanoparticles generally of small sizes (i.e. <260 nm) to the 
lungs. However, particles > 5000 nm to 3 �m are generally phago-
cytosed by macrophages. The large particles (i.e. >5000 nm) are not 
suitable for the pulmonary delivery as they tend to deposit in the 
nasopharyngeal region and are swallowed. The particles above 100 
nm and below 1000 nm also have a tendency to get deposited in the 
tracheobronchial region or exhaled. Again, particles having a size 
below 100 nm reach the lungs efficiently and show the highest al-
veolar diffusion. From the different experimental studies it was 
observed that antidiabetic drug such as insulin can be easily encap-
sulated to the nanostructured systems for pulmonary delivery which 
gave results similar or sometimes better than the conventional de-
livery routes such as subcutaneous injection. Evidence shows that 
this strategy improves the therapeutic efficacy and reduces the sys-
temic toxicity of the drug by improving its pharmacokinetic profile.  
 It is expected that the continued research interest in the pulmo-
nary route of administration will lead to more breakthroughs in 
several areas of formulation and device designs for pulmonary drug 
delivery, resulting in an improved patients’ acceptance and compli-
ance. 
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Pressure-sensitive mucoadhesive polymer-based dental patches to treat
periodontal diseases: an in vitro study
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Abstract

Local drug delivery for periodontal diseases is still a challenge due to very short residence time,
involuntary swallowing and salivary wash-out. Present study is, therefore, an attempt to
develop pressure-sensitive adhesive polymers-based mucoadhesive dental patches to ensure
satisfactory prolonged release of drugs, to treat periodontal diseases locally. Polymers such as
duro-tak� 387-2516 and duro-tak� 387, ethylcellulose, polyvinylpyrrolidone, polyvinyl alcohol
along with drugs amoxicillin trihydrate and diclofenac sodium were used to develop the
experimental patches. The patches were characterized for mass variation, thickness, area,
moisture-content and moisture-uptake, folding endurance, structural integrity in simulated
saliva, bioadhesive strength, surface pH, scanning electron microscopy, cellular morphology,
in vitro drug release and temperature-dependant stability study as per ICH guideline.
Incorporation of release enhancers in the patches improved drug release. Drugs released in a
sustained manner due to the formation of physical bonds between the polymers (as assessed
by FTIR study) which might alter the length of drug diffusion pathways. The formulation F3
with tween 80 as release enhancer provided best drug release profile over the period of 8 h,
thus it could be a successful attempt for the management of oral pathogens and dental pain.
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Introduction

In the oral cavity, periodontal region is a suitable environment

for the growth of many bacteria (Paster et al., 2001). When

the bacterial plaques affect the gum, it is termed as gingivitis

and when they spread into the deeper tissues, it is called as

periodontal infection (Bascones & Figuero, 2004). The oral

mucoadhesive drug delivery systems are now becoming more

and more popular due to ease of drug administration (Gandhi

& Robinson, 1994; Hearnden et al., 2012), by-passing hepatic

‘‘first-pass’’ metabolism (Hoogstraate et al., 1996; Morales &

McConville, 2011), increase residence time (Ahuja et al.,

2006; Andrews et al., 2009) and high drug flux at the site of

action for localized function (Nafee et al., 2003; Puratchikody

et al., 2011). Many scientific studies have confirmed that the

earlier procedures adopted for the treatment of periodontal

diseases cause bleeding, bacteremia, development of infective

endocarditis, etc. A prolonged systemic therapy with anti-

biotics has been proved to enhance the risk of endocarditis

and immune suppression (Tong & Rothwell, 2000; Lockhart

et al., 2009). The topical anti-inflammatory and analgesic

formulations (sprays, gels, paints, etc.) are failed to produce

the satisfactory therapeutic effect due to quick wash-out by

salivary secretion (Nafee et al., 2004). It is, therefore,

desirable to develop formulations which remain attached to

the oral mucosa, and release the depot drug(s) slowly from

them for a prolonged period of time (Nafee et al., 2003).

Amoxicillin trihydrate is widely used in dental practice to

treat periodontal diseases and bacterial infections (Bascones

& Figuero, 2004; Herrera et al., 2008). Amoxicillin trihydrate

is a b-lactam antibiotic, used to treat both Gram positive and

Gram negative bacteria (Mukherjee et al., 2009). Diclofenac

sodium is used as an analgesic, anti-inflammatory agent

(Özgüney et al., 2006). The present study was intended to

develop a matrix-type oral mucoadhesive patch with an

appropriate adhesive property to the oral mucosa, tooth and

gum, using a blend of pressure-sensitive adhesives (PSA)

(duro-tak� 387-2516 and duro-tak� 387-2051) along with the

model drug(s), (amoxicillin trihydrate and diclofenac sodium)

to provide prolonged local drug action.

Materials and methods

Diclofenac sodium and amoxicillin trihydrate were obtained

as gift sample from Micro Labs Ltd., Hosur, India and Dey’s

Medical Stores (Manufacturing) Ltd., Kolkata, India, respect-

ively. Duro-tak� 387-2516 and duro-tak� 387-2051 (National

Starch and Chemical Company, Bridgewater, NJ), polyvinyl-

pyrrolidone (PVP) (Loba Chemie Pvt Ltd, Mumbai, India),

polyvinyl alcohol (PVA) (molecular weight 125,000 Dalton),

tween 80 and ethyl cellulose (EC) (SD Fine-Chem. Ltd.,

Mumbai, India), dibutyl phthalate (DBP), polyethylene glycol

(PEG) 400 and PEG 6000 (E. Merck, Mumbai, India), and

Address for correspondence: Biswajit Mukherjee, Department of
Pharmaceutical Technology, Jadavpur University, Kolkata-700032, West
Bengal, India. Tel: +91 33 2414 6677. Fax: +91 33 2414 6677. Email:
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glycerol (Qualigens Fine Chemicals, Mumbai, India) were

procured. All the other chemicals used were of analytical

grade.

Drug-excipients interaction

Drug-excipients interaction was carried out using Fourier

transform infrared (FTIR) spectrometer (Magna IR 750 series

II, Jasco, FTIR 4200, Japan). FTIR-spectra for pure drug(s),

excipients, physical mixture of drug(s) with excipients,

formulation without drug and formulations with drug(s)

were obtained by scanning over the region of 4000 cm�1 to

400 cm�1 using KBr pellet technique (Rudra et al., 2010).

Preparation of the backing membrane

Aweighed amount of PVA (6% w/v) was mixed with a requisite

volume of warm, glass distilled water by constant stirring at

60 �C till it formed a homogeneous solution (Mukherjee

et al., 2006). The homogeneous solution (3 mL each) was then

poured onto the covered bottom end (wrapped with aluminium

foil) of glass molds (2.55 cm inner diameter hollow glass

cylinder of 2 cm height). The molds were kept at 60 �C for 8 h

in an oven (Damodharan et al., 2010) to form smooth, uniform

and transparent backing membrane (Figure 1).

Preparation of protective membrane

Blend of EC and PVP (in different ratios of 1:1, 1:2 and

2:1) was dissolved in chloroform along with 1% v/v DBP

(Gupta & Mukherjee, 2003) and 1% v/v glycerol as plasti-

cizers to get a homogenous mixture. The homogenous

solution (2 mL each) was then poured over the previously

prepared backing membrane remained in mold and dried at

60 �C for 6 h in an oven. Among those protective membranes

prepared at various ratios, the membrane with EC: PVP ratio

2:1 was found to form a film with smooth surface (Figure 1).

Casting of drug matrix over the protective membrane

Various combination ratios of liquid polymers duro-tak�

387-2516 and duro-tak� 387-2051 were used initially to

develop formulations for screening. The blend with 4:5 ratio

(by volume) was chosen best (based on tackiness and drug

release pattern) for further development of patches. The liquid

polymers were measured and a homogeneous mixture was

made using a magnetic stirrer (Mukherjee et al., 2006). To the

above mixture, a release enhancer (when required) such as

PEG 400 (1% v/v)/tween 80 (1% v/v)/PEG 6000 (1% w/v)/

glycerol (1% v/v) (Siegel et al., 1981) was added along with

the required quantities of drug(s) (Table 1). The entire

dispersion (2 mL for each patch) was then casted on the

EC-PVP protective membrane. The prepared matrix patches

were dried at room temperature for 24 h, resulting in a flat,

uniform medicated matrix patch.

In vitro characterization of the patches

From the different formulations, F4 and F5 were rejected

due to more stickiness, and F1, F2 and F3 were selected for

physicochemical characterization.

Determination of average mass uniformity and
patch thickness

Randomly selected twenty patches from each type were

directly weighed on a digital balance (Sartorius, GD-103,

Goettingen, Germany) and average mass was calculated.

Deviations of mass of individual patch from the mean value

were determined.

Thickness of backing membrane, protective membrane

and of the whole patch (adhesive matrix with the drug(s) plus

the backing membrane and the protective membrane) was

measured at five different randomly selected points of 20

patches using digital calipers (Digmatic Massschieber,

CD-600CSX, Mitutoyo Corp., Japan) and average thicknesses

were determined (Mukherjee et al., 2006) (Table 2).

Table 1. Composition of different formulations.

Formulation
No.

Ratio of mucoadhesive
polymersa (Duro-Tak� 387-2516:

Duro-Tak� 387-2051)

Amount
of release
enhancer Weight of drug(s)

F1 4:5 – Ac – 6 mg and Dd – 4 mg
F2 4:5 1% PEGb 400(v/v) A – 6 mg and D – 4 mg
F3 4:5 1% tween 80(v/v) A – 6 mg and D – 4 mg
F4 4:5 1% PEG 6000(w/v) A – 6 mg and D – 4 mg
F5 4:5 1% glycerol(v/v) A – 6 mg and D – 4 mg

aPolymers are taken in ratio by volume.
bPolyethylene glycol.
cAmoxicillin trihydrate.
dDiclofenac sodium.

Figure 1. Dental patches containing (A) backing membrane, (B) backing
membrane along with protective membrane.
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Area of the patches

The diameter (D) of each patch was measured by a millimeter

scale and the area (� [D/2]2) was calculated and the mean area

was then determined (Mukherjee et al., 2006).

Moisture content

The prepared patches were marked, weighed individually

and kept in a desiccator containing activated silica at room

temperature. The mass was taken time to time till it became

constant (Arora & Mukherjee, 2002; Damodharan et al.,

2010). Percent moisture content was determined as follows:

% Moisture content ¼ Initial mass� Final mass

Initial mass
� 100

Moisture absorption

A previously weighed patch was exposed to 100% relative

humidity (RH) in a desiccator until a constant mass for the

patch was obtained (Arora & Mukherjee, 2002). The percent-

age of moisture uptake was calculated as follows:

% Moisture absorption ¼ Final mass� Initial mass

Initial mass
� 100

Folding endurance

The folding endurance of patches that was determined by

repeatedly folding one patch at the same place till it broke,

is considered satisfactory to reveal good film properties

(Khanna et al., 1997). The maximum number of times a patch

can be folded at the same place without breaking gives the

value of the folding endurance.

Structural integrity in simulated saliva (pH 6.8)

The structural integrity of the patches was studied in

simulated saliva (Mukherjee et al., 2009). Patches were

placed in separate petri dishes containing 10 mL of simulated

saliva and kept in an incubator at 37� 0.2 �C for 8 h (Ghosh

et al., 2009). At regular intervals of every 30 min, the patches

were examined for physical changes such as stickiness, color,

texture and shape as depicted earlier.

Bioadhesive strength

Bioadhesive strength was measured to determine the max-

imum force required for detaching the applied patches from

the biological membrane (Nair et al., 2013). This may vary

depending on binding ability of polymer blend of a formu-

lation with buccal mucosa. Bioadhesive strength of patches

was determined using a modified method (Mukherjee et al.,

2009). Fresh mucous membrane of goat was collected from a

slaughter house (after taking the necessary permission from

the Animal Ethics Committee, Jadavpur University, Kolkata),

cleaned with distilled water and immersed in simulated saliva

(at 37 � 0.5 �C for 2 min). The mucous membrane was fixed

with a both-side adhesive tape on the top surface of a cube

(each side 3 cm) made up of plaster of paris base (Figure 2).

Each experimental formulation without the protective layer

and backing membrane (casted separately) was attached to the

mucous layer. A physical balance with two circular pans,

hanged from a rod which was balanced with a fulcrum on a

stand was used as a modified bioadhesion test assembly

(Gupta et al., 1992). Lower surface of a pan was attached to

the mucoadhesive patch by both-side adhesive tape. Weights

were given on the other pan until the adhesive patch was

detached from the mucous membrane. The maximum force

required for complete removal of the patch from the mucous

membrane was recorded (Mukherjee et al., 2009).

Table 2. Physical characterization of different experimental formulations.

Physical characteristics (unit)
Formulation F1

(Avga� SDb)
Formulation F2

(Avg� SD)
Formulation F3

(Avg� SD)

Mass variatione (g) 0.39� 0.08 0.52� 0.06 0.58� 0.02
Whole patch thicknesse (mm) 0.59� 0.02 0.54� 0.03 0.56� 0.03
Diameter of the patche (cm) 2.40� 0.03 2.36� 0.03 2.43� 0.03
Area of the patche (cm2) 4.38� 0.12 4.53� 0.11 4.64� 0.14
Moisture contentd (weight %) 1.18� 0.59 1.09� 0.17 0.79� 0.22
Moisture absorptiond (weight %) 10.30� 2.18 10.46� 2.31 10.21� 2.07
Folding enduranced 91� 3.05 114� 5.29 92.3� 4.50
Bioadhesive strengthc (kg/mm2) 12.28� 0.10 11.65� 0.45 11.55� 0.36
Surface pHc 6.09� 0.13 6.58� 0.28 6.45� 0.21

aAverage.
bStandard deviation.
cMean� SD (n¼ 3).
dMean� SD (n¼ 6).
eMean� SD (n¼ 20).

Figure 2. Bioadhesion test assembly.
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Surface pH study

The patches were dipped in 1 mL distilled water for two

minutes at room temperature (Obaidat et al., 2011), and

the pH was noted down by bringing the electrode in contact

with the surface of the patch, allowing it to equilibrate for one

minute (Priya et al., 2011; Chopparapu et al., 2012).

Scanning electron microscopy (SEM)

The surface morphology and distribution pattern of the

drug(s) in the formulated patches were analyzed by scanning

electron microscope (JEOL JSM-6100, JEOL Ltd., Tokyo,

Japan) before and after in vitro drug release study (Mukherjee

et al., 2009) by placing the samples onto stubs and sputtering

platinum under vacuum before analysis.

The effect of patch on the cellular morphology of
mucous membrane

Head of a goat by removing the skin was collected from the

slaughter house immediately after sacrifice, after taking

the permission of Animal Ethics, Committee, Jadavpur

University, Kolkata, India. Experimental patches with or

without drug(s) were applied to the goat mucosal membrane

for 8 h. The untreated (control) and patch treated portions of

the mucosal membrane were collected, washed briefly and

fixed with 10% v/v formalin solution. The tissue portions

were blocked in paraffin, sectioned by microtome, stained

using haematoxylin-eosin solution and visualized under

microscope (Carl Zeiss Pvt. Ltd., Goettingen, Germany)

(Mukherjee et al., 2005).

In vitro drug release and release kinetics study

In vitro drug release from oral mucoadhesive patches was

conducted using a modified method in Franz diffusion cell

(Obaidat et al., 2011; Nair et al., 2013). In the receptor

compartment, the backing membrane portion of the oral

mucoadhesive patch was mounted with the help of cyano-

acrylate and fixed by applying finger pressure for 30 s in such

a way that the drug polymer matrix of the patch remained

in contact with the release medium. The whole set-up was

maintained at a constant temperature of 37� 0.5 �C through

circulating water bath. Then the release medium was

constantly and continuously stirred on a magnetic stirrer by

teflon coated magnetic bead at 100 rpm. The samples were

withdrawn at different time intervals and an equal volume

of simulated saliva was added to maintain sink condition

(Obaidat et al., 2011). Absorbance of the samples was

measured by UV-visible spectrophotometer at their corres-

ponding �max values i.e., 232 nm for amoxicillin and 276 nm

for diclofenac, (Bucci et al., 1998) taking simulated saliva as

blank. The drug release data were plotted as cumulative

percentage drug(s) release against time for different formu-

lations (Mukherjee et al., 2009). Data obtained from in vitro

drug release study were plotted in various kinetic models such

as zero order, first order, Higuchi, Korsmeyer-Peppas, and

Hixson-Crowell kinetic models. Coefficients of determination

(R2) and rate constants/release exponent for zero order (K0),

first order (K1), Higuchi model (KH), Korsmeyer–Peppas

model, and Hixson–Crowell model (KHC) were determined

(Rudra et al., 2010).

Stability study

The impact of temperature and humidity on the formulations

were investigated by accelerated stability analysis. According

to the International Conference on Harmonization (ICH)

guidelines (ICH, 2003), the samples of formulation F3 were

kept in Zone-III temperature conditions (30 �C, 75% RH and

40 �C, 75% RH), withdrawn at different time points (at 2nd

and 3rd month) and were analyzed by FTIR-spectroscopy

(ICH, 2003).

Statistical analysis

One way ANOVA followed by Tukey’s multiple comparison

test performed on drug release data to assess the release

kinetics of the formulations; p values50.05 were considered

significant. All calculations were done using the Graph pad

prism software (version 5), San Diego, CA, USA.

Results

Drug-excipients interaction study

In the present study, FTIR spectroscopy was carried out to

assess the interactions, if any, between the drug(s) and the

excipients, at the level of functional groups. Figure 3 provides

FTIR spectra of amoxicillin trihydrate, diclofenac sodium,

duro-tak�2516, duro-tak�2051, physical mixture of the

drug(s) and the excipients, formulation F3, and formulation

(F3) after the storage at 30 �C and 40 �C; at 75% RH up to

three months. Comparison of spectra suggests that there were

changes in the peaks between the wave numbers 2950 cm�1

and 3000 cm�1, 3400 cm�1 and 3200 cm�1, 800 cm�1 and

850 cm�1, and 900 cm�1 and 950 cm�1. The wave numbers

2950 cm�1 and 3000 cm�1 are predominantly responsible

for the strong intensity stretching vibration frequency of

alkanes and 3400 cm�1 and 3200 cm�1 are the medium

intensity hydrogen bond (H-bond) of –OH (alcohol and

phenol) (Silverstein & Webster, 1998). Wave numbers

between 800 cm�1 and 850 cm�1 are the strong intensity out

of plane bending vibration of aromatic hydrocarbons and

those between 900 cm�1 and 950 cm�1 are the strong intensity

out of plane bending vibration of alkenes. There are –OH

groups present in PVA, EC and tween 80. Duro-Tak�

polymers are acrylate polymers which contain methyl acryl-

ate, acrylic acid and ethyl acrylate. In acrylate polymers, free

alkyl groups as well as –C¼O groups exist. Aromatic groups

are present in PVA, EC and tween 80. Thus, formation of

weak bonds such as weak H-bond or van der Waals force of

attraction might be responsible to develop some physical

interactions among the drug(s) and the excipients molecules,

altering some shifts in peaks (Rudra et al., 2010). The FTIR

spectrum of amoxicillin trihydrate in formulation F3 shows

that characteristics peaks at 1656.55 cm�1 for C¼O stretching

of amide group, 1734.66 cm�1 for C¼O stretching of

b-lactam, (Mukherjee et al., 2009) whereas diclofenac

sodium was characterized by the presence of NH and COO-

stretching vibrations at 3391.21 cm�1 and 1458.89 cm�1

respectively. The C-O stretching was found at 1287.25 cm�1
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in diclofenac sodium (Pecsok et al., 1968; Bucci et al., 1998)

(Figure 3) and hence no chemical interaction between the

drug molecules and the excipients exists. Physical interaction

thus formed, might help to develop the polymeric matrix

network and for slower drug release from the patches.

Average mass variation, thickness, diameter and area
of the patches

The mean mass, thickness, area, diameter of the drug-polymer

matrix is shown in Table 2. Thin patches were developed. In

different formulation (F1-F3), average mass range was found

from 0.39� 0.08 g to 0.58� 0.02 g. The average thickness

range varied from 0.54� 0.03 mm to 0.59� 0.02 mm. The

patches were circular with average diameter of 2.40� 0.03 cm

for formulation F1; 2.36� 0.03 cm for formulation F2;

2.43� 0.03 cm for formulation F3, and had mean surface

area ranging from 4.38� 0.12 cm2 to 4.64� 0.14 cm2.

Moisture content and moisture absorption

The average percent moisture content of the formulations

F1–F3 varied between 0.79� 0.22 weight% and 1.18� 0.59

weight% and average percentage moisture absorption of those

formulations were found to vary between 10.21� 2.07

weight% and 10.46� 2.31 weight%. The above mentioned

data show that presence of moisture content and moisture

absorption in the patches may protect the patches from

dryness, brittleness and unnecessary bulkiness (Arora &

Mukherjee, 2002).

Folding endurance and structural integrity of the
formulations in simulated saliva

The folding endurance test was conducted for selected

formulations. The values for folding endurance were found

to vary from 91� 3.05 to 114� 5.29 (Table 2). The results

indicate that the patches would maintain their integrity for

sufficient time after being applied on the mucosal area (Priya

et al., 2011). Further, structural integrity of the formulations

in simulated saliva, show that the formulations maintained

their texture and shape and no distortion in the presence of

saliva for a long time (8 h). There was no visible swelling

of the formulations in simulated saliva.

Bioadhesive strength

Table 2 represents the bioadhesive strength of the experi-

mental dental patches containing drug(s). The bioadhesive

strength of the formulations was found to vary from

Figure 3. Fourier transform infrared (FTIR) spectra of (A) amoxicillin trihydrate, (B) diclofenac sodium, (C) duro-tak� 387-2516, (D) duro-tak�

387-2051, (E) physical mixture of drug(s) and excipients, (F) formulation F3, (G) formulation F3 at 30 �C, 75% RH, (H) formulation F3 at 40 �C,
75% RH.
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11.55� 0.36 kg/mm2 to 12.28� 0.11 kg/mm2, which was

found to be good enough to remain attached to the site of

application (mucosa) and simply to be taken out with little

effort.

Surface pH

The surface pH was determined for the selected patches (Table

2). The pH of the formulations was found to vary from 6.09 to

6.58, which is well within the limit of normal buccal pH range

(Bruschi & Freitas, 2005). Thus, the patches would not cause

any irritation in the oral mucosa upon application.

Scanning electron microscopy

SEM study was carried out for the oral mucoadhesive patches

before and after in vitro drug release study to detect the

surface morphology and the drug distribution pattern of the

patches (Damodharan et al., 2010). Figure 4 shows drug

particles were scattered in the polymer matrix before its

release. Oral mucoadhesive patches without the drug perme-

ation enhancer (PEG 400 or tween 80) had more or less

smooth surface (Figure 4A), whereas, drug particles were

visible on patch surface when drug permeation enhancers

were incorporated (Figure 4C and 4D). Appearance of drug

particle distribution was very prominent in case of formula-

tion with tween 80 (Figure 4D). Most of the drug particles

were found to diffuse out of the formulation (F3) containing

tween 80 within 8 h (Figure 4G).

The effect of patch on the cellular morphology
of mucous membrane

The comparative study of buccal mucosal and submucosal

tissues with and without the application of patches shows

no morphological alteration in mucosal and submucosal

area (Figure 5), after 8 h of administration of the patches on

the buccal tissue.

In vitro drug release and release kinetics study

Figure 6 shows the release pattern of amoxicillin trihydrate

and diclofenac sodium from the patches for 8 h in simulated

saliva (pH 6.8). The cumulative percentage release of

amoxicillin trihydrate and diclofenac sodium from formulation

F3 was about 53.55% and 17.3%, respectively over a time

period of 8 h. Statistical levels of significance when assessed

between the drug release data showed the variation in drug

release data between any two formulations at any experimental

time point was statistically significant (p50.05), except for the

data between F2 versus F1. Different drug release patterns

by linear kinetics were presented in Table 3. Higuchi’s data

of drug release was almost linear with highest coefficient of

determination (R2) values for formulation F1 and F2, suggest-

ing the diffusion control drug release from the matrix (Basu

et al., 2012; Pattnaik et al., 2012). Whereas the zero order

plots had comparatively more linearity for formulation F3,

which infers that the drug release occurs in sustained manner.

Moreover, the formulation F3 follows Hixson-Crowell kinetics

assuming the release rate is limited by the drug(s) particles

dissolution rate, which is perhaps favored for incorporating

tween 80 in it (Costa & Lobo, 2001).

Stability study

Formulation (F3) selected as best, based on physico-chemical

characterizations and drug release pattern, was stored at 30 �C
and 40 �C at 75% RH for 3 months. After 3 months of storage

period, when the FTIR spectra of the stored formulations were

compared with the freshly prepared formulation (F3), no

predominant shifting of peak was detected (Figure 3F, G and

H). This suggests that drug(s) did not interact with the

excipients at the above mentioned temperature conditions and

remained stable in the formulation.

Discussion

Investigation of interaction between drug and excipients is an

important preformulation study which predominantly indi-

cates the stability of the drug in the formulation and its release

pattern (Mukherjee et al., 2008). Methods such as FTIR

spectroscopy, IR spectroscopy, differential scanning calorim-

etry, etc. are generally used to determine drug-excipients

interactions. In this study, drug-excipients interaction study

was performed using FTIR spectroscopy, to determine any

Table 3. Coefficients of determination (R2) and rate constants of drug release patterns tested on various kinetic models.

Formulation 1 Formulation 2 Formulation 3

Kinetic model Amoxicillin Diclofenac Amoxicillin Diclofenac Amoxicillin Diclofenac

Zero order R2a¼ 0.910 R2¼ 0.898 R2¼ 0.939 R2¼ 0.823 R2¼ 0.996 R2¼ 0.988
K0

c¼ 1.228 K0¼ 0.276 K0¼ 1.437 K0¼ 0.342 K0¼ 6.583 K0¼ 2.053
First order R2¼ 0.919 R2¼ 0.900 R2¼ 0.941 R2¼ 0.826 R2¼ 0.992 R2¼ 0.990

K1
d¼�0.0115 K1¼�0.002 K1¼�0.013 K1¼�0.002 K1¼�0.092 K1¼�0.020

Korsmeyer-Peppas R2¼ 0.966 R2¼ 0.995 R2¼ 0.919 R2¼ 0.972 R2¼ 0.991 R2¼ 0.977
nb¼ 0.474 n¼ 0.444 n¼ 0.540 n¼ 0.431 n¼ 0.822 n¼ 0.714

Higuchi R2¼ 0.984 R2¼ 0.997 R2¼ 0.930 R2¼ 0.977 R2¼ 0.936 R2¼ 0.943
KH

e¼ 3.808 KH¼ 0.868 KH¼ 4.263 KH¼ 1.111 KH¼ 19.02 KH¼ 5.981
Hixson-Crowell R2¼ 0.916 R2¼ 0.899 R2¼ 0.941 R2¼ 0.825 R2¼ 0.996 R2¼ 0.990

KHC
f¼�0.019 KHC¼�0.004 KHC¼�0.023 KHC¼�0.005 KHC¼�0.128 KHC¼�0.033

aCoefficient of determination.
bRelease exponent.
cZero order rate constant (mg mL�1h�1).
dFirst order rate constant (h�1).
eHiguchi rate constant (h�1/2).
fHixson-Crowell rate constant (mg1/3mm�1) h�1.
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interaction between the drug(s) and the excipients. Data of

drug(s)-excipients interaction study suggest that there was

no chemical interaction between the drug molecules and

the excipients. However, physical interactions such as

formation of weak H-bonds, van der Waals force of attraction,

dipole-dipole interaction might exist, which in turn sup-

ports the formation of solid but adhesive patches with the

desired tack effects, from the two liquid duro-tak polymers.

Figure 4. Scanning electron microscopic (SEM) photographs of (A) Formulation F0 (formulation without drug(s) and release enhancer), (B)
Formulation F1, (C) Formulation F2, (D) Formulation F3, (E) Formulation F1 after 8 h of drug release study, (F) Formulation F2 after 8 h of release
study (G) Formulation F3 after 8 h of drug release study.

Figure 5. Morphology of goat mucosa and submucosa with or without the application of experimental patches (F3). (A) Normal (without patch)
mucosa, (B) Treated (with patch without drug) mucosa, (C) Treated (with patch containing drug) mucosa, (D) Normal (without patch) submucosa,
(E) Treated (with patch without drug) submucosa, (F) Treated (with patch containing drug) submucosa.
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Further, this could also help the slow release of drug(s) from

the patches due to the modulation of drug-diffusion

pathways.

Studies for various physico-chemical characterizations,

including the average mass, thickness, diameter and the mean

area of the patches, their moisture content, moisture-uptake

capabilities, surface pH, etc. were carried out. The prepared

patches were considerably thin and small in size (Morales &

McConville, 2011). Low average mass of the experimental

formulations suggests that the formulations were light and

will not be uncomfortable to patients for their use.

The moisture content study is done to understand how

much moisture is present in a formulation and moisture

absorption study represents the capability of a formulation to

hold maximum content of moisture when the formulation

is exposed to a highly humid climate (Arora & Mukherjee,

2002). In this study, the low mean percent moisture content

prevents dryness and brittleness of the formulation (Arora &

Mukherjee, 2002). The moisture absorption study shows

that the prepared polymeric formulations with duro-tak�

387-2516 and duro-tak� 387-2051 in 4:5 ratio (by volume)

may absorb about one tenth of their weight of moisture

maximally when exposed to a highly humid climate such as

exposure to saliva. This suggests that upon the application

of the experimental patch on the mucosa in the buccal cavity

the patch will not be unnecessarily bulky due to saliva.

This may cause comfort to patients for its use. Results of

the folding endurance suggest that structural integrity of the

formulations was maintained (Priya et al., 2011). Further,

the experimental patches did not alter their physical structures

or any visible decay or loss of the portion of the formulations

was observed upon their exposure to simulated saliva for

8 h. The findings indicate that the patches maintained their

structural integrity in simulated saliva.

Bioadhesive strength indicates the capability of a formu-

lation to adhere to a tissue surface by forming physical bonds.

The good mucoadhesive properties are generally strongly

exhibited when functional groups with H-bond such as –OH,

–COOH, etc., are present in mucoadhesive polymers

(Smart, 2005; Baddupalli et al., 2010). Duro-tak� polymers

used here are acrylate-vinylacetate polymers constituted

with acrylic acid, methyl acrylate, and 2-ethylhexyl acrylate

(Mukherjee et al., 2006) with the presence of functional

groups –OH, and –COOH to provide desired pressure-

sensitive tacking effect to remain attached to the oral

mucosa, tooth and gum for a long period (Baddupalli et al.,

2010). Depending on the bond formation between polymers

(polymer matrix) and tissue (here mucosa), bioadhesion

varies (Abu-Huwaij et al., 2011). If bonds form too strongly,

the patches cannot be removed easily from mucosa and if it is

too weak, it will not remain attached to mucosa even for

a short while. In our experiment, the obtained data of

bioadhesive strength (Baddupalli et al., 2010) suggests that

the formulation will remain attached to buccal mucosa for a

long period, and can be removed easily by applying a little

force, which, however, will not damage the tissue.

Again surface pH of the formulations was well within

the range of buccal pH (Cavallari et al., 2013), indicating

no pH related irritation will occur upon the application of the

patches on the buccal mucosa.

The results of SEM study show that the two types of drug

were scatteredly distributed in particulate form in the patches.

Presence of number of holes in the patches might be due

to the release of maximum amount of drug(s) from the

distributed drug particles in the patches. Fissures on the

patches were seen upon removal of patches from the tissues in

some cases and they might be formed due to more intimate

contact of the polymers to the tissues at those sites. When the

patches were applied on the buccal tissue of goat for 8 h,

it was observed that there was no histological alteration of

mucosal and submucosal tissue architecture at the application

sites of the patches and in nearby tissue areas. This suggests

that the patches did not cause any undesirable effect on the

buccal tissues at least when it was applied for 8 h.

Addition of release enhancers (tween 80 and PEG 400) in

the oral mucoadhesive patches appreciably improved cumu-

lative percent drug(s) release in vitro (ranges from 10–53%

for amoxicillin trihydrate and 2–17% for diclofenac sodium)

during 8 h of the drug release study. Incorporation of drug

release enhancers in the formulations might enhance consid-

erable polymer hydration (Escobar-Chávez et al., 2012) than

those without drug release enhancer. Variable drug release

kinetic patterns as assessed by various kinetic models show

that more linearity (by assessing R2 values) of the drug release

kinetic plots was towards Higuchi and Hixson-Crowell

models. Further, the data suggest that presence of release

enhancers affected drug release behavior and tween 80 was

found to be most effective out of the chosen drug release

enhancers in the study (Siegel et al., 1981).

In the stability study, formulations were kept at 30 �C and

40 �C with 75% RH as per ICH guidelines. The formulations

were taken out from the stability chambers after 2nd and 3rd

month and FTIR spectra of them were determined. These

spectra were compared with the FTIR spectra of freshly

prepared formulations. No predominant alteration in the FTIR

spectra of the stored formulations with respect to freshly

prepared formulation was detected. The result indicates that

no new chemical interaction took place between the drug(s)

and the excipients. Hence, the formulations were stable at

least up to 3 months at 30 �C and 40 �C at 75% RH (i.e. the

time period of this study conducted).

Figure 6. Cumulative amount of drug(s) released versus time (h).
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Conclusions

The prepared pressure-sensitive mucoadhesive dental patches

were found to release the drugs in a controlled manner for

a prolonged period in vitro and this would be suitable to treat

periodontal disease locally. They were found to possess

desired mucoadhesiveness with easy administration and

removal. They did not damage the buccal mucosa or

submucosa morphologically upon application for a prolonged

period. Among the experimental oral mucoadhesive dental

patches, F3 containing duro-tak(s) at ratio of 4:5 (by volume)

along with tween 80 (1% v/v) as release enhancer provided

the best drug release profile over the period of 8 h. The

formulations subjected for temperature dependant stability

study at 30 �C and 40 �C, respectively, at 75% RH suggest

that drug would remain stable in the formulations at least

up to 3 months. Further study may be necessary in this

direction to carry out the in vivo toxicity study in a suitable

animal model and to establish a suitable in vitro and in vivo

correlation.
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Objective: We describe the development, evaluation, and comparison of colloidal gold-loaded, 

poly(d,l-lactic-co-glycolic acid)-based nanoparticles containing anti-acquired immunodeficiency 

syndrome drug stavudine and uptake of these nanoparticles by macrophages in vitro.

Methods: We used the following methods in this study: drug-excipient interaction by Fourier 

transform infrared spectroscopy, morphology of nanoparticles by field-emission scanning elec-

tron microscopy, particle size by a particle size analyzer, and zeta potential and polydispersity 

index by a zetasizer. Drug loading and in vitro release were evaluated for formulations. The best 

formulation was incorporated with fluorescein isothiocyanate. Macrophage uptake of fluorescein 

isothiocyanate nanoparticles was studied in vitro.

Results: Variations in process parameters, such as speed of homogenization and amount of 

excipients, affected drug loading and the polydispersity index. We found that the drug was 

released for a prolonged period (over 63 days) from the nanoparticles, and observed cellular 

uptake of stavudine nanoparticles by macrophages.

Conclusion: Experimental nanoparticles represent an interesting carrier system for the trans-

port of stavudine to macrophages, providing reduced required drug dose and improved drug 

delivery to macrophages over an extended period. The presence of colloidal gold in the particles 

decreased the drug content and resulted in comparatively faster drug release.

Keywords: stavudine, poly(d,l-lactic-co-glycolic acid), nanoparticles, colloidal gold, uptake 

by macrophages

Introduction
Optimization of the pharmacological action of a drug along with reduction in its toxic 

side effects is a prime prerequisite for an ideal drug-delivery system. Colloidal drug car-

riers can provide site-specific or targeted drug delivery along with optimal drug release.1 

Among these carriers, nanoparticles and liposomes have been widely investigated. Due 

to various technical problems, such as poor stability and low entrapment efficiency of 

liposomes, polymeric nanoparticles were proposed as a suitable alternative. One of 

the most attractive areas of research using polymeric nanoparticles is the controlled 

delivery of drug following parenteral, oral, pulmonary, nasal, and topical routes of 

administration. Polymeric nanoparticles can also be targeted to specific cells and tis-

sues in the body by virtue of their small size and by functionalizing their surface with 

polymers and appropriate ligands.2 Further, polymeric nanoparticles usually overcome 

stability issues of liposomes and can minimize the therapeutic dose and thus minimize 

drug-induced side effects by sustained drug release.3 A diverse range of materials has 

been used as drug carriers, including polymers4 and dendrimers,5 and nanomaterials 
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such as nanotubes,6 nanorods,7 and nanoparticles.8 Gold 

nanoparticles provide promising scaffolds for drug and gene 

delivery. Their unique features, such as tunable core size, 

monodispersity, large surface-to-volume ratio, and easy 

functionalization with virtually any molecule or biomole

cule enable their effective targeting, transport, and tuning 

of delivery processes.9 Gold nanoparticles are the preferred 

delivery system because of their relatively lesser intrinsic 

toxicity toward the normal cell.9

Nanoparticles consisting of gold offer enhanced absorp-

tion and scattering, good biocompatibility, facile synthesis,4 

and conjugation to a variety of biomolecular ligands, anti-

bodies, and other targeting moieties,5 making them suitable 

for use in biochemical sensing and detection,10–12 medical 

diagnostics, and therapeutic applications.13,14

Acquired immunodeficiency syndrome (AIDS) is a 

disease of the human immune system caused by the human 

immunodeficiency virus (HIV).4 This condition progres-

sively reduces the effectiveness of the immune system and 

leaves the individual susceptible to opportunistic infec-

tion and tumor. It is transmitted through direct contact 

of a mucous membrane or the bloodstream with a bodily 

fluid containing HIV, such as blood, semen, vaginal fluid, 

pre-seminal fluid, and breast milk.5 There is currently no 

vaccine or cure for HIV or AIDS. The only known methods 

of prevention are based on avoiding exposure to the virus 

and antiretroviral treatment once affected. The antiviral 

therapy has unpleasant side effects, including peripheral 

neuropathy, acute pancreatitis, abdominal pain, diarrhea, 

malaise, nausea, and fatigue. AIDS patients are generally 

treated with nucleoside or nucleotide reverse transcriptase 

inhibitors that inhibit reverse transcription by blocking the 

reverse transcriptase enzyme responsible for conversion 

from single-stranded RNA to double-stranded DNA in HIV. 

Zidovudine, didanosine, zalcitabine, stavudine, lamivudine, 

and abacavir are nucleoside analogs and tenofovir and 

adefovir are nucleotide analogs used as reverse transcriptase 

inhibitors for HIV infection. These drugs have severe side 

effects at higher dose.

In the present study we used stavudine, which has a 

short half-life and poor bioavailability. Nanoparticles are 

used as a drug carrier for delivery of a drug to overcome 

the problems of short half-life, poor bioavailability, and 

strong side effects. In this study we developed, evaluated, 

and compared a poly(d,l-lactic-co-glycolic acid) (PLGA)-

based nanoparticulate drug delivery system, with or without  

gold nanoparticles, containing stavudine. We also studied the 

uptake of nanoparticles by macrophages in vitro, since HIV 

accumulates in macrophages during the early phase (first 1 

to 2 years) of infection.6

In the present study, PLGA was used, since it is an FDA-

approved biodegradable polymer capable of drug release 

in a sustained manner. In addition to the drug, gold nano-

particles were incorporated into the polymeric nanoparticle 

matrices with the following expectations: first, since a gold 

nanoparticle has a higher surface-to-volume ratio and gold 

can hold many different molecules attached physically on 

its surface, we wanted to see whether gold can help enhance 

stavudine-loading in the nanoparticle; second, gold nano-

particles and their conjugates have been reported to inhibit 

HIV transinfection;15 third, the presence of gold in PLGA 

nanoparticles can be used for imaging to localize the pres-

ence of nanoparticles in organs and tissues in vivo, which is 

the future program in the study.

Materials and methods
Materials
Stavudine was obtained from Cipla Ltd (gift sample) 

(Baddi, India). PLGA (85:15; molecular weight [MW] 

50,000–75,000), fluorescein isothiocyanate (FITC), chloro-

auric acid (HAuCl
4
), and trisodium citrate were purchased 

from Sigma-Aldrich Corporation (Bangalore, India). 

Polyvinyl alcohol ([PVA] MW 30,000–70,000) was obtained 

from SD Fine Chem Ltd (Mumbai, India). Dichloromethane 

(DCM) was purchased from E Merck (India) Ltd (Mumbai, 

India). Disodium hydrogen orthophosphate and potassium 

hydrogen phosphate were obtained from Process Chemical 

Industries (Kolkata, India). All other chemicals used were 

of analytic grade.

Preparation of polymeric drug-loaded 
nanoparticles
PVA solutions were prepared in 1.5% (1.5  g PVA in 

100 mL water) and 2.5% (0.25 g of PVA in 10 mL water) 

concentrations. We then dissolved 250 mg PLGA in 2 mL 

DCM. The total amount of stavudine (Table 1) was dissolved 

in 0.5 mL of 2.5% PVA. The drug solution (0.5 mL) was 

then added drop-wise into 2 mL of the PLGA solution while 

homogenizing, and the mixture was homogenized (WiseTis 

homogenizer; Daihan Scientific Co Ltd, Seoul, South Korea) 

at different speeds for different formulations (Table 1) for 

4  minutes. This resulted in a water-in-oil (w/o) type of 

emulsion. The emulsion was gradually added to 75 mL of 

1.5% PVA solution and homogenized at the same speed 

according to the formulation for 6 minutes, which produced a 

water-in-oil-in-water (w/o/w) type of emulsion. The emulsion 
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was stirred at 130 rpm in a rotary vacuum evaporator (PBU-6; 

Superfit, Mumbai, India) with a temperature-controlled water 

bath (40°C) for 30 minutes for quick removal of the organic 

solvent (DCM). The emulsion was kept on a magnetic stirrer 

overnight for complete removal of the DCM. The next day, 

any particles that had formed were collected by centrifugation 

at 15,000 rpm for 1 hour. To remove free drug, polymeric 

particles were resuspended in water and centrifuged three 

times at 15,000 rpm for 30  minutes each. Particles were 

then freeze-dried (by prefreezing at −20°C overnight and 

lyophilizing at −40°C for 12 hours) in a lyophilizer (labora-

tory lyophilizer; IIC Industrial Corporation, Kolkata, India) 

and stored at 4°C. Formulations S1, S2, and S5 were prepared 

as described above, except that S3 and S4 were centrifuged 

at 16,000 rpm and no drug was added to S5.

Preparation of gold nanoparticles
Gold nanoparticles were prepared by citrate reduction of 

HAuCl
4
 following the methods of Storhoff et al.7 All glass-

wares were first cleaned in aqua regia (three parts HCl, one 

part HNO
3
), rinsed with nanopure water, and dried in a hot 

air oven (Orion Industries, Kalka, India). An aqueous solu-

tion of HAuCl
4
 (1 mM, 500 µL) was brought to boiling while 

stirring continuously with a glass rod, and the entire 50 mL 

aliquot of 38.8 mM trisodium citrate solution was quickly 

added, which resulted in a color change of the solution from 

pale yellow to deep red. After the color change, the solution 

was allowed to cool and was subjected to high-speed cen-

trifugation (3K30 Sigma Lab Centrifuge; Merrington Hall 

Farm, Shrewsbury, UK) at 12,800 rpm at 4°C for 20 minutes. 

The gold nanoparticle pellet was then resuspended in water 

at pH 7.0 after discarding the supernatant. The process was 

repeated three times to eliminate the free citrate.8

Preparation of gold and drug-loaded 
polymeric nanoparticles
PVA solutions were prepared in 1.5% (by dissolving 1.5 g 

PVA in 100 mL water) and 2.5% (by dissolving 0.25 g of PVA 

in 10  mL water) concentrations. Colloidal gold solution 

(1  mL) was added to the 2.5% PVA solution. PLGA 

(250 mg) was dissolved in 2 mL DCM. The total amount 

of stavudine (Table 1) was dissolved in 0.5 mL of the 2.5% 

PVA–gold mixture. This drug solution (0.5 mL) was added 

drop-wise into 2 mL of the PLGA solution, and the mixture 

was homogenized at different speeds for different formula-

tions (Table 1) for 4 minutes. The preparation method was 

then continued as described previously. To remove uncoated 

gold nanoparticles from suspension after encapsulation, the 

mixture was centrifuged at 6000 rpm for 1 hour. The super-

natant was decanted carefully, and coated nanoparticles were 

separated from the supernatant by centrifugation at 15,000 

rpm for 1 hour and then washed three times by centrifuging 

at 15,000 rpm and resuspending in water. Formulations S2 

and S4 were prepared as described above, except that S4 was 

centrifuged at 16,000 rpm.

Nanoparticles with FITC
Stavudine-loaded nanoparticles were prepared with a fluo-

rescent probe (FITC) to study the uptake of nanoparticles 

by specific cells. FITC-loaded nanoparticles were prepared 

essentially as described above, except that an FITC stock 

solution (0.4% weight [w]/volume [v] FITC in absolute 

ethanol) of 100 µL was added to the polymeric phase dur-

ing the preparation of the primary emulsion. The ratio of the 

fluorophore to nanoparticles taken was 1:80. Preparation was 

then continued as described above.

Evaluation and characterization  
of stavudine-loaded nanoparticles
Drug–excipient interactions by Fourier transform 
infrared spectroscopy (FTIR)
Stavudine, PLGA, PVA, gold nanoparticles, PLGA–PVA 

combination, stavudine–PLGA–PVA combination, and 

stavudine–PLGA–PVA–gold nanoparticles combination 

were mixed with infrared-grade potassium bromide (KBr) 

Table 1 Composition of experimental nanoparticles with their drug loading and entrapment efficiency

Formulation  
code

Stavudine:PLGA  
(mg:mg)

Presence of  
colloidal gold

Speed of  
homogenization (rpm)

Amount  
recovereda (mg)

Drug  
loadingb (%)

Entrapment  
efficiencyc (%)

S1 20:250 No 15,000 165.4 5.69 76.83
S2 20:250 Yes 15,000 187.2 5.08 68.57
S3 25:250 No 16,000 150 7.93 87.23
S4 25:250 Yes 16,000 186.6 6.15 67.63
S5 0:250 No 15,000 152 NA NA

Notes: aRecovery (mg) = amount of lyophilized formulation obtained (mg) out of total amount of drug and excipients used (mg); bDrug loading (actual) (%) = Amount of drug 
in nanoparticles × 100/Amount of nanoparticles obtained; cDrug entrapment efficiency (%) = Drug loading (actual) (%) × 100/Drug loading (theoretical) (%).
Abbreviations: NA, not applicable; PLGA, poly(d,l-lactic-co-glycolic acid).
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and compressed into pellets by applying 5.5 t of pressure in a 

hydraulic press. The pellets were scanned over a wavenum-

ber range of 4000 cm–1 to 400 cm–1 in an FTIR spectrometer 

(MAGNA-IR 750; Nicolet Instruments Corporation, Madison, 

WI).

Morphology of nanoparticles by field-emission 
scanning electron microscopy (FESEM)
The external morphology of nanoparticles of different 

formulations was analyzed by FESEM. The freeze-dried 

particles were spread onto metal stubs and platinum coat-

ing applied by using an ion-sputtering device. The coated 

particles were then examined under FESEM (JSM 6100; 

JEOL, Tokyo, Japan).

Determination of presence of gold in polymeric 
nanoparticle by energy dispersive X-ray 
spectroscopy (EDX)
EDX was part of the FESEM system. SEM-EDX, which uses 

an SEM system, helps determine the chemical composition 

of a specimen, and we used this to determine the presence of 

gold in stavudine–gold-loaded polymeric nanoparticles.

Determination of size distribution, polydispersity 
index (PDI), and zeta potential
Size distribution, PDI, and zeta potential were measured by a 

Zetasizer Nano ZS (0.6 nm to 6000 nm) with DTS software 

version 4.0 (Malvern Instruments Ltd, Malvern, UK). The 

freeze-dried formulations were suspended in double-distilled 

water and then poured into a glass cuvette and analyzed. For 

particle size measurement, dynamic light scattering is used, 

and the software collects and interprets data on particle size 

and zeta potential and calculates the average size and PDI by 

using the intensity, volume, and number distribution. Mean 

particle diameter was calculated from the measured size 

distributions, and the PDI was calculated based on the size 

range present in the suspension as determined in a Zetasizer 

Nano ZS (Malvern Instruments Ltd).

Drug content and entrapment efficiency 
study
Exactly 2 mg of each product sample was placed in separate 

2 mL Eppendorf microcentrifuge tubes. A prepared solution 

of 5% w/v sodium dodecyl sulfate in 1 mL 0.1 M NaOH solu-

tion was added to each tube with a micropipette. The tubes 

were placed in an incubator shaker (Somax Incubator Shaker; 

Shenzhen Pango Electronic Co, Ltd, Shenzhen, China) at 120 

rpm for 3 hours at 37°C. The tubes were then centrifuged for 

10 minutes at 5000 rpm and the supernatant liquid collected 

with a micropipette. The absorbance of drug in solution was 

read with an ultraviolet absorption spectroscope (Beckman 

Instruments, Fullerton, CA) at 266 nm against a blank con-

taining 5% w/v sodium dodecyl sulfate in 0.1 M NaOH. 

Drug concentrations were determined from the calibration 

curve. The drug-loading and drug entrapment efficiencies 

were calculated using the following formulae:

Drug loading (theoretical) (%) 

= 
Amount of drug taken to prrepare nanoparticles 100

Amount of PLGA + drug taken

×
	

�
(1)

	

Drug loading (actual) (%) 

= 
Amount of drug in nanoparticless  100

  Amount of nanoparticles obtained

×
	

(2)

	

Drug entrapment efficiency (%) 

= 
Drug loading (actual) (%)   100

Drug loading (theoretical) (%)

×
.	

(3)

Drug release study
To determine drug release at the different time points, 5 mg 

stavudine-loaded nanoparticles of different formulations 

were suspended in 1 mL phosphate-buffered saline ([PBS] 

pH 7.4) in prelabeled microcentrifuge tubes and kept in an 

incubator shaker (Somax Incubator Shaker) at 37°C with 

constant shaking at 72 rpm after brief vortexing. Each for-

mulation was processed in triplicate, and samples were kept 

for specific periods of time up to 63 days. At any particular 

time point, only the sample for analysis was removed from the 

shaker, centrifuged at 15,000 rpm for 30 min at 4°C, and drug 

from the supernatant was analyzed at a wavelength of 266 nm 

with a UV-Vis spectrophotometer (Beckman Instruments). 

The percentage of drug release was calculated as:

Drug release (%) 

= 
Amount of drug released

Amount of drug looaded in 5 mg of nanoparticle
100×

	
�

(4)

Drug release kinetics study
To understand the release kinetics, data obtained from in 

vitro drug release studies were plotted in various kinetic 

models: zero order as cumulative amount of drug released 

versus time; first order as logarithmic value of cumulative 

percentage of drug remained versus time; Higuchi model as 

cumulative percentage of drug released versus square root 
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of time; Korsmeyer–Peppas model as logarithmic value of 

cumulative percentage of drug released versus logarithmic 

value of time; and Hixson–Crowell model as cube root per-

centage drug remained versus time.16 The in vitro drug release 

data were also fitted to the Hopfenberg model.17,18

In vitro cellular uptake study
Macrophages at a density of 2.5 × 105 cells/mL were sus-

pended in serum-free Roswell Park Memorial Institute 

1640 medium (Sigma-Aldrich Corporation).15 A cell suspen-

sion of 200 µL was placed in eight-well tissue culture plates, 

each well of which contained 800 µL medium. Cells were 

allowed to adhere for 2 hours in a CO
2
 incubator with a sup-

ply of 5% CO
2
 at 37°C. The medium was then removed, and 

the wells were washed twice with serum-free medium. The 

adherent macrophages were incubated with FITC–stavudine–

nanoparticles (S4) at different concentrations (300 ng/mL 

and 500  ng/mL of medium) in 500  µL of fresh medium. 

After 4 hours, wells containing macrophages were washed 

twice with serum-free medium, observed under confocal 

laser scanning microscopy (LSM MAT 510; Carl Zeiss, Jena, 

Germany), and photographs taken.

Intensity of the fluorescence of the individual mac-

rophages was quantified with a defined line and color 

region, analyzed using Zen software (Zen Software Ltd, 

Manchester, UK), and fluorescence intensity histograms 

generated (not shown). Image software was used to correct 

threshold and background levels19 and to quantify the degree 

of fluorescence20 and the quantity of nanoparticles in cells.

The quantity of gold nanoparticles within the cells was 

determined using the atomic emission spectroscopy of acid-

digested cells.21 The method ensures a highly sensitive analysis, 

and a comparison of gold nanoparticle uptake by all exposed 

cells has been successfully used to quantify the uptake of the 

unmodified gold nanoparticle in the range of parts per billion. 

At 4 hours incubation time, cell aliquots were washed twice 

with cold PBS (pH 7.4) by centrifugation at 4000 rpm for 

10 minutes at 4°C and resuspended in cold PBS. The pellet was 

then collected and analyzed using the method described.21

Results
Drug–excipient interactions provide information on the stabil-

ity of the drug in formulation, the drug-release pattern from 

the formulation, and the lag time of drug release.10 Among 

the various methods available, FTIR spectroscopy provides 

a methodology for examining interactions between various 

functional groups present in drug and excipients. The FTIR 

spectrum of the pure drug and individual FTIR spectrum of 

PLGA, PVA, PVA–PLGA, and PVA–PLGA–drug are shown 

in Figure 1. Comparing the results in Figure 1A with those 

of Figure 1B–E, it can be seen that there was minor shift-

ing of some of the peaks between wavenumbers 3600 cm−1 

and 2800 cm−1, 1700 cm−1 and 1800 cm−1, and 750 cm–1 and 

500 cm−1. Wavenumber 3600 cm−1 to 3800 cm−1 is the infra-

red absorption frequency stretching vibration zone of strong 

intensity CH
3
, CH

2
, CH, medium intensity = CH and = CH

2
, 

strong intensity OH (hydrogen bonded), variable intensity OH 

(free), medium intensity CH (aldehyde), and weak intensity 

NH (1º amine) and NH (2º amine).22 Wave number 1700 cm−1 

to 1800 cm−1 is the strong intensity stretching vibration zone 

of C=O (saturated aldehyde), C=O (saturated ketone), cyclo-

pentanone, and cyclobutanone.22 Wave number 750 cm−1 to 

500 cm−1 is the bending vibration zone of weak intensity CH
2
 

rocking, medium intensity out of plane = CH
2
, medium inten-

sity cis -RCH=CHR, strong intensity CH deformation, strong 

to medium intensity CH bending and ring puckering, weak 

OH out of plane bending, and variable NH
2
 and NH wagging.

In stavudine, CH
3
, C=O, NH, N, OH are the reactive 

groups, whereas in PLGA, CH
3,
 C=O, and =O reactive 

groups are present. For PVA, OH and H are the predomi-

nant reactive groups. Thus, there might be some physical 

interactions between the functional groups of the drug and 

the excipients that resulted in a minor shifting of the peaks. 

Formation of a weak hydrogen bond, interaction due to van 

der Waals force, or dipole–dipole interaction among these 

functional groups might be responsible for these physical 

interactions. The presence of the characteristic peaks of the 

drug and the excipients suggests that there was no chemical 

interaction. Further, FTIR spectra of the drug with gold mix-

ture and of the drug with gold and other excipients showed 

no shifting of the characteristic peaks (data not shown). Thus, 

FTIR spectroscopic data suggest that there was no chemical 

interaction between the drug and the excipients, indicating 

that the polymer is suitable for formulation of the anti-AIDS 

drug. However, a few physical interactions occurred among 

some functional groups of the drug and the excipients. These 

might have been responsible for sustained release of the drug 

from the formulations and might provide information on the 

spherical structure of the nanoparticles.

Particles were mostly in the nanoscale range with a smooth 

surface; however, there were some particles larger than nano-

size (Figure 2). The Z-average of S1–S5 formulations were 

1365 nm, 1136 nm, 211 nm, 201 nm, and 2038 nm, respectively 

(Table 2); polydispersity indices of the S1–S5 formulations 

were 0.102, 0.109, 0.424, 0.376, and 0.046, respectively. 

Particle size distribution (by percentage intensity) of the 
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experimental formulations are shown in Figure 3. Zeta poten-

tials of S1–S5 were −12.6, −8.16, −27.8, −19.6, and −17 mV, 

respectively (Table 2). The dispersant refractive index, vis-

cosity, and dispersant (water) dielectric constant were 1.33, 

0.8872, and 78.5, respectively, at 25°C. The incorporation of 

gold in nanoparticles was assessed from the EDX data, which 

showed the presence of gold particles in gold-encapsulated 

polymeric nanoparticles (Figure 4) as compared to gold nano-

particles (Figure 5) alone.

Maximum conductivity was recorded for S2 (0.034), 

followed by S1 (0.011) and S5 (0.012) (Table 2). However, 

conductivities were only slightly lower for S3 and S4.
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Figure 1 FTIR spectra of (A) stavudine; (B) PLGA; (C) PVA; (D) PVA and PLGA mixture; and (E) stavudine, PVA, and PLGA mixture.
Abbreviations: FTIR, Fourier transform infrared spectroscopy; PLGA, poly(d,l-lactic-co-glycolic acid); PVA, polyvinyl alcohol.
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The drug-loading values were expressed in terms of the 

quantity of drug entrapped in the formulations,11 and the drug 

entrapment efficiency was associated with the percentage of drug 

entrapped with respect to theoretical drug loading in a particular 

formulation. S3 had the highest drug content and drug entrap-

ment efficiency among the formulations S1 to S4 (Table 1).

The in vitro drug release profile of stavudine from the 

PLGA-based particulate drug formulations is shown in 

Figure  6. The cumulative amount of drug release varied 

between 65% and 72% of the actual drug content in the for-

mulations for 63 days. Gold along with stavudine-loaded poly-

meric nanoparticles (S4) prepared at a higher homogenization 

10 µm 2 µm
EHT = 20.00 kV WD = 17.0 mm Signal A = SE1 CGLEHT = 20.00 kV WD = 17.0 mm Signal A = SE1 CGL

IACS

10 µm
1 µm

SEI 5.0 kV x30.000 100 nm WD 8.0 mm IACS SEI 5.0 kV x100.000 100 nm WD 8.0 mm

A B

C D

E F

Figure 2 FESEM photographs of formulations. (A) Formulation S1 prepared at 15,000 rpm shows that the particles were of micrometer sizes. (B) Formulation S2 prepared 
at 15,000 rpm shows that the particles were in micron range. (C) Formulation S3 prepared at 16,000 rpm shows that the particles were in nanometer range. (D) Formulation 
S4 prepared at 16,000 rpm shows that the particles were in nanometer range. (E) Formulation S5 prepared at 15,000 rpm shows that the particles were mostly in micrometer 
range. (F) SEM photograph of the gold nanoparticles shows that the particles were in submicron range with variable sizes.
Abbreviations: FESEM, field-emission scanning electron microscopy; SEM, scanning electron microscopy.
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speed (16,000 rpm) showed a higher percentage of drug release 

in 63 days compared to S3 during the same time period.

Data related to drug release as assessed by different 

kinetic models16 showed more linearity in R2 values (Table 3) 

in Higuchi, Korsmeyer–Peppas, and Hopfenberg plots. This 

suggests anomalous diffusion of drug as well as erosion of 

the matrix type formulations.

Based on the size and drug-loading in gold containing 

PLGA nanoparticles, S4 was selected for the nanoparticle 

uptake study. Nanoparticle uptake by macrophages was 

observed in vitro after treatment of nanoparticles at two dif-

ferent concentrations for 4 hours (Table 4; Figure 7). As the 

nanoparticle concentration increased, nanoparticle uptake 

increased. About 34% and 45% of the nanoparticles were 

internalized in 4 hours at nanoparticle doses of 300 ng/mL 

(gold content 450 pg/0.5 × 105 cells) and 500 ng/mL (gold 

content 867 pg/0.5 × 105 cells), respectively, as assessed by 

fluorescence intensity.

Discussion
Stavudine-loaded PLGA nanoparticles and stavudine with 

colloidal gold loaded in PLGA nanoparticles were presented 

in this research work. PLGA nanoparticles were formulated 

using an emulsification solvent evaporation technique. PVA 

was selected as an effective stabilizer12 and was used to sta-

bilize the emulsion since it also helps form relatively small 

and uniform-sized particles.13,14

FTIR spectroscopy was used for the drug–excipients 

interaction study to identify interactions10 at the functional 

group level. No chemical interaction was detected between 

the drug and the excipients since there was no shifting of 

individual characteristic peaks. However, a few physical 

interactions were found among some functional groups of 

the drug and the excipients, and these interactions might be 

responsible for the spherical structure of the nanoparticles 

and their sustained drug release.

The experimental particles have smooth surface, and 

particles prepared at 15,000 rpm were larger compared 

to particles prepared at 16,000 rpm. The data suggest that 

increasing homogenization speed results in decreases to 

average particle diameters. Particles prepared at higher 

homogenizing speed were in the nanoscale range and were 

Table 2 Size distribution (Z-average [nm]), polydispersity index, 
zeta potential, and conductivity of experimental nanoparticulate 
formulations

Formulation  
code

Z-average  
(nm)

PDI Zeta potential  
(mV)

Conductivity 
(mS/cm)

S1 1365 0.102 -12.6 0.0117
S2 1136 0.109 -8.16 0.0346
S3 211 0.424 -27.8 0.00894
S4 201 0.376 -19.6 0.00882
S5 2038 0.046 -17 0.0125

Abbreviation: PDI, polydispersity index.

1000010001001010.1
0

10

In
te

n
si

ty
 (

%
)

Size (d·nm)

Size distribution by intensity

20

30

Record 51: S5

1000010001001010.1
0

1

2

3

4

In
te

n
si

ty
 (

%
)

Size (d·nm)

Size distribution by intensity

5

6

7

Record 50: S4

1000010001001010.1
0

10
In

te
n

si
ty

 (
%

)

Size (d·nm)

Size distribution by intensity

20

30

Record 49: S3 1

1000010001001010.1
0

10

In
te

n
si

ty
 (

%
)

Size (d·nm)

Size distribution by intensity

20

30

Record 48: S2 2

1000010001001010.1
0

10In
te

n
si

ty
 (

%
)

Size (d·nm)

Size distribution by intensity

20

30

40

Record 47: S1 1

A

B

C

D

E

Figure 3 Size distribution of different formulations. (A) S1 (by intensity); (B) S2 (by 
intensity); (C) S3 (by intensity); (D) S4 (by intensity); (E) S5 (by intensity).
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homogeneously distributed. Encapsulation of colloidal gold 

reduced the particle size even further. The incorporation 

of gold in the nanoparticles was confirmed by the EDX 

data.

An earlier study showed that polydispersity variation is 

present from 100 nm to as large as 20 µm.23 In our study, 

polydispersity indices of the formulations varied widely. 

The maximum PDI value was obtained for S5. The PDI 

value was greater for all formulations with gold particles, 

suggesting that the value was enhanced due to the presence 

of the cationic metal.

Particles had negative zeta potentials. The resulting nega-

tive charges were caused by the dissociation of the hydrogen 

ion from the carboxyl group (–COOH) in the PLGA chain. 

Addition of PVA to the formulation also conveyed a negative 

zeta potential to the resulting nanoparticle, further influenc-

ing both particle stability and the cellular uptake ability of 

the nanoparticles.24,25 The presence of gold particles lowered 

the zeta potentials of the formulation since gold is cationic.26 

Particles with zeta potentials greater than +30 mV and less 

than −30 mV are normally considered to form stable colloidal 

dispersion.10 If the magnitude of the zeta potential decreases, 

particle aggregation may occur, and this would cause a rapid 

precipitation of suspended nanoparticles. Our results indicate 

that all the formulations were unstable in terms of rapid 

precipitation in the colloidal state. The zeta potential values 

suggest that S3 had greater stability compared to the others 

in the dispersion state. S2 was the least stable in terms of 
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Figure 4 EDX data showing the presence of gold particles in gold-encapsulated polymeric nanoparticles.
Abbreviation: EDX, energy dispersive X-ray spectroscopy.
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forming a stable suspension, and these formulations should 

be stored in a lyophilized condition and reconstituted in an 

aqueous vehicle immediately before use.

Gold nanoparticles have a strong affinity toward sulfur 

of the sulfhydryl (–SH) group through covalent interaction. 

However, the most intriguing factor is the interaction between 

amine and gold nanoparticles19 as this type of interaction 

makes the gold nanoparticles more flexible upon attach-

ment and release. Any electronic perturbation can tune the 

attachment or release of the amine-containing molecule (ie, 

the drug) from the gold nanoparticle surface.26 In the present 

study drug molecules were released relatively faster from 

the PLGA nanoparticles containing gold. There was no 

physicochemical interaction detected between the drug and 

the gold nanoparticles, and the presence of gold in the PLGA 

nanoparticles reduced the size (Z-average) of the particles. 

Thus, the presence of gold in PLGA nanoparticles might have 

shortened the length of the drug diffusion pathways thereby 

releasing the drug relatively faster.

The drug-loading and the drug entrapment efficiencies in 

the formulated particles were enhanced by using an optimum 

amount of drug in preparatory steps27 and by using the proper 

solvent or solvent mixture.20 The drug entrapment  was  gradu-

ally increased with the decreasing size of nanoparticles. Our 

results showed that drug content was higher in drug-loaded 

polymeric nanoparticles without gold compared to nanoparti-

cles with colloidal gold. No physical interaction, as assessed by 

FTIR, was found between drug and gold. Gold nanoparticles 

allow display of a large number of carbohydrates and other 

similar molecules with a high density and multifunctionality 

by the simultaneous incorporation of different ligands in a 

single gold cluster in a controlled manner.28 However, the 

lack of any distinct physicochemical interaction between the 

drug and the PLGA suggests that no such phenomenon took 

place. The presence of nanoscale-size gold particles within 

the polymeric nanoparticles containing drug results in less 

space available for the remaining drug compared to the nano-

particle containing drug without gold. Thus, the drug content 

was less with the polymeric nanoparticle containing gold. In 

addition, the presence of gold enhances the total weight of the 

nanoparticles, which in turn reduces the percentage of drug 

loading compared to the formulations without gold since the 

percentage of drug loading is 100 times the amount of drug 

present per unit quantity of nanoparticle. Thus, in spite of 

the presence of gold nanoparticles, which have an increased 

surface area to volume ratio, polymeric nanoparticles con-

taining gold appeared to accommodate less drug molecules. 

In addition, drug content in the nanoparticles increased with 

the incorporation of more drug in the formulation. However, 

due to time constraints we could not determine the optimum 

amount of drug to achieve maximum drug loading.

In vitro drug release profiles of stavudine from PLGA 

nanoparticles showed that the cumulative percentage of drug 

release was about 70% of the drug content of the formula-

tions in 63 days. The results support a steady and slow drug 

release from the experimental nanoparticles. In vitro release 

Table 3 Data of drug release kinetics of various formulations

Kinetic model Formulation S1 Formulation S2 Formulation S3 Formulation S4

Zero order R2 = 0.890 
K0(μg mL-1 h-1) = 1.0257

R2 = 0.917 
K0(μg mL-1 h-1) = 0.9542

R2 = 0.886 
K0(μg mL-1 h-1) = 0.8198

R2 = 0.855 
K0(μg mL-1 h-1) = 0.8341

First order R2 = 0.966 
K1(h

-1) = -0.0081
R2 = 0.973 
K1(h

-1) = -0.0072
R2 = 0.931 
K1(h

-1) = -0.0063
R2 = 0.908 
K1(h

-1) = -0.0072
Higuchi R2 = 0.986 

KH(h-1/2) = 9.2194
R2 = 0.984 
KH(h-1/2) = 8.9496

R2 = 0.951 
KH(h-1/2) = 7.8591

R2 = 0.945 
KH(h-1/2) = 8.4073

Korsmeyer–Peppas R2 = 0.825 
n = 0.785

R2 = 0.963 
n = 0.657

R2 = 0.919 
n = 0.519

R2 = 0.901 
n = 0.453

Hixson–Crowell R2 = 0.945 
KHC(μg1/3 t-1) = -0.0233

R2 = 0.958 
KHC(μg1/3 t-1) = -0.0212

R2 = 0.918 
KHC(μg1/3 t-1) = -0.0189

R2 = 0.889 
KHC(μg1/3 t-1) = -0.021

Hopfenberg R2 = 0.9851 
K(μg mg-1 μm-1)h-1 = 0.0092

R2 = 0.9679 
K(μg mg-1 μm-1)h-1 = 0.0104

R2 = 0.9143 
K(μg mg-1 μm-1)h-1 = 0.0559

R2 = 0.9199 
K(μg mg-1 μm-1)h-1 = 0.1139

Table 4 Nanoparticle (S4) uptake by macrophages

Serial 
no

Concentration of  
nanoparticles in suspension  
(ng/mL medium)

Effective  
concentration of drug  
(ng/mL medium)

Incubation  
time  
(hours)

Degree of nanoparticles uptake by 
macrophages (number of + symbols 
indicates the increasing degree)

1 300 17.28 4 +
2 500 28.80 4 ++
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data of stavudine from the nanoparticles were tested by the 

Higuchian kinetic model, which describes the release of drug 

from an insoluble matrix as dependent on the time based 

on Fickian diffusion. The release constant was calculated 

from the slope of the appropriate plots, and the regression 

coefficient was determined (Table  3). In vitro release of 

stavudine was best explained by Higuchi’s equation as the 

plots showed the highest linearity followed by first-order 

kinetics. The corresponding plot for the Korsmeyer–Peppas 

equation indicated a good linearity, particularly for S3 and 

S4. The release exponent “n” had values in the range of 

0.45 and 0.89, indicating that drug release was controlled by 

anomalous diffusion, ie, diffusion and erosion.16–18 To confirm 

the erosion mechanism of drug from the nanoparticles, the 

Hopfenberg kinetic model17 was fitted to correlate the drug 

release from surface-eroding polymers as long as the surface 

area remains constant during the degradation process. The 

linearity range (0.914 to 0.985) was good, suggesting that 

the mechanism of drug release is controlled simultaneously 

by diffusion and erosion.16–18

Targeting of stavudine-loaded nanoparticles to mac-

rophages has been assumed to more effectively kill HIV 

as the virus accumulates in macrophages.6 In addition, the 

nanoparticles were internalized by the macrophages in vitro, 

as assessed by FITC fluorescence intensity. Increasing the 

nanoparticulate concentration increased the fluorescent 

intensity, at least for a period of 4 hours.

Conclusion
Stavudine was released from the experimental formulations 

in a sustained manner over a prolonged period of time, 

and this would minimize the frequency of dosing interval. 

A faster drug-release pattern was observed for nanoparticles 

containing colloidal gold compared to those without gold. 

The presence of colloidal gold decreased drug loading in 

PLGA nanoparticles. Drug release patterns appeared to fol-

low anomalous diffusion, and macrophages, an important 

target group of cells in early HIV infection, were found to 

internalize nanoparticles (S4), suggesting that dose-related 

toxicity would be less. Polymer-encapsulated colloidal gold 

nanoparticle uptake by macrophages provides support for 

the use of gold nanoparticles as diagnostic and therapeutic 

agents, but further studies are necessary to confirm this.
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Chapter 14

Pulmonary Administration 
of Biodegradable Drug 
Nanocarriers for More 
Efficacious Treatment of Fungal 
Infections in Lungs: Insights 
Based on Recent Findings
Biswajit Mukherjee, Paramita Paul, Lopamudra Dutta, Samrat Chakraborty, 
Moumita Dhara, Laboni Mondal and Soma Sengupta
Jadavpur University, Kolkata, West Bengal, India

1  INTRODUCTION

Ever since BC 2000, the inhalation route was exploited for the treatment of diseases. Especially Chinese and Indian 
people used to inhale the smoke from burned herbal preparations, such as Ephedra sinica or Datura stramonium, to treat 
asthma. Pedanius Dioscorides, the eminent Greek pharmacologist, botanist, and surgeon, came up with De Materia (first 
pharmacopoeia) (Andrade et al., 2013). He and Aelius Galenus (127–199/217 AD) treated their patients with sulfur vapor 
by inhalation route. The word inhaler was first coined by English physician John Mudge, in 1778 (Anderson, 2005) while 
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describing his invention. However, Hippocrates is recognized as the pioneer for designing the first therapeutic inhalation 
device. Since then, a plethora of compounds and mixtures, such as solution of picric acids, tar, iodine, have been utilized 
for the treatment of an array of diseases, for example, tuberculosis and other infectious diseases, by using a wide variety 
of methods, such as ceramic inhalers, combustible papers, burning papers, liquid atomizers, etc. During 19th and 20th 
centuries, asthma cigarettes became one of the popular ways to deliver drugs, but these were withdrawn in 1992 (Dessang-
es, 2001). According to the reports published in the literatures (Anderson, 2005; Andrade et al., 2013; Dessanges, 2001), 
it has been the well-known fact that antibiotic, such as penicillin, was administered by nebulization for the treatment of 
pulmonary infections. At the present time, inhalation devices are categorized into three different types, such as nebulizers, 
pressurized metered dose inhalers (pMDI), and dry powder inhalers (DPI). The inhalation route has started its journey for 
the treatment of diseases primarily confined into the respiratory tract. However, significant scientific and technological 
advances have led to a change in the paradigm and, in modern times, this route has found its potential for the treatment 
of a battery of local and systemic diseases, such as asthma, tuberculosis, and other bacterial infections, fungal infections, 
cystic fibrosis, chronic obstructive pulmonary disease, diabetes, or cancer, as well as being investigated for noninvasive 
vaccination (Andrade et al., 2013).

The lungs and airways, acting as principal sites of gas exchange, are exposed to a wide variety of organic, inorganic, 
and biological components, causing as a location for wide varieties of diseases. Therefore, the lung is very prone to an ar-
ray of bacterial, fungal, and viral infections, and often it promotes systemic infections as a result. As per the mortality rate, 
the infections of lower respiratory tract stand on the third position globally, but they stand at the first position in developing 
countries, being responsible for approximately 3.5 million deaths annually (Mansour et al., 2009). This has instigated a lot 
of interests among the researchers around the globe to exploit the lungs for the pulmonary administration of active phar-
maceutical ingredients in the form of various delivery systems. Moreover, this route offers a significant promise due to its 
potential advantages over peroral administrations, such as avoidance of first-pass metabolism, allowing targeted delivery to 
the site of action, resulting in a decrease in the side effects of the drug, high surface area responsible of local drug action, 
as well as systemic absorption of drugs, etc. (Yang et al., 2008a).

Among many of the existing delivery systems to become ideal carriers for pulmonary delivery, colloidal carriers (nano-
carriers) have instigated a lot of interest among the researchers around the globe, due to their enormous potential as drug 
delivery vehicles (Andrade et al., 2013; Mansour et al., 2009; Marianecci et al., 2011; Patton and Byron, 2007; Yang et al., 
2008a). A few of them are:

1.	 They are very much capable of maintaining relatively uniform distribution of drugs among the alveoli.
2.	 They have the potential to enhance the solubility of drugs, as compared to the inherent aqueous solubility of chemical entities.
3.	 They provide sustained release of drugs that improves the pharmacokinetic profile of drugs, reduces dosing frequency 

and side effects, resulting in better therapeutic outcome and patient compliance.
4.	 They are biocompatible, biodegradable, as well as being able to deliver macromolecules.

Particle size solely determines the deposition of particles in different regions of lungs and, based on it, the three differ-
ent mechanisms of drug deposition, namely, impaction, sedimentation, and diffusion have been proposed. In the impaction 
process, particles collide with the walls of the respiratory walls under the influence of the centrifugal force, and are depos-
ited in the oropharynx region. Generally the DPI and MDI with a particle size larger than 5 µm follow this mechanism. For 
DPI, deposition of particles primarily depends on the inspiratory capability of patients and, if it is insufficient, dry powders 
deposit in the upper airways due to the mass of the particles and the inertial forces. Similarly, larger particles of MDI tend 
to deposit mostly in the upper respiratory tract, even under the influence of high speeds of the generated aerosols. In the case 
of sedimentation, the gravitational force is solely responsible, and particles with a size in the range of 1–5 µm follow this 
mechanism and deposit slowly in the smaller airways and bronchioles (Paranjpe and Goymann, 2014). Therefore, breathing 
pattern has a strong impact on the sedimentation, as it is evident that slow breathing provides sufficient duration span for 
sedimentation (Andrade et al., 2013; Mansour et al., 2009; Paranjpe and Goymann, 2014).

In diffusion process, Brownian motion is considered to be the major player and, due to this motion, particles move 
randomly, resulting in the dissolution of API in alveolar fluid upon contact with lungs surfactant, and finally deposit into 
deeper alveolar tissue (Yang et al., 2008a).

Nanoparticulate drug delivery systems (DDSs) deliver their therapeutic payloads through the process of sedimentation. 
Upon being released from the aerosol, they form aggregates that are found to have sufficient mass to sediment and deposit 
in the bronchiolar region.

Results obtained from many studies involving the development of nanoconstructs for pulmonary delivery, encapsulating 
a plethora of therapeutic payloads, are of great promise, requiring the establishment of clinical relevance in clinical trials. 
Apart from that, numerous other parameters, such as large-scale production, batch-to-batch reproducibility, variable lung 
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deposition pattern, and cost effectiveness should be addressed properly, to ease the translation for pulmonary delivery of 
drug nanocarrier from laboratories to clinic.

Therefore, the focus of the present chapter is to establish the rationale and potentials of the pulmonary route for the 
treatment of fungal infections in lungs, for a better therapeutic management, and improved patient compliance. The chapter 
describes the advantages of various pulmonary delivery systems, with a special emphasis on nanocarriers.

2  LUNG MORPHOLOGY

The lungs, the gaseous exchange center of the human body, are surrounded by the chest wall, and separated by the mediasti-
num from the heart and other organs (positioned in the thoracic cavity) (Fig. 14.1). The left lung is constituted with two lobes, 
namely superior and inferior, separated by an oblique fissure, while the right lung has three lobes, that is, superior, middle, 
and inferior lobes, divided by oblique and horizontal fissures (Sahasrabudhe et al., 2013). The tube-like air pipe trachea acts as 
the passage for the air to the chest and neck; it is divided in two main branches, bronchi, each of which enters into each lung. 
Outside the lungs, the pleura (a balloon-like structure), the covering membrane, protects the lungs (Lai-Fook, 2004), and at the 
same time it produces a lubricating fluid that causes the smooth movement of lungs in the chest cavity. The main bronchi are 
branched into smaller bronchi that again are divided into smaller branchings known as bronchioles. The bronchi contain small 
glands and cartilage, while bronchioles do not contain the same. Outside the bronchi, there is a lining of cells having tiny hairs 
called cilia (American Lung Association, 2015). This part executes the first line of defense of lungs in fighting against bacterial 
or viral infection. Bronchi gradually form a tree-like branching, and become smaller. At the end part of this there is formed a 
grape-like structure, known as alveoli. These are small, thin air sacs that are normally surrounded by a “hair net” of capillaries. 
The alveolar walls are mostly constituted with type I alveolar squamous cell through which exchange of gas occurs.

3  LUNG FUNGAL INFECTION

Lungs are susceptible to fungal infections, as it is a primary passage of fungi causing deep mycosis (Panda, 2004). Several 
types of lung fungal infections are described further.

FIGURE 14.1  Diagrammatic representation of lung morphology and anatomy, showing structure of bronchioles.
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3.1  Aspergillosis

In recent years, aspergillus infection in lungs is very predominant. The reason may be primarily due to various factors, 
such as random use of corticosteroids and various immunomodulating drugs, increasing human immunodeficiency virus 
infection, large number of immunosuppressed patients caused by solid organs and bone marrow transplantation, etc. Asper-
gillus species are the main causative agent of aspergillosis (Thompson and Patterson, 2008). Its pathological reactions can 
be manifested in humans in different ways, such as allergic bronchopulmonary aspergillosis (ABPA), allergic alveolitis, 
aspergilloma, invasive aspergillosis, etc. (Davies and Saros, 1994; Fraser et al., 1994; Panda, 2004).

3.1.1  Allergic Bronchopulmonary Aspergillosis
ABPA, a hypersensitive reaction as aspergillus forms colonies in the bronchi, is the most common manifestation of as-
pergillus pulmonary disease (Greenberger, 2002). The main cause of its occurrence is due to abrupt inhalation of a large 
amount of aspergillus spores. Prolonged contact to aspergillus spores may exaggerate immune-mediated bronchial pathol-
ogy, and often this may lead to asthma. This is generally known as ABPA. It is found that more than 20% of asthma cases 
exhibit ABPA (Panda, 2004).

3.1.2  Allergic Alveolitis
As described earlier, this is also caused by rapid inhalation of a huge quantity of aspergillus spores, and it is mostly mani-
fested among the people working in moldy hay or managing compost dumps. The symptoms of allergic alveolitis, likely 
in form of influenza and dry cough, may appear 4–9 days later (Davies and Saros, 1994; Fraser et al., 1994; Panda, 2004).

3.1.3  Aspergillomas
Aspergillomas, also known as fungal balls, are normally found in injured or scarred lung tissue, such as bronchiectatic areas 
or preexisting cavities. These cavities are the very productive zone for mycelia growth, and eventually they produce a ball-
like structure that maneuvers independently without entering into the blood vessel or viable tissue. Some predictive factors 
of this disease are growing size or number of aspergillomata, higher Aspergillus-specific IgG titers, immunosuppression, 
human immunodeficiency virus infection, lung transplantation, etc. (Addrizzo-Harris et al., 1997; Panda, 2004; Zmeili and 
Soubani, 2007). Aspergillomas may be the reason of hemoptysis, and this may be lethal in rare cases (Denning et al., 2003).

3.1.4  Invasive Aspergillosis
Invasive aspergillosis, the main reason of immunosuppressed patients’ morbidity and death, is caused by the invasion of  
aspergillus fungus into viable tissue, causing tissue necrosis (Panda,  2004; Patterson et  al.,  2000). Mostly four types 
of Aspergillus species are liable for invasive aspergillosis, such as: A. fumigatus, A. terreus, A. flavus, and A. niger. Among 
all, A. fumigatus is the causative organism of more than 90% of such disease (Patterson et al., 2000). Examples of some 
invasive aspergillosis types are mentioned further.

3.1.4.1  Invasive Pulmonary Aspergillosis

One of the most prevalent forms of the invasive disease is invasive pulmonary aspergillosis (IPA). Usually after 10–14 days 
of hematopoietic stem cell transplantation, IPA is manifested and is normally coupled with intense granulocytopenia. Fever, 
pleuritic chest pain, dry cough, dyspnea, and hemoptysis are the common symptoms of IPA (Smith and Kauffman, 2012; 
Thompson and Patterson, 2008).

3.1.4.2  Tracheobronchial Aspergillosis

Typically tracheobronchial aspergillosis is noticeable among the patients of AIDS, or who have undergone lung trans-
plants. Cough, fever, chest pain, and hemoptysis are few nonspecific symptoms of such aspergillosis (Thompson and 
Patterson, 2008).

3.1.4.3  Chronic Forms of Pulmonary Aspergillosis

Semiinvasive pulmonary aspergillosis and/or chronic necrotizing pulmonary aspergillosis are found at the lower respi-
ratory tract, as aspergillosis spectrum. Chronic necrotizing pulmonary aspergillosis refers to chronic respiratory symp-
toms, cavitary lung disease, and serum precipitating antibodies to Aspergillus species (Hope et al., 2005; Thompson and 
Patterson, 2008).
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3.2  Fusariosis

Out of nearly hundred species of Fusarium, only few of them, such as F. solani, F. moniliforme, and F. oxysporum are the 
sources of about 90% of human fungal fusariosis infection. The symptoms of fusariosis are quite similar with Aspergillus, 
such as fever, chest pain, cough, dyspnea, and pleurisy (Nucci and Anaissie, 2002; Torres and Kontoyiannis, 2011).

3.3  Mucormycosis

Mucormycosis is a fungal infection caused by Mucorales. Among three genera, such as Rhizopus, Rhizomucor, and Mucor, 
they cause 75% of mucormycosis (Kontoyiannis et al., 2010). The infection occurs in upper airways in the form of granulo-
matous invasion, and may gradually move forward into sinuses and/or brain tissue. A mortality rate of approximately 80% 
has been reported due to this infection (Panda, 2004). Mucorales species are very much susceptible to angioinvasion that 
may turn into tissue necrosis, and impaired immunity. Patients suffering from hematological malignancy with neutropenia, 
hematopoietic cell transplant recipients, diabetics, and immunocompromised hosts are vulnerable to pulmonary mucormy-
cosis infection. The most common symptoms of mucormycosis are cough, chest pain, dyspnea, and hemoptysis (Roden 
et al., 2005; Smith and Kauffman, 2012).

3.4  Scedosporiosis

Scedosporium boydii complex consisting in S. boydii, S. apiospermum, and S. aurantiacum, and S. prolificans are very 
common fungi among Scedosporium species (Gilgado et al., 2009). Hematopoietic cell transplant recipients, solid organ 
transplant recipients, and patients suffering from hematological malignancies are prone to scedosporiosis. S. prolificans is 
able to sporulate in vivo, possibly causing greater risk of antifungal drug resistance. This phenomenon makes S. prolificans 
very unique from most other fungi (Husain et al., 2003; Rodriguez-Tudela et al., 2009).

3.5  Blastomycosis

Blastomyces dermatitidis, a dimorphic fungus, causes blastomycosis (Saccente and Woods, 2010). In case of acute pulmo-
nary infection due to B. dermatitidis, patients may remain asymptomatic or may suffer from fever, dyspnea, dry cough, and 
mild chest pain (Smith and Kauffman, 2010). Chronic pulmonary blastomycosis may result in upper lobe cavitary lesions 
that may look similar to tuberculosis or histoplasmosis, or mass-like lesions. The lesions may often look like a cancerous 
lesion. In the infection, symptoms, such as fever, fatigue, night sweats, cough with purulent sputum and hemoptysis, weight 
loss, and dyspnea, may persist for weeks. The most familiar appearance of disseminated extrapulmonary blastomycosis 
is observed as cutaneous lesions (Smith and Kauffman, 2012). Less severe pulmonary infection by this fungus comprises 
mass lesions, single or multiple nodules, lobar pneumonia, and chronic fibrocavitary or fibronodular infiltrates (Limper 
et al., 2011).

3.6  Cryptococcosis

Cryptococcus neoformans causes cryptococcosis. However, Cryptococcus gattii is also responsible for cryptococcosis. 
Cryptococcus (that remains in nature in an encapsulated form) randomly produces a polysaccharide capsule while entering 
in the pulmonary region (Byrnes et al., 2009; Limper et al., 2011). Cryptococcosis is restricted to the lungs in immunocom-
petent host, and it commonly exists in patients with chronic ailments of lungs. Immunocompetent host with cryptococcosis 
infection may not always show symptoms. However, it may exhibit as dry cough, fever, and dyspnea that may lead to acute 
respiratory distress syndrome in case of immunocompromised patients (Baddley et al., 2008; Chang et al., 2006; Pappas 
et al., 2001).

3.7  Coccidioidomycosis

Normally two species of Coccidioidomyces, such as C. immitis and C. posadasii, are most commonly found. In the environ-
ment, coccidioides that are present as mold form are simply inhaled into the alveoli. These molds convert into spherules 
consisting of endospores in the lungs and, after maturation, these spherules split and discharge the endospores that cause 
coccidioidomycosis infection (Ampel, 2011; Smith and Kauffman, 2012). Coccidioides infections usually are asymptom-
atic. However, fever, dry cough, fatigue, dyspnea, and anterior chest pain may be manifested for coccidioidomycosis. For 
about 5%–10% of the patients, acute pneumonia complication occurs (Ampel, 2011; Anstead and Graybill, 2006). Acute 
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pulmonary coccidioidomycosis can be different from community-acquired pneumonia due to limited response to anti-
bacterial treatment, as well as peripheral blood eosinophilia, hilar adenopathy, and existence of erythema nodosum, and 
erythema multiforme (Valdivia et al., 2006).

3.8  Histoplasmosis

Histoplasma capsulatum, the cause of histoplasmosis, is found as a mold in nature, and as yeast inside tissues. Inhalation 
of H. capsulatum into the alveoli causes infection into humans. Pulmonary histoplasmosis may lead to acute self-limited 
pneumonia that may appear in the form of dry cough, mild chest discomfort, fever, and fatigue. Often in the case of im-
munosuppressed patients, severe pneumonia may appear and, in some cases, it may lead to acute respiratory distress 
syndrome. One of the exceptional difficulties of pulmonary histoplasmosis is mediastinal fibrosis. Symptoms of this pul-
monary histoplasmosis are cough, wheezing, dyspnea, and hemoptysis. But symptoms that persist for a month may vary in 
case of chronic cavitary pulmonary histoplasmosis. Examples of such symptoms are fever, anorexia, fatigue, weight loss, 
hemoptysis, and cough with purulent sputum, etc. (Kauffman, 2007; Wheat et al., 2004).

4  TREATMENT OF LUNG FUNGAL INFECTION

Voriconazole is used as first-line treatment for pulmonary aspergillosis (Herbrecht et al., 2002; Limper et al., 2011; Walsh 
et al., 2008). Posaconazole is also considered as an effective treatment of aspergillosis, however not approved as primary 
agent (Walsh et al., 2007). Echinocandins are used as second-line therapy, and/or echinocandins with voriconazole combi-
nation are applied to increase antifungal action for this purpose (Limper et al., 2011; Walsh et al., 2008).

Posaconazole and voriconazole are considered as the primary drugs for the treatment of fusariosis (Lortholary 
et al., 2010; Raad et al., 2006). Besides, some physicians also use lipid formulations of amphotericin B (AmB) or combina-
tion of AmB lipid formulation with voriconazole (Ho et al., 2007).

AmB is considered as the preferred drug for mucormycosis. Lipid-based formulations of AmB show better drug ef-
ficacy, as compared to the original deoxycholate formulation. Besides azole groups, posaconazole is used for step-down 
therapy (Lewis et al., 2010).

Voriconazole is used as a primary drug for the treatment of S. apiospermum and S. prolificans (Troke et al., 2008), and 
posaconazole is also considered to be effective (Torres et al., 2005).

AmB is applied to treat patients with severe blastomycosis, and it is also used for immunosuppressed patients. Once 
they are stable, azole is used for a few weeks. Itraconazole (ITZ) may be considered as primary agent. On the other hand, 
voriconazole or fluconazole can be used as second-line treatment (Chapman et al., 2008; Smith and Kauffman, 2010).

In case of cryptococcosis, AmB with flucytosine is used for a few weeks, and fluconazole is used as step-down treat-
ment. Fluconazole is also used for a few months to treat mild to moderate cryptococcosis (Perfect et al., 2010).

AmB can be used to treat severe coccidioidomycosis, and azoles can be used to treat less severe cases (Galgiani 
et al., 2005). ITZ or fluconazole is used as step-down therapy for long-term treatment of coccidioidomycosis. If azoles fail 
as the first-line drug, posaconazole and/or voriconazole can be used in that case (Smith and Kauffman, 2012).

AmB is utilized as the preferred therapy for histoplasmosis. For mild to moderate infection, azoles are used as first-line 
drug and, if AmB produces a positive result as first-line therapy, azoles can be used as step-down therapy in that case. ITZ, 
voriconazole, and posaconazole are also preferred drugs to treat histoplasmosis (Freifeld et al., 2009; Wheat et al., 2007).

5  CLINICAL STATUS TO TREAT FUNGAL INFECTION BY PULMONARY ROUTE

Local delivery of medications to the lungs is highly desirable, especially in patients with specific pulmonary diseases, such 
as invasive fungal infection in the lung, cystic fibrosis, asthma, chronic pulmonary infections, or lung cancer. There are 
many dosage regimens available that are given orally or intravenously to treat these diseases (Table 14.1). But unfortunately 
till now there is no therapy available through pulmonary route, in spite of having added advantages of directly delivering 
the drug to the infected lungs.

6  IMPORTANCE OF PULMONARY ROUTE FOR DRUG ADMINISTRATION

The desired efficacy of a therapy mostly depends on the delivery strategy by which a drug is delivered with an optimum 
concentration. Above or below the maximum and minimum concentrations of a drug at its therapeutic window, it can pro-
duce moderate to severe side effects, or provide a subtherapeutic or no effect. Different DDSs already available or currently 
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under development can be efficiently used to minimize drug degradation, prevent toxic adverse effects, and increase the 
bioavailability of the drugs. The developmental strategy of new formulation involves interdisciplinary approaches coordi-
nating various branches of science and technology, for example, polymer science, pharmaceutical sciences, clinical medi-
cine, molecular biology, etc.

Pulmonary infections caused by Aspergillus species are associated with significant morbidity and mortality in im-
munocompromised patients (Walsh et al., 2008). Although systemic drug delivery is used popularly in the treatment 

TABLE 14.1 Drugs and Dosage Forms Used by the Routes Other Than the Pulmonary Route of Administration to Treat 
Lung Fungal Infection

Drug
Trade Name of the 
Formulation Dosage Form and Route Manufacturer

AmB Amphotec Complex; i.v. Kadmon Pharmaceuticals, LLC

Anolip Lipid Complex; i.v. Actiza Pharmaceutical

Ampholip Lipid Complex; i.v. Farma glow

Amphocil Colloidal dispersion; i.v. infusion Wintac Ltd.

Abelcet Lipid Complex; i.v. Sigma-Tau Pharmaceuticals, Inc.

AmBisome Liposome; i.v. infusion Mercury Medicare

Natamycin Natacyn Suspension; ophthalmic Alcon Laboratories, Inc.

Nystatin Nyotran Lyophilized liposomal formulation; i.v. Aronex Pharmaceuticals

Terconazole Terazol 7 0.4% Cream; vaginal application Janssen Pharmaceuticals, Inc.

Voriconazole Vfend Tablets; oral Pfizer

Suspension; oral

Infusion; i.v.

ITZ Sporanox Solution; oral Janssen Pharmaceuticals, Inc.

Capsules; oral

Tioconazole Vagistat-1 Ointment; vaginal application Novartis Consumer Health

Butoconazole nitrate Gynazole 1 Cream; vaginal application Ther-Rx and Perrigo Company

Oxiconazole nitrate Oxistat Cream; topical application GlaxoWellcome

Econazole nitrate Spectazole Cream; topical application Janssen Biotech, Inc.

Ketoconazole Nizoral 2% Shampoo; application in scalp Janssen-Cilag

Xolegel Gel; topical application Aqua Pharmaceuticals

Fluconazole Diflucan Tablets; oral Pfizer

Suspension; oral

Infusion; i.v.

Posaconazole Noxafil Suspension; oral Merck

Delayed-release tablets; oral

Anidulafungin Eraxis Lyophilized product; i.v. infusion Pfizer

Caspofungin acetate Cancidas Lyophilized product; i.v. infusion Merck & Co., Inc.

Micafungin sodium Mycamine Lyophilized product; i.v. Astellas Pharma Ltd.

Flucytosine Ancobon Capsules; oral Valeant Pharmaceuticals, Inc.

Butenafine HCl Mentax Cream; topical application Mylan Bertek Pharmaceuticals, Inc.

Naftifine hydrochloride Naftin Gel; topical application Merz Pharmaceuticals, LLC

Cream; topical application

Terbinafine hydrochloride Lamisil Tablets; oral Novartis

Granules; oral

Gel; topical application

AmB, Amphotericin B; ITZ, itraconazole; i.v., intravenous.
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of pulmonary infections, aerosolized delivery is an attractive option in the prevention of pulmonary fungal infections 
because the drug can act locally in a site-specific manner, with a higher local concentration, and a minimal systemic 
exposure.

Growing interest has given to the potential of pulmonary route as a noninvasive administration for both the systemic and 
local drug delivery of therapeutic agents, because of the high permeability and large area for absorption in lungs (approxi-
mately 70–140 m2 in adult humans, having enormously thin mucosal membrane for absorption), and good blood supply 
(Groneberg et al., 2001, 2002, 2003). The alveolar epithelium of the distal lung has been shown to be a major absorption site 
for many of the therapeutics and various macromolecules (Sangwan et al., 2001; Scheuch and Siekmeier, 2007; Tuncer and 
Nevin, 2007). Further, advantages of pulmonary route of administration over peroral application are the comparatively low 
enzymatic activity and rapid drug absorption, with a capacity for overcoming hepatic “fast-pass metabolism.” Although for 
a prolonged period drugs have been administered through pulmonary route, current pulmonary drug delivery has become an 
attractive choice with a remarkable scientific and biomedical interest in the area of healthcare research. It has been already 
reported that the local respiratory disorders, such as asthma, pulmonary infection, pulmonary hypertension, and some 
systemic disorders (e.g., diabetes) can be well treated by pulmonary route (Gangurde et al., 2012).

7  PRINCIPAL MECHANISMS OF RESPIRATORY DEPOSITION

The respiratory deposition of inhaled drug particles in the lung is very complex, and deposition is based on many factors. 
Some of the influencing factors include:

l	 Breathing rate
l	 Lung volume
l	 Respiration volume
l	 Health of the subject
l	 Airway bifurcations leading to constant changing of hydrodynamic flow of fluid

Depending on the particle size, respiratory airflow, and structural position in the respiratory system, lung deposition 
occurs via one of the following principal mechanisms.

7.1  Impaction

The airways bifurcate each time, and suspended particles travel along their original path due to inertia, and impact on the 
airway walls.

7.2  Sedimentation

Sedimentation is the settling down of particles in the smaller airways. The rate of sedimentation is based on the low airflow 
rate, mainly in the small airways. Low airflow rate tends to change terminal velocity, and ultimately sedimentation occurs.

7.3  Interception

Interception occurs when a drug particle contacts on airway surface, depending on its physical size and shape.

7.4  Diffusion

Diffusion is a primary mechanism of deposition where the particles go from a region of higher concentration to a lower 
concentrated region, due to Brownian motion. Diffusional depositions occur mostly in the nasopharynx, and most likely in 
the smaller airways.

7.5  Absorption

The lung is more permeable to macromolecules, including many more therapeutic peptides and proteins than any other por-
tal of entry into the body. Particularly, peptides that have been chemically altered to inhibit peptidase enzyme exhibit very 
high bioavailability by the pulmonary route. Small molecules that are highly soluble and cationic can exhibit prolonged 
absorption.
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8  PULMONARY DRUG DELIVERY DEVICES

The development of modern inhalation devices can be broadly divided into two categories with various varieties (Fig. 14.2):

1.	 Nebulizer
2.	 Compact portable inhaler

8.1  Nebulizer

Nebulizers have been used to treat respiratory diseases for many years. The working principle of jet nebulizer is based on 
Bernoulli principle by which compressed gas (air or oxygen) is passed through a narrow orifice, creating a low-pressure 
area at the adjacent liquid feed tube (Fig. 14.3). This evacuates the solution, with the drug being drawn up from the fluid 
reservoir and shattered in the gas stream through fine droplets. In an ultrasonic nebulizer, a piezoelectric crystal is used with 
a high vibrating frequency (usually 1–3 MHz) to generate a fountain of liquid in the mobilizing chamber.

The physical properties of pulmonary drug formulations may have an outcome based on particle size and nebuliza-
tion rates. The viscosity, osmolarity, ionic strength, pH, and surface tension may also affect the nebulization of some 
formulations.

Constant output jet nebulizer can aerosolize most of the drug solution, and provides a large dose with very little patient 
coordination skill. Treatment by using a nebulizer can be time consuming, and also less effective, where there is 50% loss 

FIGURE 14.2  Evolution of pulmonary delivery devices. CFC, Chlorofluorocarbons; DPI, dry powder inhalers; MDI, metered dose inhalers.

FIGURE 14.3  Nebulizer and its components.
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with a continuously operated nebulizer. On average, only 10% of the total dose loaded in a nebulizer is in reality deposited 
in the lungs (Giraud and Roche, 2002).

Recently, technically advanced novel nebulizers have been developed to reduce drug wastage and improve delivery 
efficacy. In a nebulizer, the aerosol output is increased by directing auxiliary air entrained at the time of inspiration by en-
hanced delivery designs. Adaptive aerosol delivery monitors a patient’s breathing pattern in the first three breaths, and then 
targets the aerosol delivery into the first 50% of inhalation of each time. This commits that the aerosol is delivered to the 
patient during inspiration only, thereby eliminating loss during expiration that occurs with a continuous output nebulizer 
(Ashurst et al., 2000; Borgstrom et al., 1996).

8.2  Compact Portable Inhaler

8.2.1  Metered Dose Inhaler
It is the revolutionary invention of MDI that overcomes the problem of the hand-bulb nebulizer, and serves portability to 
outpatients for the first time. This inhalation device is currently the most widely used aerosol delivery device (Fig. 14.4). 
MDI provides a drug aerosol driven by propellants, such as chlorofluorocarbons (CFC) and hydrofluoroalkanes. MDI emits 
only a small portion of the drug dose to the lung. On average, only 10%–20% of the delivered dose is deposited in the lung. 
The high velocity and large particle size of the spray cause around 50%–80% of deposition of drug in the oropharyngeal 
region. Hand and mouth discoordination is another barrier in the optimal use of an MDI system.

The efficacy of an MDI device depends on a patient’s breathing pattern, inspiratory flow rate (IFR), and hand and 
mouth coordination. Increased IFR results in a decrease in total pulmonary dose deposition and diffusion into the peripheral 
airway. Fast inhalations (>60 L/min) result in a less peripheral deposition, since deposition of the aerosol takes place by 
inertial impaction in the oropharyngeal region and the conducting airways. When aerosol is inhaled slowly, drug deposi-
tion by gravitational sedimentation in the peripheral region of the lung is improved. Peripheral drug deposition has also 
been shown to improve with an increase in tidal volume, and a decrease in respiratory frequency. As the inhaled volume is 
enhanced, aerosols are able to diffuse more into the lung peripheral region. An increased breath-holding period on comple-
tion of inhalation enables particles that penetrate the periphery to deposit in that region, instead of being exhaled during the 
expiratory phase. Thus, the best conditions for inhaling MDI aerosols include a starting volume equivalent to the functional 
residual capacity, actuation of the device at the start of inhalation, IFR of <60 L/min followed by a 10-s breathhold at the 
end of inspiration (Norwood et al., 1995).

8.2.2  Pressurized Metered Dose Inhalers
The pMDI is not available for all drugs or dosages, making it difficult for clinicians to prescribe the same type of device for 
diverse inhaled medications. This is exacerbated by the trend of many pharmaceutical companies not to release newer in-
haled drugs as pMDIs. The design of the CFC-propellant pMDI requires initial and frequent priming of the device. Failure 
to prime the device results in the administration of a substantially lower dose than that prescribed. Unfortunately, frequent 
priming tends to waste drug in the atmosphere (Dalby and Suman, 2003).

8.2.3  Dry Powder Inhalers
Interest in DPIs as an effective, efficient, and environmentally friendly way of delivering drugs to the lung has accelerated 
in recent years. A fundamental difficulty with developing solid state aerosols or DPIs is managing both the ubiquitous and 

FIGURE 14.4  MDI and its components.



Pulmonary Administration of Biodegradable Drug Nanocarriers   Chapter | 14    271

the transient forces contained in powder beds. Indeed, managing such particulate forces, for example, via particle engineer-
ing techniques, is now considered central to successful DPI formulation and production (Fig. 14.5).

In consequence, much attention is currently focused on producing smart formulations, where it may be possible to 
achieve excellent powder flow and low cohesive forces.

Pharmaceutical scientists too frequently meet major obstacles when they engage in the world of DPI product design, 
because of the complications of this area resulting from the plethora of DPI device designs. There is tremendous variation in 
the methods used to store and meter powders, and to generate the aerosol cloud. In the case of DPI aerosol generation, there 
is a great deal of variation between different types of device, as well as in the fluid dynamic and electrostatic environment 
that the powder formulation experiences (Ashurst et al., 2000).

The drug aerosol is created in a DPI by directing air through loose powder. Most drug particles from DPIs are too 
large to penetrate into the lungs because of either large powder agglomerates, or the presence of large carrier particles 
(e.g., lactose). Thus, dispersion of the powder into fine respirable particles depends on the creation of turbulent air flow 
that causes the aggregates to break up into particles small enough to be carried into the lower airways, and also to separate 
carrier from the drug in the device chamber. Each DPI has a different airflow resistance that regulates the required inspi-
ratory effort. The higher the resistance of the device, the more difficult it is to generate an inspiratory flow great enough 
to attain the maximum dose from the inhaler device. However, deposition in the lung tends to be augmented when using 
high-resistance inhalers (Yu and Chien, 1997). However, an efficient and robust formulation technology can provide more 
acceptable use of DPI products (Begat et al., 2004).

9  PULMONARY FORMULATIONS TO TREAT LUNG FUNGAL INFECTION

Targeted drug delivery to the lungs has evolved to be one of the most widely investigated systemic or local drug delivery 
approaches (Le and Schiller, 2010). The evolution of novel DDSs for the treatment of pulmonary fungal infections is in-
creasing day by day because of the recurrence of fungal infection, even after the conventional therapy occurred, due to the 
live spores in the lungs remaining there due to the absence of long-term drug availability at the site of infection. Pulmonary 
route in particular also makes it possible to deposit drugs in a more site-specific manner at high concentrations within the 
infected lung, thereby reducing the overall amount of drug given to patients (10%–20% of the peroral quantity), as well as 
increasing local drug activity while reducing systemic side effects, and avoiding first-pass metabolism.

To further exploit the other advantages presented by the lungs, as well as to overcome some challenges encountered, 
scientists developed interests in DDS for pulmonary administration. These systems can be broadly classified into immedi-
ate release (e.g., lactose–drug mixtures for DPI application) and controlled release systems (such as liposomes, micelles, 
nano- and microparticles based on polymers).

FIGURE 14.5  Schematic diagram of some currently available DPIs and their components.
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Nanodrug carriers, such as liposomes, nanoparticles (NPs), micelles, etc., have been used to improve the therapeutic 
index of new or established drugs by modifying drug absorption, reducing metabolism, prolonging biological half-life, or 
reducing cytotoxicity. Drug distribution is then controlled primarily by properties of the drug nanocarriers, and no longer 
by physicochemical characteristics of the drug substance only. A careful design of DDS for pulmonary route requires thor-
ough knowledge of players, such as lung architecture, appropriate selection of the carrier materials, production process, and 
device for successful delivery of drug to lungs (Maji et al., 2014).

Most of the drugs are administered intravenously for the treatment of fungal infection in lung to avoid degradation in 
the gastrointestinal tract. Patients, however, avoid injections and i.v. treatments, because they are painful, inconvenient, 
and expensive. Pulmonary drug delivery offers a noninvasive alternative to injections, and can also be more efficient and 
effective to deliver the drug, and achieves patient compliance (Raja Kumar et al., 2014) (Table 14.2).

9.1  Liposomes

Polyene antibiotic AmB is regarded as a gold standard for the treatment of deep-seated systemic fungal infections in 
lung (Gulati et al., 1998; Stamm and Dismukes, 1983). Liposomal formulation of AmB was introduced in the mar-
ket in the year 1990 (Katz et al., 1990) under the brand name of AmBisome (NeXstar Pharmaceuticals, San Dimas, 
United States), given intravenously to treat Candida spp., Aspergillus spp., Fusarium spp., and other fungi infections 
in neutropenic, visceral leishmaniasis, and methylmalonic acidemia patients (Kelsey et al., 1999; Stockler et al., 1993; 
Walsh et al., 2001).

To get a substantial lung tissue concentration and low systemic exposure of AmB, Fungizone (AmB desoxycholate) or 
AmBisome (liposomal AmB) was delivered by nebulization (Ruijgrok et al., 2000). AmBisome was found to show greater 
pharmacokinetics than free drug, including prolonged systemic circulation half-life, reduced plasma clearance rate, de-
creased renal toxicity, and most importantly, enhanced therapeutic efficacy (Walsh et al., 1998).

Aerosolized liposomal AmB was found to be more effective for the prevention of IPA in a placebo-controlled trial in 
patients with prolonged neutropenia (Rijnders et al., 2008).

Becker et al. (2002) concluded that efficacy of AmBisone therapy can be enhanced by the addition of Fungizone at the 
start of the treatment, due to the availability of the drug in the lung at start of treatment.

In another study, the surface was modified by coating with alveolar macrophage-specific ligands (O-palmitoyl mannan 
or OPM), and also with monoclonal antibody EBA-2 in AmB-loaded aerosolized liposomes and emulsomes (core com-
posed of solid lipid surrounded by phospholipid bilayers), respectively for their selective presentation to lungs (alveolar 
macrophages) in aspergillosis infection. Further, 99mTc-labeled liposomes could be used for in vivo imaging of the infection 
site, as depicted by scintigraphy imaging (Vyas et al., 2009).

Systemic delivery of voriconazole for two months, followed by ITZ for one month, was ineffective; liposomal AmB was 
transbronchially administered directly into the pulmonary aspergilloma using a transbronchial aspiration cytology needle, 
resulting in the aspergilloma disappearing by seven and a half months after the first treatment (Takeda et al., 2014).

9.2  Lipid Complex

Mucormycosis have documented successful outcomes with either liposomal AmB or AmB lipid complex. Nevertheless, 
based on the combination of these retrospective clinical data, the historically poor success rates with AmB deoxycholate, 
and the animal data, show superiority of aerosolized liposomal AmB over AmB deoxycholate (Lowry et al., 2007; Spellberg 
et al., 2005).

9.3  Nanoparticles

ITZ has been strategically encapsulated into chitosan-based NPs using a modified ionic gelation method; drugs were fab-
ricated as inhalable microparticles using spray-drying technique. Different ratios of chitosan:tripolyphosphate were used, 
and its 55% encapsulation was found at a 1:3 ratio of chitosan:tripolyphosphate. In vitro inhalation parameters, including 
fine particle fraction and emitted dose percentage, were measured by a twin stage impinge. The data of in vitro deposi-
tion specify that processing of NPs with mannitol and leucine could improve the aerosolization properties significantly 
(Jafarinejad et al., 2012).

Although AmB was investigated as desoxycholate salt, liposomal, or lipid complex form, PLGA–dimercaptosuccinic 
acid polymeric NPs loaded with desoxycholate AmB for sustained delivery of the drug was found to reduce the number 
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TABLE 14.2 Comparative Study of Pulmonary Versus Other Routes (i.v., Oral, etc.)

Drug Spectrum/Activity Dosage Form
Route of 
Administration Conclusions References

AmB Aspergillosis, cryptococ-
cosis, systemic candidiasis, 
histoplasmosis, blastomy-
cosis, coccidioidomycosis, 
and zygomycosis

AmB deoxycholate, 
liposome, and lipid 
complex

i.v. Less nephrotoxicity in lipid formulations Limper et al. (2011)

Aspergillosis Liposomes coated with 
alveolar macrophage-
specific ligands (OPM and 
OPP)

Aerosol The ligand-anchored liposomal aerosols are very effective in 
rapid attainment of high drug concentration in lungs with high 
population of alveolar macrophages and maintain the same 
over prolonged period of time

Vyas et al. (2009)

Paracoccidioidomycosis, 
candidiasis, aspergillosis, 
and cryptococcosis

NPs i.v. The approach was able to reduce the dosing frequency by 
threefold without causing renal or hepatic toxicity and avoid 
any increase in plasma lipid levels

Amaral et al. (2009)

Voriconazole Invasive aspergillosis NPs Pulmonary Pulmonary deposition of the NPs was studied using a 
customized inhalation chamber; drug was detectable in lungs 
until 7 and 5 days after administration, for porous and nonporous 
particles, respectively; porous NPs with lower MMADs showed 
better pulmonary deposition in deep lung regions and sustained 
presence in lungs than the nonporous particles

Sinha et al. (2013)

Infusion Aerosol An inhaled aqueous solution of voriconazole and sulfobutyl 
ether-β-cyclodextrin is capable of producing high lung tissue, 
as well as plasma concentrations was observed following 
single and multiple inhaled doses in a pharmacokinetics study

Tolman et al. (2009)

ITZ Invasive pulmonary 
aspergillosis caused by A. 
fumigatus

Nanostructured particles 
by SFL formulation

Aerosol Aerosolized administration of SFL ITZ was effective as 
prophylaxis in improving survival in this murine model of IPA 
due to A. fumigatus; the survival benefit can be explained by 
the ability of aerosolized SFL ITZ to limit disease progression 
and angioinvasion, both of which were markedly reduced, in 
comparison to mice that received control or ITZ oral solution 
by oral gavage

Alvarez et al. (2007)

Invasive pulmonary 
aspergillosis

Nanostructured particles 
(less than 1 µm in 
diameter) by EPAS and SFL

Aerosolized with 
the nebulizer

The prolonged survival and limited systemic exposure with 
aerosolized delivery of EPAS and SFL ITZ are encouraging

Hoeben et al. (2006)

Pulmonary aspergillosis Nanostructured particles 
(less than 1 µm in 
diameter) by EPAS and SFL

Aerosolized with 
the nebulizer

An effective method of targeted delivery of ITZ to the 
deep lung for the treatment and prevention of acute fungal 
infections

McConville et al. 
(2006)

Invasive pulmonary fungal 
infection

Chitosan-based polymeric 
micelles as a nanocarrier 
system

Nebulized In vitro nebulization study of the ITZ-loaded formulations 
showed that the SA chitosan–based polymeric micelles had 
adequate capability as nanocarriers to deliver ITZ, and can 
remain their stability during nebulization

Moazeni et al. 
(2012)

(Continued)
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Drug Spectrum/Activity Dosage Form
Route of 
Administration Conclusions References

Caspofungin Invasive aspergillosis Caspofungin in 0.9% 
NaCl solutions 10 and 
30 mg/mL

Aerosolized with 
disposable and 
reusable type of 
nebulizer

Two types of commercial nebulizing systems efficiently 
aerosolize the drug, the choice of which depends on whether 
a disposable or reusable type of jet nebulizer is most suitable 
for the particular patient care setting; the therapeutic potential 
of aerosolized caspofungin in preventing invasive aspergillosis 
in immunocompromised hosts warrants further evaluation in 
animal and human trials

Wong-Beringer et al. 
(2005)

Pneumocandins Candida, Aspergillus spp, 
and Pneumocystis carinii

Solution in water for 
aerosol and solution 
in normal saline 
for intraperitoneal 
administration

Aerosol The pneumocandins are highly active against Aspergillus 
species, and dramatic improvement in survival was found with 
aerosolized form

Kurtz et al. (1995)

EPAS, Evaporative precipitation into aqueous solution; MMAD, mass median aerodynamic diameter; NP, nanoparticle; OPM, O-palmitoyl mannan; OPP, O-palmitoyl pullulan; SA, stearic acid; SPL, spray-freezing 
into liquid.

TABLE 14.2 Comparative Study of Pulmonary Versus Other Routes (i.v., Oral, etc.) (cont.)
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of AmB administrations, with fewer undesirable effects and a favorable extended dosing interval required to treat mycosis 
intraperitoneally (Amaral et al., 2009).

Later on, AmB NPs were prepared through liquid antisolvent precipitation for oral administration. The AmB NPs ex-
hibited 2.1 times faster dissolution rates, and 13 times equilibrium solubility, compared with the raw drug; this could be of 
beneficial for aerosol delivery (Zu et al., 2014).

Patients receiving oral prophylaxis of voriconazole has shown to provide a better intrapulmonary penetration into the 
pulmonary epithelial lining fluid in lung transplant patients (Capitano et al., 2006). Nevertheless, the suitability of an aque-
ous solution of voriconazole solubilized with sulfobutyl ether-β-cyclodextrin for targeted drug delivery to the lungs via 
nebulization has been established (Tolman et al., 2009). Another interesting study depicts that polylactide-co-glycolide NPs 
containing voriconazole made porous using an effervescent mixture for improved pulmonary delivery for sustained drug re-
lease for over 15 days. Pulmonary deposition of the particles was studied using a customized inhalation chamber (Sinha and 
Mukherjee, 2012) for experimental mice. Porous particles had a lower mass median aerodynamic diameter (MMAD), and 
the highest initial drug deposition than nonporous particles. VNPs with improved drug loading were successfully delivered to 
murine lungs (Sinha et al., 2013). The most recent studies involve the development of PLGA NPs containing voriconazole, 
radiolabeling with technetium-99m to investigate the effect on their blood clearance, biodistribution, and in vivo gamma im-
aging. In vivo deposition of the drug in the lobes of the mice lung, and accumulation in various major organs, has also been 
observed. Drug accumulation was more pronounced in the lung, in the case of administration of the NPs than that of the free 
drug. The free drug was found to be excreted faster than the NPs containing drug, following the inhalation route, as assessed 
by gamma scintigraphy study (Das et al., 2015).

Other antifungals, such as pneumocandin, have been shown to be more effective for prophylaxis against IPA in rats, 
when given through aerosolization, compared to parenteral treatment of the same (Kurtz et al., 1995).

The in vitro suitability of caspofungin for aerosol administration by characterizing factors that influence efficacy and 
airway tolerance of aerosol delivery, such as physicochemical properties, the aerodynamics of drug particles, and efficiency 
of nebulizing systems, etc. (Wong-Beringer et al., 2005). Aerosolization of caspofungin has been evaluated by using three 
different jet nebulizer and compressor systems. The ability of the drug to achieve favorable physiochemical properties for 
nebulization requires dilution in normal saline, and a more concentrated (30 mg/mL) solution.

ITZ DPI composed of NPs using high-pressure homogenization with tocopherol polyethylene 1000 succinate as a sta-
bilizer has been prepared, and was embedded in carrier microparticles of mannitol and/or sodium taurocholate, by spray-
drying. There followed impaction studies using a multistage liquid impactor to determine the aerodynamic performance 
and fine-particle fraction that is theoretically able to reach the lung (Duret et al., 2012).

A recent study shows germination of inhaled fungal spores initiates infection, causing severe pneumonia and even 
mortality. It has been observed that nebulized AmB–polymethacrylic acid NP prophylaxis prevents invasive aspergillosis. 
It was not toxic to lung epithelial cells or monocyte-derived macrophages in vitro, or in an in vivo transplant immunosup-
pression mouse model of life-threatening invasive aspergillosis. Three days of nebulizer based prophylaxis delivered the NP 
effectively to lung, and prevented both fungal growth and lung inflammation (Shirkhani et al., 2015).

Self-assembled AmB-loaded polyglutamic acid NPs were prepared and characterized, and in vitro potential against 
Candida albicans was determined. The biodegradable polyglutamic acid–based formulation of AmB showed potent an-
timicrobial activity similar to that of Fungizone against C. albicans. Interestingly, AmB-bearing PGA NPs were found to 
inhibit biofilm formation to a considerable extent. In summary, AmB−PGA NPs showed highly attenuated toxicity when 
compared with Fungizone, while retaining equivalent active antifungal properties (Zia et al., 2015)

9.4  Nanosuspension

It has been found that when nanostructured crystalline ITZ formulations were aerosolized, high lung tissue concentrations 
were achieved, while the systemic exposure was reduced (Hoeben et al., 2006).

Another study shows high and sustained lung tissue concentrations were achieved after inhalation of ITZ in mice, 
following oral and pulmonary dosing of amorphous nanoparticulate ITZ compositions, as well as the ITZ oral solution 
(Sporanox/Janssen) (Vaughn et al., 2006).

Administration of nanoparticulate ITZ containing polysorbate 20 as a nebulized suspension of evaporative precipitation 
into aqueous solution (EPAS) ITZ provided for targeted high lung concentrations in a murine model (McConville et al., 2006).

Administered as a nebulized suspension of URF, ITZ nanostructured powder agglomerates with enhanced dissolution 
properties, as well as high bioavailability. These engineered powders have been nebulized as dispersions to rodents to 
evaluate the pharmacokinetic parameters following inhalation (Yang et al., 2008b).
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Nanoparticulate nystatin was found to show better in vitro and in vivo antifungal activities against C. albicans. A 
nystatin nanosuspension was prepared by wet-media milling. Immunosuppressed DBA/2 mice were orally infected with 
C. albicans, and treated with conventional nystatin suspension, nystatin nanosuspension, or saline control for 14 days. 
Beginning on day 3 of treatment, lower oral burdens of C. albicans were found in the nanosuspension group, compared 
with the suspension and control groups. Mouse survival was also superior in the nanosuspension group (Melkoumov 
et al., 2013).

9.5  Micelles

There are only few reports investigating the application of inhalable polymeric micelles for delivery of antifungals for 
inhalation route. Water-soluble chitosan was grafted to stearic acid (SA) chains via 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide mediated coupling reaction that was determined by 1H NMR. Chitosan–SA conjugate nanomicelles of AmB 
of 101–248 nm was evaluated for the antifungal activity, aggregation state of the drug, nebulization efficiency, and retention 
of AmB in the micelles after nebulization (Gilani et al., 2011).

Another study reveals that ITZ was entrapped into the hydrophobically modified chitosan micelles (120–200 nm). The 
in vitro pulmonary profile of polymeric micelles was studied by an air-jet nebulizer connected to a twin stage impinger. 
The nebulization efficiency was up to 89%, and the fine particle fraction varied from 38% to 47%. The micelles had enough 
stability to remain in the encapsulation of the drug during the nebulization process (Moazeni et al., 2012).

10  WHY PULMONARY ROUTE?

In recent years, pulmonary drug delivery is an attractive route of administration of drugs due to various beneficial effects. 
In fact, the lungs are a competent entry point for drugs to the bloodstream due to the huge surface area for absorption (about 
100 m2), the very thin absorption membrane (0.1–0.2 µm), and outstanding blood flow (5 L/min) capability that rapidly al-
locates molecules all over the body. Moreover, the lungs reveal fairly low local metabolic activity and, in contrast to the oral 
route of drug administration, pulmonary inhalation is not subjected to first-pass metabolism (Goel et al., 2013). The various 
advantages of pulmonary DDSs are listed here (Banker and Rhodes, 2002; Cole and Mackay, 1990; Hillery et al., 2001; 
Sciarra and Cutie, 1991):

1.	 Straight delivery of the medicament to the affected area is possible.
2.	 Reduced dose is required for the desired pharmacological action that results in reduced systemic side effects.
3.	 Quick onset of drug action.
4.	 Intestinal and hepatic first-pass metabolism can be avoided.
5.	 Much reduced hostile environment is present in the lungs than in the oral route to most drugs, including proteins and 

peptides.
6.	 While administering a dose, sterility of the product can be maintained.
7.	 There is better protection against drug degradation by oxygen and moisture, thus the stability is augmented for labile 

substances.

11  LIMITATIONS OF PULMONARY ROUTE (IF ANY)

There are not only advantages, but also some limitations of the pulmonary rote of delivery. The limitations of the delivery 
of drugs to lungs (Sciarra and Cutie, 1991) are very important in the design of effective pulmonary DDSs. Some of them 
are mentioned here;

1.	 The oropharyngeal settlement may give local adverse effects.
2.	 Patients may have trouble using the delivery devices correctly.
3.	 Various aspects affect the reproducibility of drug delivery to the lungs, including physiological (respiratory scheme) and 

pharmaceutical (tool, formulation) variables. For the systemic delivery of drugs with a small therapeutic index, such 
deviations may be undesirable.

4.	 Drug absorption may be limited due to the barrier action of the mucus and the drug–mucus interactions.
5.	 Mucociliary clearance diminishes the retention time of drugs within the lungs that may affect the pharmacological ef-

ficacy of the slowly absorbed drugs.
6.	 The lungs are not an easily reachable surface for drug delivery, and complex delivery devices are required for targeted 

drug delivery.
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12  CONCLUSIONS

Due to rapid blood turnover and fast blood flow, it is hard to maintain persistent therapeutic drug levels in lung. This causes 
an inability of drug molecules to kill the live fungi in totality, and the fungal spores survive. To maintain the drug concen-
tration in lung, high dose of drug is to be given, often causing high level of toxicity in patients, and inability of the patients 
to continue the treatment. Fungal infection in lungs is, therefore, difficult to treat by conventional DDSs. Pulmonary drug 
delivery has a great potential for successful delivery of drug to the lung for effective treatment locally, and even for systemic 
fungal infections, resulting in a better therapeutic outcome. There are numbers of pulmonary drug delivery devices and 
DDSs available. Extensive research in the area is in progress. However, existing pulmonary DDSs are not effective enough, 
and designing the appropriate delivery strategy may explore a new avenue for pulmonary drug delivery to improve the 
pharmacokinetic profile of the therapeutic payloads.
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1. Introduction

Nanotechnology is a revolutionary field of micro manufacturing involving physical and
chemical changes to produce nano-sized materials. The word “nano” is a Latin word meaning
“dwarf”. Mathematically a nanometer is equal to one thousand millionth of a meter [1]. A
nanomaterial consists of aggregated as well as unbound particles. Nanotechnology in scientific
terms is defined as the science which deals with processes that occur at molecular and atomic
level or at nanolength size. It involves designing, synthesis and characterization of material
structure by controlling the shapes and sizes at nano scale. The conversion of a particle to nano
scale size changes the properties of the material such as increase in surface area, dominance
of quantum effects often associated with minute sizes, higher surface area to volume ratio etc.
and varies material’s magnetic, thermal and electrical property. For example, copper which is
opaque at macro scale becomes transparent at nano scale. Similarly the properties of gold at
nanoscale causes change in melting point from 200°C to 1068°C and colour changes from
yellow to blue to violet along with the change in its catalytic property [2]. Nanoparticles are
persistent in nature as well. Functional proteins may be classified as nanoparticles. Some
biological system consists of nanoparticles which are devoted to locomotory function. The
colours on butterfly’s wings are due to light being bounced off nanoscale layers in the structure
of the wings. The red and yellow colours seen at sunset are also due to nanoparticles [3]. Super
paramagnetic iron oxide less than 50 µm are used for imaging of organs. They can be even
used for treating complicated brain disorder bio-imaging at nano scale size [9].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Indian craftsman and artisan used nanotechnology for designing weapons in early times. The
first observation and size measurement of nanoparticle were carried out using an ultra
microscope by Richard Zsigmondy in 1902. The term nanotechnology was first time used by
a researcher named Norio Taniguchi in University of Tokyo in 1974. In 1980 the inventions of
two atoms further advanced the field of Nanotechnology. In 1985 fullerene C60 was discovered
by Kroto’s and Smalley’s research team. In 1991 carbon tubes were discovered by Saumio lijima
and by 2000 National Nanotechnology Initiative (NNI), The United States was launched which
paved the way for future development in nanotechnology [2].

Nanotechnology may be considered as one of the main propellants for technological, econom‐
ical change as industrial competeition. Nanotechnology has integrated various disciplines
including biomedicine, engineering and technology. Nanotechnology is being used for
improving the existing products and to create new products. The strength can be varied
accordingly with the requirements of engineering. It can be used to make the water cleaner by
remediation to remove its pollutant. It has helped to clean the environment by removing
pollutants and has generated cleaner and cheaper energy. It has improved the healthcare
system by introducing new devices for diagnosis, monitoring, treatment of diseases and drug-
delivery [1].

Nanomaterials have wide applications in pharmaceutical sciences and technology. Few other
predominant areas of use of nanotechnology are in drug delivery, and as diagnostic imaging
and biosensor. These devices of nanoscale size are popularly known as nanomedicine. Thus
nanomedicines are sub-micron size materials (<1µm) which are used for treatment, monitoring
and diagnostic purposses. In the present chapter we will discuss on the current status and
future strategies of nanosize drug delivery systems.

2. Significance of nanomaterials in drug delivery

There are many reasons for which nanoscale size drug delivery systems are attractive to
formulation  scientists.  The  most  important  reason  is  that  number  of  surface  atoms  or
molecules to the total number of atoms or molecules increases in drug delivery systems.
Thus  the  surface  area  increases.  This  helps  to  bind,  adsorb  and  carry  with  other  com‐
pounds such as drug, probes and proteins. The drug particles itself can be engineered to
form  nanoscale  size  materials  too  [4].  The  nanosize  device  systems,  sizes  smaller  than
eukaryotic or prokaryotic cells,  can eventually much more in amount reach in generally
inaccessible areas such as cancer cells, inflamed tissues etc. due to their enhanced permea‐
bility and retention effect (EPR) and can impair lymphatic drainage thus that can be used
for administration of genes, proteins through the peroral route of administration [5]. They
can be used to target the reticuloendothelial cells, thereby facilitating passive targeting of
drug to the macrophages of liver and spleen and thus enabling a natural system for treating
intracellular infections [6]. The nanomaterials used for the purpose should be soluble, safe
and biocompatible as well as bioavailable. They should not occlude blood vessel and less
invasive and the toxicity associated with the nanomaterials  for  drug delivery should be
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very low so that they can be used to target the specific diseased tissue in a safe concentra‐
tion  [7].  They  need  protecting  drug  from  enzymatic  and  hydrolytic  degradation  in  the
gastrointestinal tract and help in bypassing the “first-pass” metabolism in the liver. They
generally remain in the circulation for longer time especially those coated with hydrophil‐
ic polymers and hence suitable for enhancing the efficacy of drugs with short half-lives and
can be used to monitor drug as sustained release formulation as well as for delivering DNA
[8]. The dissolution rate of drug is enhanced, onset of therapeutic action is increased, and
the dose is reduced. The premature loss of drug through rapid clearance and metabolism
can also be prevented [6]. They also increase retention due to bio-adhesion.

Nanoscale  drug  delivery  systems  such  as  nanoparticles,  nanoliposomes,  dendrimers,
fullerence,  nanopores,  nanotubes,  nanoshells,  quantum  dots,  nanocapsule,  nanosphere,
nanovaccines,  nanocrystals  etc.  are  believed  to  have  potentials  to  revolutionize  drug
delivery systems. Further nanomaterials on chips, nano robotics, and magnetic nanoparti‐
cles attached to specific antibody, nanosize empty virus capsids and magnetic immunoas‐
say are new dimensions of their use in drug delivery. Thus nanomaterials can be used for
strategic development of new drug delivery systems and reformulating existing drugs to
enhance  the  effectiveness,  patent  protection,  patient-compliance,  safety  of  drugs  and
decreasing the cost of health care [9].

3. Various nanoscale drug delivery systems

3.1. Nanoparticles

Nanoparticles are submicron-sized polymeric colloidal particles with therapeutic agents of
interest encapsulated or dispersed within their polymeric matrix or adsorbed or conjugated
onto the surface. Commonly used synthetic polymers to prepare nanoparticles for drug
delivery are generally biodegradable [10]. Nanoparticles may also be composed of or transport
a variety of substances such as silica, gold or other heavy metals, medicaments, quantum dots,
nanocrystals, quantum rods and various contrast agents [11]. Nanoparticle systems offer major
improvements in therapeutics through site specificity, their ability to escape from multi-drug
resistance and the efficient delivery of an agent. They can be used for active drug targeting
attaching ligand such as antibody on their surface (Figure 1).

Solid lipid nanoparticles (SLNs) refer to as lipospheres or solid lipid nanospheres, or particles
and are generally solid at human physiological temperature (37oC) and have a diameter less
than 1000 nm [12]. They can be formed from a range of lipids, including mono-, di- and
triglycerides, fatty acids, waxes and combinations there of. SLNs must be stabilized by
surfactants to form administrable emulsions. SLNs form a strongly lipophilic matrix into which
drugs can be loaded for subsequent release. SLNs have been investigated for the delivery of
various cancer treatments like colon cancer, breast cancer [13].

Polymer-based nanoparticles have been extensively investigated as drug nanocarriers. The
most widely researched synthetic polymers include polylactide (PLA), poly (D,L-lactide-co-
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glycolide) (PLGA) and poly ethylene glycol (PEG). All three polymers are hydrolized in vivo
and are biodegradable. Other polymers based on biological polysaccharides have been
extensively investigated, including chitosan, Clycodextrin and dextrans [14].

Gold nanoparticles  (NPs)  consist  of  a  core  of  gold atoms that  can be  functionalized by
addition  of  a  monolayer  of  moieties  containing  a  thiol  (SH)  group.  Gold  NPs  can  be
synthesized using NaBH4 to reduce AuCL4

-salts in the presence of thiol containing moieties
that  subsequently  form  a  monolayer  around  the  core  gold  atom,  depending  on  the
stoichiometric gold/ thiol ratio [15]. Drug delivery using gold NPs has been made in DNA
delivery for gene therapy and imaging [16]. PEG coated micelles containing drug are also
used  to  deliver  drug  as  new  delivery  system  (Figure  1).  Many  other  nanoparticulate
synthetic, semisynthetic, natural and metals are under investigation to know their poten‐
tials as drug delivery materials.

Polymeric nanoparticles may adhere to the cell surface and release drug molecules by diffusion
which may enter inside the cell to work. However the entire polymeric nanoparticles can also
enter the cell by endocytosis. They bind with the cell surface receptor and formation of
endosome takes place. Endosome may be lysed with the help of lysosomal enzymes and the
nanoparticles release in the cytoplasm (Figure 2).

Figure 1. Different Types of Nanocarriers for drug delivery
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Figure 2. Endocytosis mediated cellular internalization of drug nanocarriers

3.1.1. Nanoliposomes

Nanoliposomes are the nanosize vesicles made of bilayered phospholipid membranes
generally unilamellar with an aqueous interior (Figure 1) [17]. They can be used for the delivery
of low molecular weight drugs, imaging agents, peptides, proteins, and nucleic acids. Different
anticancer, antiviral drugs are incorporated within the liposomes [18]. Nanoliposomes can also
provide slow release of an encapsulated drug, resulting in sustained exposure to the site of
action and enhanced efficacy. Usually hydrophilic drugs can be loaded in aqueous compart‐
ment and lipophilic drugs are incorporated in the phospholipid layer [19]. However unlike
liposome nanoliposome does not undergo rapid degradation and clearance by liver macro‐
phages. As for the targeted drug delivery, nanoliposome plays an important role. It can be
used for passive targeting or active targeting [20]. Due to the leaky vascular structure of the
tumor tissue nanoliposomes get predominantly accumulated in the tumor and release the drug
for a prolonged period of time in passive targeting. Active targeting is achieved by incorpo‐
rating antibody, ligands etc. on the nanoliposomal surface. By active targeting liposomes
directly go to the targeted organs or tissues, and release drug for a prolonged period of time,
so that the normal cells are not affected and only the diseased cells are affected [21]. Targeted
nanoliposomal drug delivery is more efficacious than the non-targeted drug delivery systems.
C6-ceremide ligand induced nanoliposome used to treat the blood cancer directly targets the
over expressed lukemic cells and decreases the high epxpression of survivin protein in
leukemic cells [22]. The concept of long-circulating or sterically stabilized nanoliposomes is
derived for novelibility of delivery systems which can circulate in the blood for a long period
of time. Nanoliposomal formulations containing polyethylene glycol (PEG) alter the pharma‐
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cokinetic properties of various drug molecules leading to long elimination half-life [23].
Nanoliposomes are expected to bring lots of change in drug delivery in near future.

3.1.2. Dendrimers

Dendrimers are branched polymers, resembling the structure of a tree (Figure 1). Dendrimers
represent three dimensional highly branched polymeric macromolecules with the diameter
varying from 2.5 to 10 nm. It can be synthesized from both synthetic and natural monomers
e.g. aminoacids, monosaccharides and nucleotides. Two classes of dendrimers commonly used
for biomedical applications are polyamidoamines and polypropyleneimines [24]. A dendrimer
is typically symmetric around the core, and when sufficiently extended it often adopts a
spheroidal three-dimensional morphology in water. A central core can be recognized in their
structure with at least two identical chemical functionalities. Starting from those groups,
repeated units of other molecules can originate with at least one junction of branching. The
repetitions of chains and branching result in a series of radially concentric layers with increased
crowding [25].

The overall shapes of dendrimers range from spheres to flattened spheroids (disks) to amoeba-
like structures, especially in cases where surface charges exist and give the macromolecule a
‘‘starfish’’-like shape. Branching of dendrimers depends on the synthesis processes. Low
molecular weight drugs can be placed into the cavities within the dendrimer molecules and
are temporarily immobilized there with hydrophobic forces, hydrogen and covalent bonds
[26]. The two processes for the synthesis of dendrimers are divergent and convergent methods.
In the divergent method dendrimer grows outwords from a multifunctional core molecule.
The core molecule reacts with monomer molecules containing one reactive and two dormant
groups giving the first generation dendrimer. The convergent method is developed as a
response to the weakness of the divergent synthesis. In the convergent approach, the den‐
drimer is constructed stepwise, starting from the end groups and progressing inwards. When
the growing branched polymeric arms, called dendrons, are large enough, they are attached
to a multifunctional core molecule. The convergent method is relatively easy to purify the
desired product and the occurrence of defects in the final structure is minimised [27]. Due to
classical polymerization dendrimers have a negligible degree of polydispersity. They are
random in nature and produce molecules of various sizes. The size of dendrimers can be
carefully controlled during the process of synthesis of dendrimers. Scientists are focusing on
newer approaches for speeding up the synthesis process by preassembly of oligomeric
branches which can be linked together to reduce the number of synthesis steps involved and
also increase the dendrimer yield [28].

Dendrimers are popularly used for transfer of genetic materials in cancer therapy or other viral
diseases in different organs because of their monodisperisity, high density of functional
groups, well-defined shape and multivalency. In gene delivery polyamidoamines (PAMAM)
dendrimer is widely used. Some other types of dendrimers are peptide dendrimers, glyco‐
dendrimers, polypropilimine dendrimers, Polyethyleneimine (PEI) dendrimers etc.
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3.1.3. Nanoshells

Nanoshells (100-200 nm) may be used for drug carrier of both imaging and therapy. Nanoshells
consist of nanoparticles with a core of silica and a coating of thin metallic shell [29]. They can
be targeted to a tissue by using immunological methods. Nanoshells can also be embedded in
a hydrogel polymer [30]. Nanoshells are currently being investigated for prevention of
micrometastasis of tumors and also for the treatment of diabetes. Nanoshells are useful for
diagnostic purposes in whole blood immunoassays [31].

3.2. Fullerenes and nanotubes

Fullerenes composed of carbon in the form of a hollow sphere or ellipsoid tube. These are also
known as ‘bucky balls’ because of their resemblance to the geodesic dome design of Buck
minster Fuller. Fullerenes are being investigated for drug transport of antiviral drugs,
antibiotics and anticancer agents [32]. Fullerenes have the potential to stimulate host immune
response and productions of fullerene specific antibodies. Soluble derivatives of fullerenes
such as C60 have shown great utility as pharmaceutical agents.

Nanotubes are nanometer scale tube like structure and they are of different types like carbon
nanotube, inorganic nanotube, DNA nanotube, membrane nanotube etc. [33]. Carbon nano‐
tubes can be made more soluble by incorporation of carboxylic or ammonium groups to their
structures and can be used for the transport of peptides, nucleic acids and other drug mole‐
cules. The ability of nanotubes to transport DNA across cell membrane is used in studies
involving gene therapy. DNA can be attached to the tips of nanotubes or can be incorporated
within the tubes [34].

3.3. Nanopores

Nanopores (20 nm in diameter) consist of wafers with high density of pores which allow entry
of oxygen, glucose and other chemicals such as insulin to pass through. Nanopores can be used
as devices to protect transplanted tissues from the host immune system, at the same time,
utilizing the benefit of transplantation [35]. β-Cells of pancreas can be enclosed within the
nanopore device and implanted in the recipient’s body. Nanopores can also be employed in
DNA sequencing. Nanopores are also being developed with an ability to differentiate purines
from pyrimidines [36].

3.4. Quantum dots

Quantum dots (QD) are tiny semiconductor nanocrystals type of particles generally no larger
than 10 nanometers that can be made to fluoresce in different colours when stimulated by light.
The biomolecule conjugation of the QD can be modulated to target various biomarkers [37].
They can be tagged with biomolecules and used as highly sensitive probes. QD can also be
used for imaging of sentinel node in cancer patients for tumour staging and planning of
therapy. This technology also outlines some early success in the detection and treatment of
breast cancer [38]. QD may provide new insights into understanding the pathophysiology of
cancer and real time imaging and screening of tumors.
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Bioconjugated QD are collections of variable sizes of nanoparticles embedded in tiny beads
made of polymer material. In a process called “multiplexing,” they can be finely tuned to a
myriad of luminescent colors that can tag a multitude of different protein biomarkers or genetic
sequences in cells or tissues [39]. The new class of quantum dot conjugate contains an amphi‐
philic triblock copolymer layer for in vivo protection and multiple PEG molecules for improved
biocompatibility and circulation, making it highly stable and able to produce bright signals.
Another advantage is that quantum dot probes emitting at different wavelengths can be used
together for imaging and tracking multiple tumor markers simultaneously, potentially
increasing the specificity and sensitivity of cancer detection [40]. Recent progress in the surface
chemistry of QD has expanded their use in biological applications, reduced their cytotoxicity
and rendered quantum dots a powerful tool for the investigation of dinstinct cellular processes,
like uptake, receptor trafficking and intracellular delivery. Another application of QD is for
viral diagnosis. Rapid and sensitive diagnosis of Respiratory Syncytial Virus (RSV) is impor‐
tant for infection control and development of antiviral drugs. Antibody-conjugated nanopar‐
ticles rapidly and sensitively detect RSV and estimate relative levels of surface protein
expression. A major development is the use of dual-colour QD or fluorescence energy transfer
nanobeads that can be simultaneously excited with a single light source [41]. QD linked to
biological molecules, such as antibodies, have shown promise as a new tool for detecting and
quantifying a wide variety of cancer-associated molecules. In the field of nanomedicine, QD
can make a worthy contribution to the development of new diagnostic and delivery systems
as they offer unique optical properties for highly sensitive detection and they are well defined
in size and shape and can be modified with various targeting principles.

4. Applications of Nanoscale drug delivery systems

4.1. Nanotechnology for brain drug delivery

The blood brain barrier (BBB) is a structure formed by a complex system of endothelial cells,
astroglia, pericytes, and perivascular mast cells, preventing the passage of most circulating
cells and molecules [42]. The tightness of the BBB is attributed mainly to the vascular layer of
brain capillary endothelial cells which are interconnected side-by-side by tight and adherens
junctions. Among the different nanodevices, nanosize drug delivery systems between 1 and
100 nm work as a whole unit in terms of transport to cross BBB [43]. Nanosize brain drug
delivery systems may promote the targeting ability of drug in brain and at the same time
enhance the permeability of molecules through BBB. However crossing of BBB by the nano
drug carriers will depend completely on the physicochemical and biomimetic features and
does not depend on the chemical structure of drug, inside the nanoparticles [44]. Nanosize
drug carriers which do not cross BBB generally can be made “stealth” coated with some
polymeric materials or other chemicals to avoid the reticuloendothelial system, to display long
circulation time and stability in blood, and may be functionalized to successfully cross the BBB
and target brain [45].
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4.2. Nanosize drug carriers in ocular drug delivery

Drug loaded nanoparticles with favourable biological properties include prolonging the
residence time, decreasing toxicity and high ability of drug penetration into the deeper layers
of the ocular structure and minimizing precorneal drug loss by the rapid tear fluid turnover
[46]. Nanoparticles could target at cornea, retina and choroid by surficial applications and
intravitreal injection. Nanocarrier based drug delivery is suitable in the case of the retina, as
it has no lymph system, hence retinal neovascularisation and choroidal neovascularization
have similar environments to that of solid tumors, and the EPR effect as available for solid
nanoparticles in case of solid tumor may be also available for drug delivery targeted to eyes
by nanoparticles [47]. Nanoparticles can deliver ocular drugs to the target sites for the
treatment of various diseases such as glaucoma, corneal diseases, diabetic retinopathy etc. The
uses of nanotechnology based drug delivery systems like nanosuspensions, SLNs and
nanoliposomes have greater effect for ocular therapeutic efficacy [48]. Nanotechnology-based
drug delivery is also very efficient in crossing membrane barriers, such as the blood retinal
barrier in the eye.

4.3. Nanoparticle loaded contact lenses

Contact lenses loaded with nanoparticles can be effective for topical administration of
ophthalmic drugs. Drug loaded contact lenses can also provide continuous drug release
because of slow diffusion of the drug molecules through the lens matrix. The soaked contact
lenses also delivered drugs only for a period of few hours for some typical drugs [49]. The
duration of drug delivery from contact lenses can be significantly increased if the drug is first
entrapped in nanoformulations, such as nanoliposomes, nanoparticles, or microemulsions.
Such drug nanocarriers can then be dispersed throughout the contact lens material. The
entrapment of drug in nanocarriers also prevents the interaction of drug with the polymeri‐
zation mixture. This provides additional resistance to drug release, as the drug must first
diffuse through the nanocarriers and penetrate the drug carrier surface to reach the contact
lens matrix [50].

4.4. Biodistribution of nanoparticles in the retina

The ocular biodistribution of nanoparticles can provide insights into the bioavailability,
cellular uptake, duration of drug action and toxicity. Factors such as particle size, composition,
surface charge and mode of administration influence the biodistribution in the retinal struc‐
tures and also their drainage from the ocular tissues [51]. Larger particles (2 µm) were found
to remain in vitreous cavity near the trabecular meshwork from which they are discharged out
from the ocular tissue within 6 days, whereas the particles 200 nm were found evenly distrib‐
uted in the vitreous cavity, and the inner limiting membrane. The smaller particles ∼50 nm
crossed the retinal barriers, and was detected in the retina even after 2 months post injection
[52]. The surface chemistry can also affect nanoparticle distribution. Positively charged
nanoparticles can adhere to the anionic vitreous network components and aggregate within
the vitreous network. The surface chemistry can also affect nanoparticle distribution. Posively
charged nanoparticles can adhere to the anionic vitreous network components and aggregate
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within the vitreous humor [53]. Anionic nanoparticles were found to diffuse through the
vitreous humor and could even penetrate the retinal layers to be taken up by Muller Cells [54].
Vitreous humor is regarded as the barrier for non-viral ocular gene therapy because of the
strong interaction of conventional cationic nature of non-viral gene vectors with the anionic
vitreous humor [53]. The cationic PEI nanoparticles aggregated within vitreous humor and
were prevented from distributing to the retina by the vitreal barrier. In contrast, cationic glycol
chitosan (GC) nanoparticles and GC/PEI blended nanoparticles could penetrate the vitreal
barrier and even reach at the inner limiting membrane because of the existence of glycol groups
on nanoparticles [55].

4.5. Nanoparticles in cancer

Cancer cells are more vulnerable than normal cells to the effect of chemotherapeutic agents
and the most of the anticancer drugs can cause injury to the normal cells. Optimum dose and
frequency are both important factors in the persistence of cancer cells during cancer chemo‐
therapy [56]. Now attempts are focused on efforts to kill cancer cells by more specific targeting
while sparing the normal cells.

Nanoparticulate delivery systems in cancer therapies provide better penetration of therapeutic
and diagnostic substances within the cancerous tissue in comparison to conventional cancer
therapies [57]. Nanoparticles are constructed to take advantages of fundamental cancer
morphology and modes of development such as rapid proliferation of cells, antigen expres‐
sion, and leaky tumor vasculature. Nanoparticulate drug delivery systems are being devel‐
oped to deliver smaller doses of chemotherapeutic agents in an effective form and control drug
distribution within the body [58]. Nanocarriers can offer many advantages over free drugs in
cancer chemotherapy such as they protect the drug from premature degradation, prevent
drugs from prematurely interacting with the biological environment, enhance absorption of
the drugs into a selected tissue (solid tumour), control the pharmacokinetic and drug tissue
distribution profile and improve intracellular penetration [59].

Nanoparticulate delivery systems utilize specific targeting agents for cancer cells minimizing
the uptake of the anticancer agent by normal cells and enhance the entry and retention of the
agent in tumor cells (Figure 3) [60]. Nanocarriers may actively bind to the specific cancer cells
by attaching targeting agents with the help of ligand molecules to the surface of the nanocar‐
riers that bind to specific receptor antigens on the cell surface. Nanocarriers will recognize and
bind to target cells through ligand receptor interactions. It is even possible to increase the drug
targeting efficacy with the help of antibodies by conjugating a therapeutic agent directly to it
for targeted delivery [61].

Like receptor targeting, targeting of angiogenic factors also takes advantage of properties
unique to cancer cells. Anti-angiogenic treatment is the use of drugs or other substances to
stop tumors from developing new blood vessels. In a study nanoparticles were formulated
comprising a water-based core of Vickers microhardness sodium alginate, cellulose sulphate,
and anti-angiogenic factors such as thrombospondin (TSP)-1 or TSP-517, crosslinked with
dextran polyaldehyde with calcium chloride or conjugated to heparin sulphate with sodium
chloride. In addition bioluminescent agent, luciferase, or contrast agent, polymeric gadolinium
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was located within the polyanionic core [62] for drug targeting and detection. Similarly, many
efforts are on for cancer cell targeting specifically with drug nanocarriers.. Thus the drug
nanocarriers are of great hope for future cancer therapy.

Figure 3. Schematic diagram of nanoparticle permeation and retention effect in normal and tumour tissues. Normal
tissue vasculatures are lined by tight endothelial cells, hereby preventing nanoparticulate drug delivery system from
escaping, whereas tumor tissue vasculatures are leaky and hyperpermeable allowing preferential accumulation of
nanoparticles or nanoliposomes in the tumor interstial space by passive targeting

4.6. Gene delivery

Transfer of genetic material in nanocarriers may be an approach for the treatment of various
genetic disorders such as diabetes mellitus, cystic fibrosis, alpha 1 antitrypsin deficiency and
may more. A number of systemic diseases are caused by lack of enzymes factors that are due
to missing or defective genes [63]. Previously gene therapy which was used to treat genetic
disorders nowadays being contemplated as carrier systems which could be implanted for
combating diseases other than genetic disorder like malignant form of cancer, heart diseases
and nervous diseases [64]. Nanoliposomes can be used to deliver genetic materials into cells.
Nanoliposomes incorporated with PEG and galactose target liver cells effectively due to their
rapid uptake by liver Kupffer cells. Gene therapy may be tried with liposomal nanocarriers
for liver disorders such as Wilson’s and hereditary hemochromatosis. Cationic nanoliposomes
have been considered as potential non-viral human gene delivery system [65]. Another
effective method for administering nanoliposomes is by using ligand receptor complex using
EGF-EGFR system for targeting purpose by nanoliposomes where EGF is a small protein which
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binds with receptor EGFR. Also mixing cationic lipids with plasmid DNA leads to the
formation of lipoplexes where the process is driven by electrostatic interactions [66]. The
negatively charged genetic material (e.g. plasmid) is not encapsulated in nanoliposomes but
complexed with cationic lipids by electrostatic interactions. Plasmid liposome complexes can
enter the disease cells by infusion with the plasma or endosome membrane. Allovectin-7 (gene
transfer product) is composed of a plasmid containing the gene for the major histocompatibility
complex antigene HLA-B7 with B2 microglobulin formulated with the cytofectin [67]. The
nature of a composed lipid decides the unloading of the gene from nanoliposomes which
enables control over the mode of release, doping of nanoliposomes with neutral lipids such as
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) which helps in endosomal mem‐
brane fusion by recognizing and destabilizing the phospholipids in a flip flop manner which
paves way for the liposomes to integrate in the membrane with the dissociation of nucleic acid
into the cytoplasm [64].

Viral system based gene carrier had the ability to overcome the biological barriers in the
body  and  then  access  to  the  host  nucleus  replicative  machinery  which  resulted  in  the
exploitations  of  the  system  for  drug  delivery  using  nanotechnology  [64].  The  develop‐
ment of a non-viral method for in vivo gene transfer was designed where the vector was
packed into compact nanoparticles by successive additions of oppositely charged polyelec‐
trolytes including an incorporation of ligands into the DNA-polyelectrolyte shells  which
were mixed with Pluronic F127 gel serving as a biodegradable adhesive to keep shells in
contact with the targeted vessel [68].

A novel method of gene delivery is with viruses such as adeno associated virus (AAV) which
have their virulent genes removed with lentiviruses, clearly showing their efficiency [64].

8. Drug delivery with the help of empty virus capsid

The viral nanoparticles (VNPs) consist of protein core which ranges in complexity from small
capsid-protein homomers to larger protein-based heteromers capable of internalizing oligo‐
nucleotides and being enveloped by lipids. Chemical modification process and genetic
mutation provide the viral coat proteins with receptor binding domain that helps in cell specific
targeting of VNPs [69]. Even fusion of terminal / internal proteins on the surface or inside the
VNPs can be utilized for introduction of heterologous peptides, and in some cases entire
proteins. VNPs can be genetically engineered by inserting amino acids for bioconjugation,
peptide based affinity tags and peptides as targeting ligands for stimulation of immune
response. [70].

High sequence variability due to the influence of the immune system in viral life-cycles is often
seen on the surface loops of viral capsid proteins. This variability makes the loops highly
susceptible to insertion of foreign sequences. VP1, the major coat protein of viruses of Polyo‐
maviridae family, when expressed in insect cells, yeast and Escherichia coli self-assembles as
protein cages and shows natural affinity for a cell surface glycoprotein with a terminal a 2,3-
linked N-acetylneuraminic acid and attaches to a4h1-integrin receptors [71]. Virus like particle
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(VLPs) constructed from the virus are used to deliver therapeutic genes to human fetal glial
cells. Another technique Cell-docking involves attachment of antibodies to the surface of brain
natriuretic peptide (BNPs). Coupling reaction between murine polyoma-virus and antitumor
antibody B3 yielded polyoma VLPs with 30 to 40 antibody fragments bound to the surface,
allowing the modified VLPs to bind to the breast carcinoma cells with high efficiencies [72].

9. A glimpse to future of nanosize drug delivery systems

Advancement of nanosize drug delivery systems establishes a new paradigm in pharmaceut‐
ical field. Convergence of science and engineering leads a new era of hope where medicines
will act with increase efficacy, high bioavailability and less toxicity. Several nanoscale drug
delivery systems are currently in clinical trials and few of them are already commercially
available. Examples of such products are Abeicet (for fungal infection), Doxil (antineoplastic),
Abraxane (metastatic breast cancer), Emend (antiemetic) etc. Despite the impressive progress
in the field, very few nanoformulations have been approved by US-FDA (United States Food
and Drug Administration) and even reached market in recent years. Although nanocarriers
have lots of advantages because of the unique properties they have, there are many clinical,
toxicological and regulatory aspects which are the matters of concern too. The biocompatibility
of nanomaterials is of atmost importance because of the effect of the nanomaterials in the body
ranging from cytotoxicity to hypersensitivity [8]. With the advancement of nanotechnology,
the biological phenomenon such as host response to a specific nanomaterial should also be
clinically transparent [9]. Therefore it is quite essential to introduce cost effective, better and
safer nanobiomaterials which will provide efficient drug loading and controlled drug release
of some challenging drug moieties for which there is no other suitable delivery available yet.

Nanoliposomes are well developed and presently possess the highest amount of clinical trials
among other nanomaterials with some formulations currently in the market. This may be due
to the fact that other materials have not been investigated for the same duration and are
relatively newer in comparison. However polymer based nanomaterial, carbon nanotubes,
gold nanoparticles etc. should not be overlooked because of less number of clinical trials [7].

Genexol-PM is an example which was undergone recent clinical trial. This is an amphiphilic
diblock co-polymer (PEG-D, L-Lactic acid) that delivers paclitaxel. Clinical trial currently is in
phase IV using Genexol-PM for recurrent breast cancer and phase III for breast cancer. Fungal
infections associated with acute leukemia and for central line fungal infections, amphotericin
B containing nanoliposomes are in phase IV clinical trial. ThermoDox (Doxorubicin loaded
nanoliposome) is currently in phase III trials for hepatocellular carcinoma. Similarly Caelyx,
a doxorubicin HCl loaded nanoliposome that is pegylated, is currently in phase IV trials for
ovarian neoplasms [7]. Some recent clinical trials are shown in Table 1.

Ligand or antibody conjugated nanoformulation, bifunctional and multifunctional nanopar‐
ticles are the newer research approaches through which detection and treatment of cancerous
cells can be achieved. Nanomachines are also largely in the research-and-development phase,
but some primitive molecular machines have been tested. An example is nanorobot which is
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capable of penetrating the various biological barriers of human body to identify the cancer
cells. Thus, nanodrug delivery systems have a leading role to play in nanomedicine in near
future.

Product name Delivery material Phase Condition
Therapeutic

Delivered
Sponsor

Clinicaltrials. gov

Identifier

Genexol-PM

Amphilic diblock

Copolymer forming

micelle

I
Non small

Cell lung cancer
Paclitaxel

Samyang

Biopharmaceutical

Corp

NCT01023347

Docetaxel-PNP
Polymeric

nanoparticles
I

Advanced solid

malignancies
Docetaxel

Samyang

Biopharmaceutical

Corp

NCT01103791

CYT-6091 AuNP I
Unspecified adult

solid tumor
TNF NCI NCT00356980

Paclitaxel

poliglumex

Drug Polymer

Conjugate
II Prostate cancer Paclitaxel

OHSU Knight Cancer

Institute
NCT00459810

Kogenate FS PEG-liposome I Hemophilia A
Recombinant

factor VIII
Bayer NCT00629837

Long-circulating

liposomal

prednisolone

disodium

phosphate

Liposome II
Rheumatoid

arthritis
Prednisolone Radboud University NCT00241982

LE-DT Liposome II Pancreatic cancer Doxetaxel Insys Therapeutics Inc NCT01186731

Cisplatin and

Liposomal

Doxorubicin

Liposome I Advanced cancer
Cisplatin and

doxorubicin

M.D. Anderson Cancer

Center
NCT00507962

Liposomal

doxorubicin

and bevacizumab

Liposome II Kaposi’s sarcoma
Doxorubicin and

bevacizumab
NCI NCT00923936

AP5346
Drug polymer

conjugate

Not

stated

Head and neck

cancer

AP5346 and

oxaliplatin

University of

California, San

Diego

NCT00415298

Abbreviations: PEG-Polyethylene glycol, TNF-Tumor necrosis factor, NCI-National Cancer Institute, AuNP-Gold nanoparticles

Table 1. Recent Nanodrug Carriers in Clinical Trials (Source: Clinicaltrials.gov)

Nanocarriers may lead to a solution to major unsolved medical problems which will aggres‐
sively enhance quality of life.

Regulatory aspect: One of the main areas related to the safety aspects of drug-nanocarrier
systems is to encourage academic organizations, industry and regulatory governmental
agencies to establish convincing testing procedures on the safety aspects of the nanomaterials.
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The global importance of trade for nanomaterials has established new international organiza‐
tions, such as the International Council on Nanotechnology (ICON), the International Organ‐
ization for Standardization (Geneva, Switzerland) etc. for sharing responsibilities in this field.
In the year 1996 the NNI was established in the United States of America to coordinate
governmental multi-agencies such as the Food and Drug Administration (FDA), the Depart‐
ment of Labor through the Occupational Safety and Health Administration (OSHA), the
National Institute for Occupational Safety and Health (NIOSH), and the Environmental
Protection Agency (EPA), for the development of nanoscience and technology.

10. Conclusion

Last few years several new technologies have been developed for the treatment of various
diseases. The use of nanotechnology in developing nanocarriers for drug delivery is bringing
lots of hope and enthusiasm in the field of drug delivery research. Nanoscale drug delivery
devices present some advantages which show higher intracellular uptake than the other
conventional form of drug delivery systems. Nanocarriers can be conjugated with a ligand
such as antibody to favor a targeted therapeutic approach. The empty virus capsids are also
being tried to use for delivering drugs as a new therapeutic strategy. Thus, nanoscale size drug
delivery systems may revolutionize the entire drug therapy strategy and bring it to a new
height in near future. However, toxicity concerns of the nanosize formulations should not be
ignored. Full proof methods should be established to evaluate both the short-term and long-
term toxicity analysis of the nanosize drug delivery systems.
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