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Aim and outline of the PhD Project 

 

Pulmonary drug delivery systems have been mainly applied for the 

management of pulmonary diseases such as Asthma and COPD (chronic 

obstructive pulmonary disease). In the treatment of obstructive respiratory 

diseases, a $10Bn market which continues to grow, a drug administered by the 

pulmonary route directly targets the airways. Consequently, systemic side 

effects are minimized, a rapid response is provided as well as the required 

dose reduced. A drug, when is delivered directly to the conducting zone of the 

lungs, may be absorbed through the deep lung into the bloodstream with 

relatively high bioavailability or, alternatively, may exert a local action. Due 

to the advancement in pharmaceutical technologies as well as strong interest in 

using the lung as a route to systemic drug delivery, nowadays the pulmonary 

delivery has been proposed to treat many pathologies, such as diabetes, angina 

pectoris, cancer, bone disorders, tuberculosis. 

The origin of inhaled therapies seen in back 4000 years ago to India, where 

people smoked the leaves of Atropa belladonna to suppress cough. In the 19th 

and early 20th centuries, smoked anti-asthmatic cigarettes, that contained 

stramonium powder mixed with tobacco, were largely used to treat respiratory 

diseases. 

Nowadays, pulmonary drug delivery remains the preferred route for the 

administration of various drugs and it is an important research area which 

impacts the treatment of illnesses including, over asthma and COPD, cystic 

fibrosis (CF). 

CF, one of the so-called “orphan disease”, is caused by mutations in the gene 

encoding the CF transmembrane conductance regulator (CFTR). Severe lung 

damage is the main cause of morbidity and mortality in CF patients. 
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II 

 

Clinically, mucus high viscoelasticity results in ineffective cough and poor 

airway clearance, leading to progressive airway obstruction, chronic infection 

and inflammation. 

Therefore, current CF therapy is focused on attenuating disease progression 

and delaying the onset of irreversible lung damage by controlling airway 

infection and inflammation.  

The development of an inhalation therapy that is effective and safe depends 

not only on pharmacologically active molecule, but also on the delivery 

system and its application. Generally, inhalation products are liquid, solid or 

pressurized preparations which must be aerosolized and inhaled to be 

deposited in the lung. 

Good distribution throughout the lung requires particles with an aerodynamic 

diameter between 1 and 5 µm and, thus, most inhaled products are formulated 

with a high proportion of drug in this size range, in order to target the alveolar 

region specifically. The traditional inhalers, namely nebulizers and MDIs, use 

either a propellant or the patients inspired effort to get drug into their lungs. 

How much drug is delivered to the lungs depends on the patients' own 

inhalation efforts. Because of this phenomenon, children and older patients 

may not get the full dosage they require, because their inhalation may not be 

strong enough to carry the drug to the lungs. DPI (dry powder inhaler), 

solvent- and propellant-free, does the work for the patient and is independent 

of patient effort. DPI devices with its own energy source provides patients 

with uniform medication dosage every time. When a patient activates the 

inhaler, the active mechanism aerosolizes the powder that is tailored to the 

specific drug loaded in the device. This also means that DPI can deliver a 

broader range of drug formulations from a single technology platform. 
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Over the last past decade, the research group in Pharmaceutical Technology of 

the University of Salerno has been envolved in developing new inhalation dry 

powders and, currently, has active projects in this area addressing topics such 

as aerosolized antibiotics and antioxidant therapy. In this context, the aim of 

the present PhD project was to design inhalable powder-based formulations 

for pharmaceutical products that may improve the treatment of pulmonary 

diseases, mainly cystic fibrosis, and may be easier for patients to use. 

Particularly, the present project aims to supply CF patients with flavonoids 

(Naringin) and aminoglycosides (Gentamicin sulfate) in a respirable form as a 

valid alternative over more conventional (oral or parenteral) anti-inflammatory 

and antibiotic therapy. As a matter of fact, in CF epithelial cells, antioxidant 

defense systems appear to be defective in their ability to control the amount of 

ROS produced and over abundance of ROS may cause tissue injury-events and 

modify intracellular signalling pathways leading to enhanced inflammatory 

processes, typical of CF airways. Overall, evidence suggests improved CFTR 

function in vitro when flavonoids, such as genistein, are used. For chronic 

Pseudomonas aeruginosa (Pa) infections in CF, gentamicin given by 

pulmonary route may plays important role. 

In fact, it was observed daily inhalation of some aminoglycosides from 

nebulized solution delays the acquisition of chronic Pa infections and 

decreases CF progression.  

The project address a number of the key features that are outstanding in 

inhaled delivery, mainly - characteristic of the active drug; - properties of the 

drug formulation, particularly powder flow, particle size, shape, surface 

properties and drug/carrier interaction; - consistent dose delivery and high 

proportion of dose getting to the lung; - performance of the inhaler device, 

including aerosol generation and delivery. A balance among these 
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characteristics is necessary in the design of a drug formulation intended for 

pulmonary administration. 

Utilizing proven (Spray-drying) or innovative (Supercritical Assisted 

Atomization) technology, stable and micronized powders usefull for dry 

powder inhaler (DPI) production have been developed. Moreover, the research 

has been based on in vitro product test methods to evaluate the health effects 

of produced powders and their aerodynamic behaviour through the pulmonary 

system. Optimized stability and bioavailability of the selected drugs, the 

achieving of therapeutically effective concentrations for the pulmonary care of 

cystic fibrosis have been other goals of the research. Technologies and 

products that the research is aimed to develop would be of interest to a number 

of pharmaceutical companies either in the respiratory area or trying to get a 

toehold in this market. 

Specific objectives of this research have been: 

 design and development of Dry Powder Inhalers (DPIs) containing 

flavonoids (Naringin) or aminoglycoside antibiotics (Gentamicin sulfate) 

micronized powder by spray drying production or by Supercritical 

Assisted Atomization (SAA); 

 optimization of the aerodynamic characteristics of the powders, through 

the use of excipients (amino acids) not toxic for lung but able to improve 

the powder flow properties and dispersion which, in turn, may increase 

lung deposition of the drugs; 

 in vitro evaluation of the biological activity of the engineered particles on 

a model of bronchial epithelial cell lines from patients with cystic fibrosis 

(CuFi1, F508del/F508del CFTR), in comparison to the activity of the 

same products on normal bronchial epithelial cell lines (NuLi1). 
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1.1 CYSTIC FIBROSIS: GENERAL BACKGROUND 

 

Cystic Fibrosis (CF) is the most common lethal monogenic disorder in 

Caucasians, estimated to affect one per 2500-4000 newborns. The outlook for 

people affected by this pathology has improved substantially in the past 10-20 

years (O‟Sullivan et al., 2009). 

CF is caused by mutations in the gene encoding the CF transmembrane 

conductance regulator (CFTR) (Cheng et al., 1990; Collins et al., 1990). The 

CFTR gene is located on the long arm of chromosome 7 (7q31) and contains 

27 exons. The CFTR protein (Fig. 1), which is expressed in many epithelial 

and blood cells, is composed of 1480 amino acids and is a member of the 

ATP-binding cassette (ABC) transport protein super family. 

 

 

Fig. 1. CFTR protein. 

 

Although CFTR acts mainly as a chloride channel, it has many other 

regulatory roles, including inhibition of sodium transport through the epithelial 

sodium channel, regulation of the outwardly rectifying chloride channel, 

regulation of ATP channels, regulation of intracellular vesicle transport, 

acidification of intracellular organelles and inhibition of endogenous calcium-
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activated chloride channels (Reisin et al., 1994; Schwiebert et al., 1995; Stutts 

et al., 1995; Vankeerberghen et al., 2002; Mehta, 2005). CFTR is also 

involved in bicarbonate-chloride exchange (Quinton, 2008). Loss of functional 

CFTR promotes depletion and increases oxidation of the airway surface liquid, 

tissue injury, modification of intracellular signaling pathways, cell apoptosis 

and inflammatory processes. 

Clinically, CF is dominated by chronic lung disease, which is the main cause 

of both morbidity and mortality in more than 90% of patients surviving the 

neonatal period. Airway obstruction by thick mucus and chronic infection by 

Pseudomonas aeruginosa (Pa) led to loss of pulmonary function (Rowe et al., 

2005). Other CF symptoms include pancreatic dysfunction, elevated sweat 

electrolytes and male infertility.  

 

1.2. INFLAMMATORY SIGNALLING IN CF AIRWAY EPITHELIUM 

 

1.2a. Role of bacterial infection  

Airway epithelial cell signalling in response to bacterial pathogens involves 

the activation of numerous receptors and signalling pathways and therefore 

leads to the release of a number of cytokines and chemokines that serve to 

recruit phagocytic cells to the airway epithelium (Gomez & Prince, 2008). 

Intact bacteria, removed from the lung by mucociliary clearance, are rarely in 

direct contact with airway epithelial cells well protected by mucins. In 

pathological conditions, components of the bacterial cell wall and flagella are 

major activators of epithelial proinflammatory signalling. Mutations in the 

CFTR gene in the airway epithelium cause decreased bacterial clearance, 

intrinsic hyperinflammation and decreased bacterial killing (Chmiel & Davis, 

2003). Abnormal CFTR functional activity results in airway surface 

dehydration and modification of the properties of mucus clearance that 

participate in the susceptibility to chronic infection with pathogens such as 
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Staphylococcus aureus and Pseudomonas aeruginosa. In the lungs of CF 

patients, the inflammatory response to a defined bacterial load seems to be 

greater and more excessive than in normal lung (Chmiel & Davis, 2003; Davis 

et al., 1996). This lung inflammation is characterized by a sustained 

accumulation of neutrophils, high proteolytic activity and elevated levels of 

cytokines and chemokines (Balough et al., 1995; Sagel et al., 2007). 

A growing body of evidence has emerged in support of the view that mutant 

CFTR may itself also contribute to defective regulation of the inflammatory 

response in lungs (Di Mango et al., 1995; Venkatakrishnan et al., 2000; Weber 

et al., 2001). Thus, Muhlebach et al. observed that bronchoalveolar lavage 

fluid (BALF) of CF non-infected and infected children had a higher pro-

inflammatory state compared to non-CF disease controls (Muhlebach et al., 

2004). It is not yet clear whether this hyperinflammatory process in the CF 

lung is the direct result of chronic bacterial infection or is due to the primary 

defect of mutated CFTR (Rubin, 2007). 

 

1.2b. Use of immortalized cell lines to study CF  

The development of immortalized cell lines has been of significant benefit to 

the study of human disease, due to limitations in the availability of primary 

bronchial and lung epithelial cells, KO mice and human lung tissue (Gruenert 

et al., 2004). Immortalized CF lung epithelial cell lines have been critical to 

enhance our understanding of the pathophysiological and molecular 

mechanisms underlying the CF inflammatory process. Two major 

immortalized epithelial cell lines from CF patients are available: IB3-1 with a 

F508del/W1282X mutant genotype and CuFi1 cells derived from human CF 

bronchial epithelium which is homozygous for del508 (F508del/F508del 

CFTR mutant genotype). These cell culture systems exhibit enhanced 

proinflammatory signalling compared to non-CF cells (Muhlebach et al., 2004; 

Tabary et al., 2001; Wiszniewski et al., 2006). This intrinsic inflammation was 
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mainly characterized by an increased level of inflammatory mediators (e.g., 

IL-8 and IL-6) compared to non-CF bronchial epithelial cells, either in the 

absence (Hallows et al., 2006; Tabary et al., 1998) or in the presence of 

stimulation (DiMango et al., 1998; Kube et al., 2001). Interestingly, the origin 

of this proinflammatory state supports the concept that increased NF-kB 

signalling (NFkB activation, IkB degradation and IKK phosphorylation) leads 

to enhanced IL-8 production (Fig. 2) (Saadane et al., 2007; Verhaeghe et al., 

2007; Weber et al., 2001). 

 

 

Fig. 2. CF airway epithelial cell responses to environmental agents. Signalling cascades are 

initiated through surface receptors and subsequent translocation of nuclear factors (NF-kB and 

AP-1) leads to transcriptional activation of pro-inflammatory cytokines, such as IL-8. In CF 

epithelial cells, glucocorticoids (GC) treatment fails to block IL-8 production. (Jacquot et al., 

2008). 

 

The proinflammatory molecular mechanisms in the CF lung epithelium remain 

partially understood and the NF-kB signalling pathway is not the only pathway 

implicated. While the release of IL-8 by CF lung epithelial cells was highly 

controlled by NF-kB, other pathways such as the mitogen-activated protein 
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kinase/extracellular signal-regulated kinase (MAPK/ERK) and activated 

protein (AP-1) pathways have been recently found to be involved in the lung 

inflammatory processes in the presence of different inductors (Boncoeur et al., 

2008; Li et al., 2003; Verhaeghe et al., 2007). These findings provide a 

rationale for the potential use of MAPK and/or NF-kB inhibitors to control 

lung inflammation and, therefore, to limit deterioration of the lung function in 

CF patients. 

 

1.2c. Role of oxidative stress 

Another important aspect of CF disease is the role of oxidative stress. 

Oxidative stress has been identified as an early complication in the airways of 

infants and young children with CF (Cantin et al., 2006; Kettle et al., 2004). 

Recent clinical data suggest that oxidative damage of pulmonary proteins 

during chronic infection may contribute to the decline of lung function in CF 

patients (Starosta & Griese, 2006). The massive infiltration of neutrophils in 

lungs of CF patients leads to the generation of oxygen-derived reactive oxygen 

species (ROS) and in particular H2O2 that contributes to irreversible lung 

damage and ultimately to patient death. Activated neutrophils migrate to the 

airways and release large amounts of ROS. On the other hand, in CF epithelial 

cells antioxidant defense systems appear to be defective in their ability to 

control the amount of ROS produced (Boncoeur et al., 2008). Therefore, an 

over abundance of ROS and their products may cause tissue injury-events and 

modify intracellular signalling pathways leading to cell apoptosis and 

enhanced inflammatory processes in CF lung. In addition to its Cl
-
 channel 

function, CFTR has been proposed to conduct antioxidant-reduced 

glutathione. A recent study demonstrated that oxidative stress can suppress 

CFTR expression and function while increasing the cellular GSH content 

(Cantin et al., 2006). 
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1.3. CFTR: STRUCTURE AND FUNCTION 

 

CFTR is made up of five domains: two transmembrane domains (TMD-1 and 

TMD-2) that form the chloride ion channel, two nucleotide-binding domains 

(NBD-1 and NBD-2) that are crucial to ATP binding and control the channel 

activity through an interaction with cytosolic nucleotides, and a regulatory (R) 

domain (Riordan, 2005). 

While most ABC transporters consist of four domains (two membrane-

spanning and two nucleotide-binding domains), CFTR is the only one known 

to possess a regulatory domain.  

The R domain connects NBD-1 to TMD-2, and may be required to transmit 

signals between the two domains. Phosphorylation of the R domain, usually by 

cAMP-dependent protein kinase A and C, increases the apparent affinity of 

CFTR for ATP. The result is binding and hydrolysis of ATP by the nucleotide 

binding fold that causes the channel open (Fig. 3). 

 

 

Fig. 3. Model of cystic fibrosis transmembrane regulator (CFTR). 

 

CFTR forms a tightly regulated anion-selective channel that mediates anion 

flow across the apical membrane of epithelial cells (Sheppard et al., 1999) and 
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regulates the activity of other transport proteins in epithelial cells (Schwiebert 

et al., 1999). Dysfunction of CFTR in CF (Fig. 4) disrupts fluid and electrolyte 

transport across epithelial surface throughout the body and hence the function 

of a variety of organs, most notably the respiratory airways (Welsh et al., 

2001; Rowe et al., 2005). 

 

Fig. 4. Function (a) and dysfunction (b) of the CFTR channel. 

 

CFTR Mutations 

To date, over 1500 mutations have been identified, but the functional 

importance of only a small number is known.  

The most common mutation, a deletion of three nucleotides resulting in the 

deletion of phenylalanine at position 508 (ΔF508) (Fig. 5), is responsible for 

about 70% of all mutant CFTR alleles (Tsui, 1992), while 10–20 less common 

mutations represent a further 10–15% of all mutant alleles. The frequency 

depends on the ethnic background of the patient. 
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Fig. 5. Deletion of phenylalanine at position 508 (ΔF508). 

The mutations can be classified into different groups according to the 

mechanism by which they disrupt CFTR function (Fig. 6). 

 

 

Fig. 6. CFTR class mutations. 

 

Class I Mutations affecting biosynthesis. Class I mutations in the CFTR 

gene include the most severe CF phenotypes due to no protein being 

synthesised. These mutations, due either to nonsense mutations or premature 

stop codons, prevent the synthesis of a stable protein or result in the 
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production of a truncated protein due to the creation of a premature 

termination codon. The truncated proteins are usually unstable, are recognised 

by chaperone proteins in the endoplasmic reticulum (ER) and are rapidly 

degraded. G542X is the most common class I mutation. 

Class II Mutations affecting protein maturation and transport. Class II 

mutations, including the most prevalent ΔF508, result in the misprocessing of 

CFTR, producing a lack of functional protein at the cell membrane. ΔF508 

CFTR is synthesised, but failed to mature or to proceed beyond the 

endoplasmic reticulum (ER) (Cheng et al., 1990). 

Class III Mutations affecting Cl
−
 channel regulation/gating. Mutations of 

the CFTR gene in class III produce protein that is trafficked to the cell 

membrane but then does not respond to cAMP stimulation (Welsh et al., 

1993). These mutations are located within the nucleotide-binding folds, and 

are likely to affect the binding of ATP or the coupling of ATP binding to 

activation of the channel, such as by preventing transmission of a 

conformational change. The missense mutation G551D is an example of a 

class III mutation.  

These three classes usually lead to a classic CF phenotype with pancreatic 

insufficiency, although the severity of lung disease is highly variable. 

Class IV Mutations affecting Cl
−
 conductance. Class IV mutations include 

cases where the CFTR gene encodes a protein that is correctly trafficked to the 

cell membrane and responds to stimuli but generates a reduced Cl
−
 current (for 

example R117H). Most of the class IV mutations analysed to date are located 

within the membrane-spanning domains. 

Class V Mutations affecting protein stability. This class includes protein 

stability mutants (which result in inherent lability of the CFTR protein) 

lacking the last 70–98 residues of the CFTR C-terminus (Haardt et al., 1999). 

Although the C-terminus is not required for the biogenesis and chloride 

http://onlinelibrary.wiley.com/doi/10.1046/j.1469-1809.2003.00028.x/full#b11#b11
http://onlinelibrary.wiley.com/doi/10.1046/j.1469-1809.2003.00028.x/full#b30#b30
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channel function of CFTR, it is indispensable for maintaining the stability of 

the complex-glycosylated CFTR.  

The latter two classes are often associated with a milder phenotype and 

pancreatic sufficiency. 

 

1.4. CURRENT CF THERAPIES 

 

The understanding of the mechanisms by which mutations disrupt CFTR 

function provides the scientific basis for development of targeted drugs for CF 

treatment. Pharmaceutical research is currently proceeding on three different 

fronts: 

- correcting CFTR defect (gene therapy); 

- correcting protein function (pharmacological therapy); 

- alleviating and improving the complex symptoms of CF patients. 

 

1.4a. Gene Therapy 

Since the discovery of the CFTR gene in 1989, CF has been considered a 

prime candidate for gene therapy, especially for treating the airways, since 

topologically they are easily accessible. Clinical trials using different gene 

transfer agent were conducted, but no clinical benefit has far been recorded. 

Gene therapy may yet provide the best solution, but the technical difficulties 

led to search for alternative approaches.  

In vivo and in vitro studies on human CF nasal cells have indicated that 

boosting CFTR functional activity from less than 1% to as little as 5% of 

normal levels may greatly reduce disease severity or even eliminate the 

principal disease manifestations. Given the absence of other effective 

treatments, there has been an increasing interest in the possibility to restore the 

defective CFTR function by pharmacological means. 
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1.4b. Correction of CF functionality 

An alternative strategy to gene therapy is, therefore, the approach termed 

“mutation-specific therapy”, which aims to correct the genetic defect 

according to the different classes of mutation.  

A potential treatment for conditions caused by class I mutations includes 

agents that suppress the normal proofreading function of the ribosome. Recent 

studies showed that aminoglycoside antibiotics (gentamicin or G418), in 

addition to their antimicrobial activity, can suppress premature stop codons by 

enabling the incorporation of an amino acid, thus permitting translation to 

continue until the normal termination of the transcript (Clancy et al., 2001; 

Wilschanski et al., 2000; Wilschanski et al., 2003). 

For class II mutations, therapy would require pharmacological methods to 

increase the levels of functional protein at the cell membrane, by increasing 

the efficiency of protein folding or suppressing the protein degradation 

processes. Chemical, molecular or pharmacological chaperones, generally 

called „correctors‟ (Pedemonte et al., 2005), were reported to stabilize protein 

structure and promote folding, enabling cell-surface expression of processing 

mutants. Chemical chaperones such as glycerol have been shown to stabilise 

protein structure and to increase the stability and kinetics of oligomeric 

microtubule assembly (Sato et al., 1996; Zhang et al, 2003). Due to the high 

concentrations that would be required in vivo and their potential toxicity, 

glycerol and other chemical chaperones are unlikely to be useful. Another 

molecular chaperone is calnexin, a calcium-binding transmembrane protein 

chaperone in the ER that assists newly synthesized proteins to fold into a 

normal structure.  

Sodium-4-phenylbutyrate (4-PBA) is an example of a possible corrector; it is a 

histone deacetylase inhibitor that promotes ΔF508 CFTR trafficking. It allows 

mutant CFTR to escape the ER, thereby permitting its glycosylation in the 
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Golgi apparatus, transportation to the plasma membrane and subsequent 

display of residual intrinsic channel activity.  

Therapy for mutations in classes III and IV would require increased activation 

of the functional CFTR present at the cell membrane. 

CFTR activators such as alkylxanthines and the flavonoid genistein overcome 

class III defects, acting as channel „potentiators‟ (Andersson et al., 2000). 

Potentiators promote activity of mutant CFTR once delivered to the 

appropriate location in the cell. F508del-CFTR is also a class III mutant 

because membrane-localized channels also exhibit impaired gating (McCarty 

et al., 2002; Yang et al., 2003). Potentiators are also useful for class V mutants 

because they enhance the activity of normal channels already at the cell 

surface. 

 

1.4c. Management of CF 

Gene or protein replacement, aimed to restore the CFTR activity in the 

involved tissues and organs, would be the ideal treatment of CF. Presently, the 

prospect of gene therapy remains a hope more than a reality. Although no 

specific treatment has been discovered for CF yet, many treatments have been 

developed to alleviate symptoms, slow the progress of the disease, prevent 

complications and, thereby, improve the quality of life for those who suffer 

from this severe disorder. 

Currently, CF treatment comprises respiratory physiotherapy, antibiotic 

therapy, nebulisation with bronchodilators and mucolytic, making the 

pulmonary administration as one of the most effective therapies. 

 

Chronic pulmonary treatment 

The Cystic Fibrosis Foundation guidelines support the use of inhaled 

hypertonic saline, chronic azithromycin, ibuprofen, and inhaled β agonists in 

specific patient populations (Flume et al., 2007). 
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Despite the inflammatory nature of the disease, neither oral nor inhaled 

corticosteroids were recommended for routine use in patients with cystic 

fibrosis, because of an unacceptable adverse event profile of oral 

corticosteroids, and absence of proof of efficacy for the inhaled medication. 

(Flume et al., 2007; Balfour-Lynn et al., 2006). Intravenous colistin has been 

found to be beneficial in the acute setting when combined with another 

antipseudomonal antibiotic. (Conway et al., 1997). Inhaled colistin has been 

used widely in Europe as a chronic, suppressive treatment, but only two trials 

met the Cystic Fibrosis Foundation Pulmonary Guidelines Committee‟s 

eligibility criteria for inclusion in their report. Neither of these studies showed 

a benefit from inhaled colistin. (Jensen et al., 1987; Hodson et al., 2002). 

Frequent use of oral antibiotics to reduce symptoms such as cough and sputum 

production is warranted in the treatment of symptomatic cystic fibrosis 

patients.  

 

Pulmonary exacerbations 

Treating flares of cystic fibrosis lung disease aggressively, especially with 

intravenous antibiotics, improves pulmonary outcomes, and presumably 

extends life expectancy (Johnson et al., 2003; Szaff et al., 1983; Regelmann et 

al., 1990). Unfortunately, what constitutes a pulmonary exacerbation of cystic 

fibrosis is not clearly defined. 

Treatment for a pulmonary exacerbation of cystic fibrosis generally includes 

antibiotics (oral, inhaled, or intravenous), increased use of airway clearance 

techniques, and improved nutrition.  

Since most patients with exacerbations will have P aeruginosa in their 

airways, the usual in-hospital treatment is a combination of a β lactam and an 

aminoglycoside (Doring et al., 2000). Home-based treatment with intravenous 

antibiotics is feasible (Wolter et al., 1997), but might not be as effective as 

hospital-based treatment (Thornton et al., 2004; Nazer et al., 2006). Use of 
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combined oral and inhaled antibiotics without hospital admission might be 

sufficient for milder exacerbation and allows the patient‟s daily life to 

continue unimpeded. 

 

Airway clearance techniques 

There are many techniques used by patients with cystic fibrosis to augment 

clearance of tenacious airway secretions. These methods include percussion 

and postural drainage, active cycle of breathing techniques, airway-oscillating 

devices, high-frequency chest wall oscillation devices, and autogenic drainage 

(ie, chest physiotherapy in which the patient does a series of respiratory huffs 

and coughs designed to move mucus from distal to proximal airways so it can 

be coughed out) (O‟Sullivan et al., 2009). The active cycle of breathing 

technique includes relaxation and breathing control, forced expectoration 

technique, thoracic expansion exercises, and may also include postural 

drainage or chest clapping. 

 

Lung transplantation 

Lung transplantation is the final therapeutic option for patients with endstage 

lung disease. 

 

1.5. RESPIRATORY DRUG DELIVERY 

 

Inhalation drug therapy, in which drugs are delivered to the lungs in the form 

of micronized droplets or solid particles, is highly desirable especially in 

patients with specific pulmonary diseases such as cystic fibrosis, asthma, 

chronic pulmonary infections or lung cancer. The principal advantages include 

reduced systemic side effects and higher doses of the applicable medication at 

the site of drug action. 
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Although simple inhalation devices and aerosols containing various drugs 

have been used since the early 19th century for the treatment of respiratory 

disorders, a recent interest has arisen in systemic drug delivery via the 

pulmonary route. 

The lungs are an efficient way for drugs to reach the bloodstream due to the 

large surface area available for absorption (~100 m
2
), the very thin absorption 

membrane (0.1–0.2 µm) and the elevated blood flow (5 l/min), which rapidly 

distributes molecules throughout the body. Moreover, the lungs exhibit 

relatively low local metabolic activity, and unlike the oral route of drug 

administration, pulmonary inhalation is not subject to first pass metabolism 

(Adjei and Gupta, 1997). 

The product formulated for the inhalatory route has to be considered one of the 

more complex, because it is formed by an active, appropriately formulated 

medicine, and a special device. The effectiveness of an inhalation therapy, 

especially for a drug powder formulation, is dependent on factors that are 

related to the patient, the device and the characteristics of the formulation. 

The anatomical organization of the respiratory tract (characterized by 

extensive bifurcation) and aerosol characteristics of drug molecules (especially 

aerodynamic particle size) generally determine the reproducibility of 

pulmonary drug administration. 

 

1.5a. Anatomy and physiology of the respiratory system 

 

Structure and function of the lung 

The airways provide a pathway of normally low resistance to the flow of air 

into and out of the lung, where the alveoli perform the essential function of gas 

exchange. Based on this concept, the respiratory system comprises the 

conducting and respiratory regions (Weibel). The conducting zone consists of 

the first 16 generations of airways comprised of the trachea (generation 0), 
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which bifurcates into the two mainstem bronchi, which further subdivide into 

bronchi that enter two left and three right lung lobes. The intrapulmonary 

bronchi continue to subdivide into progressively smaller-diameter bronchi and 

bronchioles (Stevens). This zone ends with terminal bronchioles which are 

devoid of alveoli. Accordingly, the function of the conducting zone is to move 

air by bulk flow into and out of the lungs during each breath. The respiratory 

zone consists of all structures that participate in gas exchange and begins with 

respiratory bronchioles containing alveoli. These bronchioles subdivide into 

additional respiratory bronchioles, eventually giving rise to alveolar ducts and 

finally to alveolar sacs. The acinus is defined as the unit comprised of a 

primary respiratory bronchiole, alveolar ducts and sacs (Fig. 7). 

 

 

Fig. 7. Airways generations. 

 

Two characteristic features of airway branching strongly influence lung 

function: decreasing airway caliber, and increasing airway surface area. The 

decrease in airway caliber (from 1.8 to 0.06 cm) along with a relatively small 

increase in total cross-sectional area from trachea to terminal bronchioles 

(from 2.5 to 180 cm
2
) ensures optimal conditions for bulk flow of air through 

the larger airways down to the terminal bronchioles. The total alveolar surface 

area approaches 140-160 m
2
 in the adult human (Gehr et al., 1978). As a result 

of the enormous increase in surface area, bulk flow of air decreases rapidly 
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within the respiratory zone until movement of air within alveoli occurs entirely 

by diffusion. 

 

Cell types lining the pulmonary airways 

The entire respiratory tract is lined with a continuous sheet of epithelial cells 

which vary in type and function throughout the tracheobronchial tree (Fig. 8) 

(Gail et al., 1983; Jeffrey, 1983). 

 

Fig. 8. Comparison of the lung epithelium at different sites within the lungs. 

 

The respiratory epithelium lining the upper airways is classified as a ciliated 

pseudostratified columnar epithelium. 

The most prominent epithelial cells are the ciliated columnar cells, that line 

the airways from the trachea through terminal respiratory bronchioles. From 

their apical surface protrude the cilia, that provide a sweeping motion of the 

mucus coat and play a crucial role in removing of small inhaled particles from 

the lungs. 

Goblet cells, so named because they are shaped like a wine goblet, are 

columnar epithelial cells that contain membrane-bound mucous granules and 

secrete mucus, which helps maintain epithelial moisture and traps particulate 

material and pathogens moving through the airway. They are present 

http://en.wikipedia.org/wiki/Goblet_cells
http://en.wikipedia.org/wiki/Columnar_epithelial_cell
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throughout the larger airways down to the small bronchi but are not found in 

bronchioles (Verdugo, 1990). 

Clara cells are not ciliated cells that have a spheric-shaped apical surface 

founded among ciliated cells. They are secretory cells and prevent the luminal 

adhesion, particularly during expiration by secretion of a surface-active agent 

(a lipoprotein) (Evans et al., 1978). 

The alveolar epithelium is composed of a thin, non-ciliated, non mucus- 

covered cell layer consisting mainly of type I pneumocytes and type II 

pneumocytes (Gail et al., 1983). The first ones cover about the 95% of the 

alveolar surface area and are squamous. It is through type I cells that gases 

diffuse to allow for oxygen and carbon dioxide exchange with pulmonary 

capillary blood. Type II cells have a more cuboidal shape and cover the 

remaining 5% of the alveolar surface. The main functions of type II cells are to 

produce pulmonary surfactant and to differentiate into type I cells after 

epithelial barrier injuries (Fehrenbach, 2001). 

Drug uptake from the lung will be affected in rate and extent both by 

formulation characteristics (pH, ionic strength) and drug physicochemical 

properties (partition coefficient, solubility, molecular weight). In particular, 

macromolecules are absorbed to a degree that is inversely proportional to their 

molecular weight. At this level, the mucus (1-10 µm thick) and the surfactant 

act as physical barriers to drug absorption, in particular in the case of peptides 

and protein. In addition, pulmonary enzymes deleterious for peptidic drug are 

present, even though at smaller concentrations than in the GI tract. Finally, the 

alveoli are populated by freely roaming macrophages acting as scavengers for 

inhaled particles, engulfing them and moving out of the respiratory tract with 

their payload. 
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1.5b. Inhalanda 

In general, inhalation products are liquid, solid or pressurized preparations to 

be aerosolized, inhaled and deposited in the lung or nose. Inhalation products 

are peculiar pharmaceutical dosage forms, since the product includes both the 

formulation and the device. Thus, the container closure system, which 

contains, protects and delivers the formulation, is also essential for the efficacy 

of the preparation together with the formulation (usually a solution, suspension 

or powder). These factors are the major difference with respect to other 

product (e.g. oral, parenteral administration), where the formulation alone 

constitutes the medicine able to deliver the drug dose at the desired time and 

site. With respect to the bioavailability of an inhaled drug, indeed the two 

components of the inhalation product have to be considered inseparable. 

Hence, any change in the formulation or in the device necessarily requires a 

bioequivalence assessment. 

Given the physiological function of the respiratory apparatus, the safety of the 

inhalation of a drug product has to be considered at first. Any adverse reaction 

such as bronchoconstriction, irritation, cough and sneezing, that could derive 

from aerosol inhalation and interfere with respiration must be avoided. 

Moreover, the structural and functional integrity of the respiratory epithelium 

must be preserved from permanent damage of its protection mechanisms such 

as tight junctions and mucociliary clearance. Therefore, this limits the choice 

of excipients available for formulating an inhalation product and drives great 

attention to containers and packaging materials to avoid any risk of leakage, 

extraction and microbiological contamination. 

Once safety is guaranteed, the effectiveness of the administration is expressed 

by the amount of drug absorbed and the rate at which absorption occurs. 

Bioavailability depends on several biopharmaceutical issues, some of which 

are common to oral and inhalation administration sites. Like oral dosage 

forms, solubility, dissolution rate, transit time and drug permeability across the 
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mucosal barrier can be limiting steps for adequate drug absorption. In contrast, 

formulation deposition at the proper absorption site is mostly relevant to 

inhalation product. 

 

1.5c. The inhalation process 

The process of drug administration by inhalation can be divided in three steps, 

all relevant to the bioavailability of the drug (Brain et al., 1976): 

 metering and delivery of the formulation, 

 aerosol deposition at the absorption site, 

 drug absorption (after dissolution and permeation). 

For the drug to enter the respiratory tract, the proper amount of formulation 

has to be delivered outside the container in a form suitable for inhalation, i.e., 

an aerosol. An aerosol is a fine mist of spray released upon activation of an 

appropriate device and physically is a suspension of particles (solid or liquid) 

in a gas (usually air) that can be inhaled and impact into the airway walls. 

During aerosolization, device and formulation together play a role so that the 

dose is accurately metered and delivered to comply with the labeled drug dose. 

Metering and aerosolization do not exhaust the life of an inhalation product. 

Aerosol deposition at the appropriate site of the respiratory tract is required, 

since failure in depositing the formulation will result in poor drug absorption. 

Aerosol particles enter the airways with inspiration and fly following the air 

stream generated by the inspiration act, until they deposit onto the respiratory 

wall. Aerosol deposition occurs by various mechanism, depending on two 

major characteristics of inhaled aerosol, i.e. particle size (and shape) and 

velocity. Besides the differences in deposition due to patient variability, the 

most important mechanisms of particle deposition are: inertial impaction, 

sedimentation, diffusion, interception and electrostatic attraction (Fig. 9) (You 

& Diu, 1983). 
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Fig. 9. Mechanisms of particle deposition at different sites within the lungs. 

 

Inertial impaction is the dominant deposition mechanism for particles larger 

than 1 µm in the upper tracheobronchial regions. A particle with large 

momentum (large size or velocity or both) may be unable to change direction 

with the inspired air as it passes the bifurcations of the airways, and instead it 

will collide with the airway walls. Because impaction depends on the 

momentum of the particle, large or dense particles moving at a high velocity 

will show greater impaction (Heyder et al., 1986). 

Gravitational sedimentation is an important mechanism for deposition of 

particles bigger than 0.5 µm and smaller than 5 µm in the small conducting 

airways (bronchioles and alveolar region) where the air velocity is very low. 

Deposition due to gravity increases with enlarging particle size and longer 

residence times but decreases as the breathing rate increases (Martonen and 

Yang, 1996). 

Submicron-sized particles (especially those smaller than 0.5 µm) acquire a 

random motion caused by the impact of surrounding air molecules. This 

Brownian motion may then result in particle deposition by diffusion, 

especially in small airways and alveoli, where bulk airflow is very low. 
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Therefore, to reach the lower respiratory tract and optimize pulmonary drug 

deposition, aerosols need to have aerodynamic diameters between 0.5 and 

5µm (Zanen et al., 1996). In other words, particles larger than 5 µm usually 

deposit in the oropharynx from which they are easily cleared. In contrast, 

particles smaller than 0.5 µm may not deposit at all because they move by 

Brownian motion and settle very slowly. 

Interception is likely to be the most effective deposition mechanism for 

aggregates and fibers. For such particles, deposition may occur when a particle 

contacts an airway wall, even though its centre of mass might remain on a 

fluid streamline (Darquenne, 2004; Yeh et al., 1976; Gerrity et al., 1983). 

Electrostatic charges enhance deposition by increasing attractive forces to 

airway surfaces, in particular for fresh generated particles. 

 

1.5d. Factors affecting aerosol deposition 

Since geometry appears so relevant to the behavior of the inhaled particles, 

ultimately determining the respirability of an inhalation product, the concept 

of aerodynamic diameter has been introduced to measure the size of the 

inhaled particle. The aerodynamic diameter dae is defined as the diameter of a 

sphere of unitary density (ρ0) that has the same sedimentation velocity as the 

particle in consideration (De Boer et al., 2002): 

2/1

0

)(



dd ae      Eq. (1) 

where d is the actual diameter of the sphere, ρ0 and ρ are the unit and particle 

densities, respectively. 

This is an ideal situation, since it considers only spherical particles. If the 

particle is not spherical, a correction factor called dynamic shape factor is 

applied to account for the effect of shape on particle motion. The dynamic 

shape factor χ takes into account the non-sphericity of the particle: it is equal 
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to 1 for a sphere and greater than 1 for irregular particles. The dynamic shape 

factor is the ratio of the actual resistance force experienced by a non-spherical 

falling particle to the resistance force experienced by a sphere having the same 

volume (Hinds, 1999). Hence, when the inhaled particle is not spherical, 

equation 1 becomes: 

2/1
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where dv is the equivalent volume diameter. 

Consequently, the aerodynamic behavior and respirability of a particle depend 

on its aerodynamic diameter, which is function of both particle geometry and 

density. 

Good distribution throughout the lung requires particles with an aerodynamic 

diameter between 1 and 5 µm, and thus most inhaled products are formulated 

with a high proportion of drug in this size range (Chrystyn, 1997). In order to 

target the alveolar region specifically, the aerosol droplets or solid particles 

diameter should not be higher than 3 µm. Particles with diameters that are 

greater than 5 µm are deposited in the oropharynx, whereas smaller particles 

(<1 µm) are exhaled during normal tidal breathing. 

Only if the formulation deposited at the appropriate site of respiratory tract, 

the drug acts locally or can be absorbed and pass into the systemic circulation. 

In pulmonary drug delivery, the target site for an effective systemic 

administration is the deeper lung, namely the alveoli region, where the mucosa 

is thin and the vascularization highly developed. Solubility, dissolution rate 

and permeability are factors that can hinder drug absorption at this level. 

 

1.5e. Pulmonary delivery devices 

Pulmonary drug delivery aims to bring the drug to the lung region, where the 

drug can be promptly absorbed. This is obtained by introducing (i.e., inhaling) 
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the drug formulation through the mouth into the respiratory tract using a 

suitable device. A good delivery device has to generate an aerosol of suitable 

size, ideally in the range of 0.5–5 µm, and provide reproducible drug dosing. It 

must also protect the physical and chemical stability of the drug formulation. 

Moreover, the ideal inhalation system must be a simple, convenient, 

inexpensive and portable device. 

Three types of devices are used to deliver an aerosolized drug to the lung: 

nebulizers, pressurized metered-dose inhalers (MDIs) and dry powder inhalers 

(DPIs), each class with its unique strengths and weaknesses. This 

classification is based on the physical states of dispersed-phase and continuous 

medium, and within each class further differentiation is based on metering, 

means of dispersion, or design. 

Nebulizers have been the first devices developed for inhalation therapy 

market. They aerosolize aqueous solutions or suspensions containing the drug 

by means of a source of energy, which can be an air jet, a pump or 

ultrasounds. Then, the aerosol droplets enter the lungs over multiple breaths, 

thing that prolongs the duration of the treatment. Today nebulizers have 

become niche products, primarily for pediatric, geriatric and emergency 

department use (Grossman, 1994). Nebulizers have numerous disadvantages 

including delivery inefficiency, drug wastage, nonportability, poor 

reproducibility, great variability and high cost. Moreover, aerosol 

administration via nebulization is time consuming; approximately 30 min if 

set-up, drug administration and cleaning are taken into account. Thus, further 

improvement in aerosol delivery systems with greater efficiency and 

portability and shorter administration time could improve patient quality of 

life and compliance. 

Therefore, Pressurized Metered Dose Inhalers (pMDIs) have been 

developed and since the 1950s they have been the mainstay of asthma 

inhalation therapy. In pMDIs the drug is dissolved or suspended with a 
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propellant in a pressurized dispenser and is aerosolized through an atomization 

nozzle using a metering valve and an actuator (Newman, 2005). 

The most widely used propellants have always been the chlorofluorocarbons 

(CFCs), because of their non-toxicity, inertness and high vapor pressure. The 

medical application of CFC as propellants has been phased out, according to 

the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer 

(UNEP, 1987). Gradually, the propellant CFC was substituted by 

hydrofluoroalkanes (HFA), given its safety profile (Emmen et al., 2000). 

However, this substitution was not straightforward since only a small fraction 

of the drug escaping the inhaler penetrates the patient‟s lungs due to a 

combination of high particle exit velocity and poor coordination between 

actuation and inhalation. The deposition of aerosolized drugs in the mouth and 

the oropharyngeal regions varies considerably according to the application 

technique, but losses using the pressurized devices are routinely greater than 

70% and can exceed 90%. Particle losses that occur proximally to the lung are 

a long-documented problem that continues to compromise the effectiveness of 

current aerosol therapy protocols. 

Given the problems encountered with nebulizers, alternative simple and small 

inhalers that do not use propellants have been more recently developed. 

Dry Powder Inhalers (DPIs), as the name suggests, deliver the drug to the 

pulmonary system as a dry powder aerosol. They contain a micronized drug 

substance with or without carrier. DPIs were designed to eliminate the 

coordination difficulties associated with pressurized MDIs. Patient 

coordination is not required for drug administration, because most DPIs are 

breath actuated (a respirable cloud is produced in response to patient 

inhalation). Nevertheless, one of the major advantages of DPIs products is that 

they are propellant-free and are thus environmentally friendly. Moreover, DPIs 

are preferred for their stability and processing since they are typically 

formulated as one phase, solid-particle blends. DPIs are a widely accepted 
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inhaled delivery dosage form, particularly in Europe where they are currently 

used by an estimated 40% of patients to treat asthma and chronic obstructive 

pulmonary disease (Atkins, 2005). 

Today, there are essentially two types of DPIs: 

 single dose or unit-dose devices, in which the drug is packaged in 

individual doses (capsules); 

 multi-unit and multi-dose devices, that contain multiple doses in a foil-foil 

blister or a reservoir of drug from which the doses are metered (Fig. 10). 

 

 

 

 

 

 

 

 

Fig. 10. Photographs of some currently available DPI devices. 

 

A patient‟s DPI dose is dependent on four interrelated factors (Atkins, 2005): 

the physical properties of the drug formulation, particularly powder flow, 

particle size, shape and surface properties and drug carrier interaction; the 

performance of the inhaler device, including aerosol generation and delivery; 

correct inhalation technique for deposition in the lungs; and the inspiratory 

flow rate. Therefore, a balance among the design of an inhaler device, drug 

formulation and the inspiratory flow rate of the patient is required. 

 

1.5f. The challenge of Excipients for DPI 

The primary function of the lungs is respiration. To fulfill this purpose, the 

lungs have a large surface area and thin membranes. Many compounds that 
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could enhance drug delivery outcomes also have the potential to irritate or 

injure the lungs. (Telko and Hickey, 2005). 

In general, excipients are used to enhance the physical or chemical stability of 

the drug, mechanical and/or bio-pharmaceutical properties such as dissolution 

and permeation. Excipients are inactive ingredients that are intentionally 

added to therapeutic products but not intended for exerting therapeutic effects 

at the exstablished dosage, although they may act to improve product delivery 

or bioavailability. The Food and Drug Administration (FDA, 2009) favors the 

use of commercially established excipients as well as “generally recognized as 

safe” (GRAS) substances. It should be noted that the current excipients 

approved for respiratory drug delivery are very limited in number (Pilcer & 

Amighi, 2010). Table 1 presents a summary of excipients already approved for 

pulmonary delivery or presented as interesting additives for DPI formulations. 

The array of potential excipients is restricted to compounds that are 

biocompatibile or endogenous to the lung and can easily be metabolized or 

cleared (Telko and Hickey, 2005). If particles deposit throughout the 

conducting airways, they are removed by mucociliary clearance. Particles will 

be eliminated in 24 - 48 h according to the number of cilia and their beat 

frequency. In the bronchioles and alveoli, particles will be cleared by direct 

absorption through the epithelial cells or uptake by the alveolar macrophages 

(Dalby et al., 1996).  
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Table 1 

List of accepted or interesting additives for DPI formulations. (Pilcer et al., 2010). 
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SECTION A 

DESIGN AND DEVELOPMENT OF A DPI OF NARINGIN 

TO TREAT INTRINSIC INFLAMMATION IN CF PATIENTS 

 

 

 

 

 

 

 

 

 

Based on the article: L. Prota, A. Santoro, M. Bifulco, R.P. Aquino, T. 

Mencherini, P. Russo. “Leucine enhances aerosol performance of Naringin dry 

powder and its activity on cystic fibrosis airway epithelial cells”. International 

Journal of Pharmaceutics. 2011, 412, 8 – 19. 

 

 



Results and Discussion 

 

36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results and Discussion 

37 

 

 

2A.1 BACKGROUND, RATIONALE OF THE SELECTION OF 

NARINGIN, AIMS 

 

In the airway epithelium of patients with cystic fibrosis, the combination of 

excessive absorption of sodium and defective regulation of the secretory 

chloride channel of the apical membrane leads to the dehydration of airway 

secretions. These ion-transport defects contribute to the abnormal rheologic 

feature and poor clearance of airway secretions, obstruction of airflow and 

chronic bacterial infection of the airways. Therefore, current CF therapy is 

directed to reduce the abnormal inflammation and abnormal mucus secretion, 

in order to delay the onset of CF lung tissue damage (Kieninger and Regamey, 

2010; Ross et al., 2009). Only a few anti-inflammatory drugs are available for 

CF treatments, mainly oral corticosteroids and ibuprofen. In addition, high 

doses of N-acetylcysteine, a well known glutathione prodrug administered 

orally, have shown the ability to counter the redox imbalance in CF (Jacquot et 

al., 2008). However, the above drugs have limited beneficial effects in 

presence of considerable side effects. Among natural polyphenols such as 

flavonoids, Naringin (N) (Fig. 11) extracted from grapefruits has shown anti-

inflammatory, antioxidant and anticarcinogenic effects (Limasset et al., 1993). 

 

Fig. 11. Naringin 4,5,7-trihydroxyflavanone 7-rhamnoglucosyde. 
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In addition, recent studies have reported that flavonoids may act as CFTR 

direct activators, stimulating transepithelial chloride transport (Fig. 12) 

(Azbell et al., 2010; Pyle et al., 2009; Springsteel et al., 2003; Virgin et al., 

2010; Wegrzyn et al., 2010). 

 

Fig. 12. CFTR activation by flavonoids. 

 

Genistein, a soy-derived isoflavone, has been found to directly activate in vitro 

both wild-type and mutant CFTR and can overcome the affected ATP binding 

to G551D. Recent data indicated that the most likely explanation for the 

stimulatory effect of genistein was through direct binding to an nucleotide-

binding domain (NBD) of phosphorylated CFTR. (Kerem, 2005; Kerem, 

2006). 

Genistein is also effective in human nasal epithelia – particularly on G551D-

CFTR – but unfortunately, at higher concentrations, it inhibits ion transport (al 

Nakkash et al., 2001). Genistein may inhibit CFTR Cl
-
 channels in two ways: 

first, it may interact with NBD1 to strongly inhibit channel opening; second, it 

may bind within the CFTR pore to weakly block Cl¦ permeation. (Becq et al., 

2011). Moderate concentrations of genistein augmented CFTR maturation and 
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increased its localization to the cell surface (Schmidt et al., 2008). The 

encouraging results of pre-clinical studies with genistein provide a basis for 

clinical trials with CF patients. In fact, the Phase II clinical trial with a 

combined treatment (4- phenylbutyrate and genistein) of CF patients with the 

ΔF508 mutation has been started (Clunes et al., 2008). Further studies 

employing flavonoids such as apigenin, kaempferol and quercetin showed 

dose-dependent activation of cystic fibrosis trans membrane conductance 

regulator-mediated Cl currents in human airway epithelium. Flavonoid intake 

from a normal diet can result in a blood concentration of 1–2 μM in humans 

and appear to be well tolerated thus far in human clinical trials (Lim et al., 

2004). 

In search of more effective activators of G551D-CFTR (Springsteel et al., 

2003), some investigators have begun to examine the relationship between the 

chemical structure of flavonoids and their effects on CFTR Cl
-
 channels. This 

study served to identify the pharmacophore portion of the skeletons and the 

molecular basis for interaction with the NBD (Fig. 13). 

 

 

Fig. 13. Identified pharmacophore portions of flavonoids in CFTR activation 

(Springsteel et al., 2003). 

 

Polyphenols with different structure such as pyrogallol has shown anti-

inflammatory properties in CF bronchial epithelial cells exposed to 

Pseudomonas aeruginosa (Nicolis et al., 2008). 
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In the frame of the present PhD project, these findings suggest to design an 

inhalation Naringin form for delivering the drug directly to the site of action. 

Inhalation products (Chuchalin et al., 2009; Heijerman et al., 2009; Parlati et 

al., 2009) seem to be an alternative to oral and parenteral drug administration 

for long-term CF treatment. Among inhalation delivery systems, DPIs (dry 

powder inhalers) are versatile therapeutic systems, dispensing a metered 

quantity of powder in a stream of air, drawn through the device by the patient 

own inspiration in absence of propellants. In a previous study (Sansone et al., 

2009) we reported that the N process via spray-drying, as commercial 

crystalline raw material, was able to produce amorphous material, showing 

improved aerodynamic properties with respect to the raw material. Such 

amorphous micronized form did not show completely satisfying pulmonary 

deposition profiles, probably due to the particles tendency to form aggregates. 

Several strategies (Pilcer and Amighi, 2010), including the use of coarse 

carrier or excipient systems, have been suggested to improve flowability and, 

consequently, aerosol efficiency of dry powders. However, current excipients 

approved for pulmonary drug delivery are limited to few sugars (lactose, 

mannitol and glucose) and an hydrophobic additive (magnesium stearate) 

(Pilcer and Amighi, 2010), due to potential toxicity for lung of other 

ingredients. As a matter of fact, safe and endogenous amino acids (AAs) co-

spray-dried with few drugs showed the ability to modulate drug aerosolization 

behaviour (Chew et al., 2005a; Lucas et al., 1999; Najafabadi et al., 2004). To 

support AAs pulmonary safety, a formulation of Aztreonam and lysine 

(Cayston®, powder for instant solution and inhalation) has been recently 

approved by FDA for the management of CF patients. 
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From a pharmaceutical point of view, manufacture of powders for inhalation 

with aerodynamic diameter in the range of 0.5–5 µm is a technical challenge 

because it requires production of particles reduced in size and respirable, 

while, as well known, small particles undergo strong cohesive forces, resulting 

in increased adhesion and poor flowability. A way to improve flow properties 

of micronized powders is through the addition of excipients, but those 

currently approved (mainly sugars) for pulmonary administration are very 

limited in number (Pilcer and Amighi, 2010). Thus, there is a special need for 

the development and test of other potentially promising excipients for DPI 

products able to increase drug deposition in the lung, acting on the powder 

flow, particle size, geometry and/or surface properties, and in the same time 

which are not toxic for airways. 

Several features appeared to be critical in the design of inhalation form of 

Naringin. First, the manufacturing of dry powder with improved aerodynamic 

properties and satisfying pulmonary deposition profiles, as well as optimizing 

the system of powder micronization and aerosolizing, was required for 

effective delivery of the drug to the airway surfaces. Second, because few are 

materials accepted as pulmonary excipient, we proposed a series of AA 

(arginine, histidine, lysine, leucine, proline and threonine) on the basis of their 

endogenous source and safety profiles for use in human pharmaceuticals. In 

addition some AA, such as leucine and trileucine, may be able to improve 

powder dispersibility and flowability. Third, the outcome of this study on 

aerosolized polyphenol involved its efficacy in reducing CF intrinsic 

inflammation status on CF airways epithelial cell model. 

With these aims, we selected spray-drying technology to transform a liquid 

feed containing N and AAs to produce N/AA powders. Morphology and 

surface, size distribution, density, dissolution rate of a number of N-AAs 
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powders were examined. Their aerodynamic properties were studied using 

Turbospin® as device with the objective to correlate the feed composition 

(ethanol/water and AA/drug ratios) and AA nature to aerodynamic behaviour. 

Finally, the potential anti-inflammatory activity of N and its formulations was 

investigated in CF and non-CF airways epithelial cells. 

 

Spray drying has been used as atomizing technology because it is a one-step 

process widely used in the pharmaceutical industry that converts a liquid feed 

to a dried particulate form. The feed can be a solution, a coarse or fine 

suspension or a colloidal dispersion (e.g., emulsion, liposome, etc.). The fluid 

is first atomized to a spray form that is put immediately into thermal contact 

with a hot gas, resulting in the rapid evaporation of the droplets to form dried 

solid particles. The dried particles are then separated from the gas by means of 

a cyclone, electrostatic precipitator or bag filter. The three fundamental 

operations of the spray drying process are atomization, drying and separation. 

Atomization is the process whereby a liquid is broken up into a collection of 

droplets. Once the liquid is atomized, droplets dry to solid particles through 

intimate contact with heated gas in the drying chamber. After the spray-dried 

powder is formed, it must be separated from the circulating gas medium 

through a cyclone. 

The main components of the spray dryer are (Fig. 14): 

 heating system 

 nozzle atomizer 

 drying room 

 aspirator 

 cyclone 
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 container for collecting finished product. 

 

 

 

 

 

 

 

 

 

 

 

 

The principal advantages of spray drying to obtain a powder suitable for 

pulmonary drug delivery are the ability to manipulate and control a variety of 

parameters such as solvent composition, solute concentration, solution and gas 

feed rate, temperature and relative humidity, droplet size, etc. This allows 

optimization of particle characteristics such as size, size distribution, shape, 

morphology and density, in addition to macroscopic powder properties such as 

bulk density, flowability and dispersibility (Sacchetti and Van Oort, 1996). 

 

2A.2 NARINGIN DRY-POWDERS PRODUCTION AND 

CHARACTERIZATION 

 

Co-spray-drying process of N with arginine, lysine (positively charged side 

chains) or threonine (polar neutral side chain), which display an isoelectric 

point (IP) far from the neutral pH of the feed solutions (Fig. 15), were 

performed in first place. The obtained powders were not respirable and 

Fig. 14. Schematic representation  of the spray dryer equipment. 
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characterized by high particle size (d50 > 5 µm) and high cohesiveness, 

resulting in low yield of the spray-drying process (<40%). Unsatisfying 

pulmonary distribution profiles upon activation of the device were also 

obtained (data not shown).  

 

 

Fig. 15. Isoelectric point (IP) and water solubility of AAs selected as pulmonary excipients. 

 

Using leucine, histidine and proline (AAs with an IP next to 7), very 

interesting results were obtained in terms of flowability and aerodynamic 

performance determined by both SSGI and ACI. The powders were 

characterized in terms of particle size, morphology, bulk and tapped density, 

thermal properties and immediate solubility. Table 2 comprises all 

manufactured powders. 
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Table 2. 

Formulation parameters and responses of N and N/AA dry powders. 

Code # % AA
 a
 

Feed 

solution
 b
 

Spray 

yield 

% 

d50 µm 

and () 

Span 

Code # % AA
 a
 

Feed 

solution
 b
 

Spray 

yield 

% 

d50 µm 

and () 

Span 

N-1 - 3:7 59.4 5.20 (1.56) N-pro 3 5 4:6 60.6 2.93 (2.05) 

N-2 - 4:6 61.2 4.10 (1.68) N-pro 4 10 4:6 67.8 2.99 (2.08) 

N-3 - 1:1 55.9 6.99 (1.71) N-pro 5 5 1:1 66.7 2.74 (1.77) 

N-leu 1 5 3:7 60.7 3.31 (1.68) N-pro 6 10 1:1 64.7 5.34 (1.93) 

N-leu 2 10 3:7 54.4 2.88 (1.47) N-his 1 5 3:7 51.3 2.99 (1.80) 

N-leu 3 5 4:6 68.5 3.02 (1.70) N-his 2 10 3:7 50.6 2.00 (1.85) 

N-leu 4 10 4:6 60.6 2.82 (1.44) N-his 3 5 4:6 62.6 4.21 (1.83) 

N-leu 5 5 1:1 69.0 2.80 (1.74) N-his 4 10 4:6 64.1 4.12 (1.92) 

N-leu 6 10 1:1 63.2 2.75 (1.64) N-his 5 5 1:1 72.0 4.44 (1.72) 

N-pro 1 5 3:7 69.0 2.78 (1.73) N-his 6 10 1:1 71.5 3.72 (1.77) 

N-pro 2 10 3:7 60.0 3.42 (1.82)      

 
 

a
 Relative amount of AA by % in weight compared to the total amount of dry substance 

(2% w/v); 
b
 EtOH/water  v/v content in the feed. 

 

The presence of the AA in the feed formulation influenced the particle size 

distribution (Table 2) as well as the powder density and morphology, although 

the extent of these variations depends on the considered AA. The majority of 

the N-leu and N-pro powders showed a d50 within a range of 2.75–3.42 µm, 

very lower than powders manufactured without AAs (d50 4.10–6.99 µm). Only 

formulation N-pro 6 has a diameter slightly above 5 µm. Increase in the 

ethanol ratio in the feed from 3:7 to 1:1 generally resulted in a higher process 

yield, ranging from about 50–60 up to 70%. Interestingly, for N-his the higher 

was the ethanol content, the larger were both the diameter and process yield 

(Table 2). 

As showed by thermograms of N-leu 1 (Fig. 16c) reported as an example, 

DSC analyses indicated that N-AA powders produced by spray drying were 

amorphous materials. Spray-drying process causes the loss of crystalline 

habitus of both N-raw and Leu-raw as evidenced by the absence of the 
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endotherms corresponding to N crystal melting point at 247 °C (Fig. 16b) and 

Leu crystal melting point at 275 °C in DSC thermograms (Fig. 16a). 

 

 

Fig. 16. Differential scanning calorimetry thermograms of leucine raw material (a), 

Naringin raw material (b) and N-leu 1 (c). 

 

DSC results were confirmed by X-ray assessments, showing no crystalline 

diffrattograms in N-AA powders. As an example, X-ray patterns of crystalline 

N (Fig. 17a) and Leu (Fig. 17b) as raw materials were reported in comparison 

with X-ray pattern of N-leu 1 (Fig. 17c). 
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Fig. 17. X-ray patterns of Naringin raw material (a), leucine raw material (b) and N-leu 1 (c). 

 

It is evident from Fig. 18 that powders containing AA possessed higher tapped 

density than those formulated without excipient. The density increased with 

the increase of both alcohol and AA content in the processed feeds. N-10% 

AA (Fig. 18b) powders showed the highest tapped density values and are 

expected to have the worst aerosolization properties. 

 

 

Fig. 18. Tapped density versus alcohol content in the liquid feed of RawN (X) and N-AA: (▲) 

leucine; (♦) proline, (●) histidine; a) 5% w/w AA; b) 10% w/w AA. 

 

Microscopy observation revealed that the particles morphology was once 

again affected by the nature and percentage of AA as well as by ethanol 

content in the feed. Samples spray-dried from 3:7 ethanol/water feed and 

without AA, appeared as small particles, spherical in shape or very slightly 

corrugated, and their SEM micrographs showed widespread aggregation (Fig. 
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19a). By contrast, samples produced with 5% AA displayed well separated 

particles with corrugated, raisin-like surfaces (Fig. 19b), beneficial for 

particles intended for inhalation. In fact, previous reports suggested that 

improvement of the respirable fraction may be obtained not only by lowering 

the aerodynamic diameter, but also reducing interparticulate cohesion (Chew 

and Chan, 2001; Chew et al., 2005b). Corrugated particles might also be more 

appropriate for dissolution in the lung fluid due to a larger surface area. When 

the ethanol/water ratio increased (from 3:7 to 1:1), particles with smoother 

surface were observed (Fig. 19c and d). Considering that increasing the 

ethanol content in the feed results in higher solubility of N but lower solubility 

of the AA, we speculate that AA may precipitate from feeds on the particle 

surface, shaping smoother particles (Fig. 19d, N-his).  

As it is well known, the spray drying process consists of spraying a liquid 

solution (in this case N/AA in ethanol/water) through a nozzle to obtain liquid 

droplets; then, these droplets are dried by solvent evaporation to form 

microparticles. As previously reported (Sansone et al., 2009), N has higher 

solubility in less polar solvents than in water (e.g. 0.11 g/100 g in water vs 1.1 

g/100 g in ethanol). On the contrary, the solubility of AAs in water is higher 

than in alcohols (e.g. histidine 4.30 g/100 g in water vs 0.76 g/100 g in 

water/ethanol 1/1, v/v) (Nozaki and Tanford, 1971; Peijun et al., 2009). 
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Fig. 19. SEM picture of (a) N-1 (ethanol/water ratio 3:7 N 2%, w/v) and N-5% histidine; (b) 

N-his 1 (ethanol/water ratio 3:7); (c) N-his 3 (ethanol/water ratio 4:6); (d) N-his 5 

(ethanol/water ratio 1:1). 

 

With this in mind, the immediate solubility of the batches was evaluated. 

Dissolution profiles of N-5% his powders, dried from 30, 40 or 50% (v/v) 

ethanol feeds, are reported as an example in Fig. 20.  

An evident improvement of the immediate solubility was obtained for all N-

AA powders with respect to crystalline rawN. In particular, we observed the 

maximum enhancement in powder immediate solubility for batches N-his 5 

(Fig. 20) and N-leu 5 (data not shown). These microparticles were prepared 

from feeds with the highest ethanol content (1:1 (v/v) ethanol/water) and 

showed the highest AA accumulation on the particle shell. 
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In addition, as previously reported for rawN spray-dried powders (Sansone et 

al., 2009), also N-AA microparticles rapidly decrease their solubility in few 

minutes of exposure to solvent, reaching a nearly constant value after 30 min 

(Fig. 20). 

 

 

Fig. 20. Aqueous solubility at 37 °C of rawN (X) and N-5% histidine; (♦) N-his 1 

(ethanol/water ratio 3:7; (●) N-his 3 (ethanol/water ratio 4:6); (▲) N-his 5 (ethanol/water ratio 

1:1). 

 

Similar profiles were observed for all the batches produced (data not shown). 

This behaviour may be justified by a rapid conversion of the amorphous spray-

dried material to a crystalline status which is characterized by lower solubility 

(Hancock and Parks, 2000). 

 

2A.3 AERODYNAMIC BEHAVIOUR OF NARINGIN DRY POWDERS 

 

The in vitro aerosol deposition data are reported in Tables 3 and 4. The 

behaviour of N/AA powders was compared to that of rawN spray-dried 

powders (N-1, N-2, and N-3), used as controls. Results indicated that the AAs 
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generally improved the aerodynamic behaviour, in terms of fine particle 

fraction (FPF).  

In SSGI experiments (Table 3), the mass of powder delivered from 

Turbospin® (emitted dose, ED) was from 81.6 to 92.5%, with the exception of 

N-leu 2 (73%). The last result indicates that more than 27% of powder was 

retained in the capsule and/or in the inhaler device. The reason for such lower 

emission (73%) may be found in the poor flow properties of the powder. 

Moreover, high cohesiveness of N-leu 2 was confirmed by low process yield 

(54.4%) and high tapped density. 

 

Table 3. 

Aerodynamic properties of N and N-AA dry powders after single stage glass impinger 

deposition experiments. All data are shown as mean±SD of three experiments. 

 

 

 

 

 

 

 

 

 

 

 

 ED, emitted dose; FPF, fine particle fraction. 

Code # ED % FPF (%) Code # ED% FPF (%) 

N-1 92.7 ± 0.0 44.5 ± 1.5 N-pro 3 88.0 ± 9.7 43.3 ± 1.7 

N-2 84.2 ± 6.5 40.9 ± 1.4 N-pro 4 86.6 ± 7.2 46.1 ± 1.3** 

N-3 83.9 ± 2.4 38.5 ± 0.1 N-pro 5 85.7 ± 2.6 38.2 ± 3.9 

N-leu 1 89.5 ± 4.8 51.3 ± 1.6** N-pro 6 87.4± 3.5 34.1 ± 2.1* 

N-leu 2 73.6 ± 7.5 40.2 ± 1.5* N-his 1 91.8 ± 4.7 49.2 ±1.1* 

N-leu 3 89.0 ± 5.5 52.0 ± 1.1** N-his 2 85.9 ± 8.3 47.1 ± 2.0 

N-leu 4 83.3 ± 4.9 50.9 ± 3.9* N-his 3 92.5 ± 3.0 41.5 ± 3.1 

N-leu 5 81.6 ± 7.4 45.3 ± 1.1** N-his 4 88.8 ± 1.2 34.4 ± 0.8** 

N-leu 6 81.9 ± 7.4 44.0 ± 2.9* N-his 5 86.5 ± 6.5 29.7 ± 1.6** 

N-pro 1 92.1 ± 4.7 57.2 ± 1.4** N-his 6 84.0 ± 5.0 37.3 ± 1.9 

N-pro 2 92.0 ± 3.7 45.6 ± 2.9    

 

Despite the overall satisfying values of ED, a variation in FPF was observed 

depending on the AA used, its concentration and alcohol content in the feed. 

The highest FPFs (about 50%) were obtained for batches processed from 3:7 
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ethanol/water and 5% AA solutions. Generally, an increase in ethanol content 

(up to 40 or 50%, v/v) and AA (from 5 to 10%, w/w) concentration led to 

significantly lower FPFs (from 50% to 29.7%), indicating a worsening in the 

powders aerosolization properties.  

MMAD, FPF and FPD values derived by ACI deposition studies confirmed 

the observed AA and alcohol concentration-dependent trends (Table 4). For 

inhalation into the lower airways and into the deep lung, a better dispersibility 

of particles with MMAD < 5 µm is definitely a prerequisite. 

 

Table 4. 

Aerodynamic properties of N and N-AA dry powders after Andersen cascade impactor 

deposition experiments. All data are shown as mean±SD of three experiments.  

 

Code # MMAD FPF % FPD mg Code # MMAD FPF % FPD mg 

N-1 3.72 ± 0.04 44.7 ± 1.5 7.54 ± 0.8 N-pro 3 2.81 ± 0.0** 60.7 ± 1.2** 8.53 ± 0.2* 

N-2 3.85 ± 0.06 46.0 ± 0.9 6.87 ± 0.7 N-pro 4 3.42 ± 0.1** 44.8 ± 1.7 6.24 ± 0.1 

N-3 3.89 ± 0.15 43.0 ± 0.5 6.56 ± 0.1 N-pro 5 3.92 ± 0.1 43.9 ± 0.6 6.52 ± 0.1 

N-leu 1 2.77 ± 0.06** 63.4 ± 1.2** 8.47 ± 0.1 N-pro 6 3.90 ± 0.1 42.5 ± 0.9 5.30 ± 0.2** 

N-leu 2 4.14 ± 0.21** 43.2 ± 2.1 5.93 ± 0.1 N-his 1 2.75 ± 0.0** 64.0 ± 0.2** 8.87 ± 0.6 

N-leu 3 2.89 ± 0.16** 60.7 ± 1.9** 8.17 ± 0.0* N-his 2 2.24 ± 0.1** 67.4 ± 1.2** 7.73 ± 0.3 

N-leu 4 3.13 ± 0.15** 54.3 ± 3.2* 6.39 ± 0.1 N-his 3 3.94 ± 0.1 43.9 ± 0.9* 6.45 ± 0.5 

N-leu 5 3.06 ± 0.31* 53.2 ± 1.9** 6.61 ± 0.1 N-his 4 4.13 ± 0.1** 35.9 ± 1.6** 4.57 ± 0.7 

N-leu 6 3.91 ± 0.18 42.5 ± 0.7 5.30 ± 0.1** N-his 5 n.d. n.d. n.d. 

N-pro 1 2.68 ± 0.10** 63.4 ± 0.5** 9.55 ± 0.6* N-his 6 n.d. n.d. n.d. 

N-pro 2 3.61 ± 0,11 49.7 ± 0.9** 6.18 ± 0.3*     
 

MMAD, mass median aerodynamic diameter; FPF, fine particle fraction; 

FPD, fine particle dose. 

 

As evident from Fig. 21, N-10% AA powders, spray-dried from 50% ethanol 

feeds had the lowest FPF, corresponding to an undesirable increase of the 

powders deposition into the throat. By contrast, N-his 1, N-leu 1 and N-pro 1 
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showed the best aerodynamic properties in terms of both FPF (about 64%) and 

FPD (8.47–9.55 mg) and gave satisfactory pulmonary deposition profiles (Fig. 

21). 

 

 

 

Fig. 21. Andersen cascade impactor deposition pattern of N dry powders from feeds 

containing: 30% (v/v) ethanol (black bars); 40% (v/v) ethanol (white bars); 50% (v/v) ethanol 

(dotted lines bars) and (a) 5% leucine, (b) 10% leucine, (c) 5% proline (w/w), (d) 10% proline, 

(e) 5% histidine, (f) 10% histidine. 

 

Altogether our data indicate that, when compared to N spray-dried alone, 

powders processed with 5% AAs from 3:7 ethanol/water and, particularly, N-

leu 1 show relatively high improvement of FPF. Higher FPF is due to two 

types of effects: a reduction in the capsule and device retention and/or an 
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increase in the powder dispersibility. The latter effect is likely related to the 

absence of aggregates and high degree of particle surface corrugation (Fig. 

19). In agreement with previous reports, surface corrugation may decrease 

interparticulate cohesion by reducing Van der Waals forces between the 

particles and, consequently, increase the powder respirability (Chew and 

Chan, 2001; Chew et al., 2005b). 

Another noteworthy finding of our research is the surprisingly high bulk 

density values observed for batches N-his 2 and N-leu 3, characterized by 

almost satisfying FPF (>60%) and FPD (>7.73 mg) (Table 5). From an 

industrial perspective, high bulk density values imply that the powders are 

easy to handle and can be introduced in increased amounts into the gelatine 

capsules; from a therapy point of view, an increased dosage imply a reduced 

dosage frequency. Therefore, the ACI deposition experiments were repeated 

on the capsules containing a double amount (40 mg vs 20 mg) of micronized 

powders. DPIs containing 40 mg of powders were able to emit almost doubled 

FPDs compared to DPIs charged with 20 mg (Table 5). This result allows to 

raise the FPD emitted after a single device actuation from about 6.9–8.2mg 

(N-1, N-2, N-his 2, and N-leu 3) to 16.2–18.6 mg (N-his 2 bis and N-leu 3 

bis), keeping the FPF at about 60%. Higher dosages are more suitable for 

long-term treatment of CF patients and, moreover, we expected compliance to 

be major if dosage frequency is reduced. 
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Table 5. 

Bulk density and aerodynamic properties after Andersen cascade impactor deposition 

experiments of selected N dry powders. 

Code # 
Bulk density 

g/cm3 
FPF % FPD mg 

N-1 0.068 44.7 ± 1.5 7.54 ± 0.8 

N-2 0.059 46.0 ± 0.9 6.87 ± 0.7 

N-his 2 (20 mg) 0.094 67.4 ±1.2 7.73 ± 0.3 

N-leu 3 (20 mg) 0.095 60.7 ± 1.9 8.17 ± 0.0 

N-his 2 bis (40 mg) 0.094 59.7 ±1.2 16.2  ± 0.3 

N-leu 3 bis (40 mg) 0.095 60.0 ± 2.6 18.6 ± 0.4 

 
 

FPF, fine particle fraction; FPD, fine particle dose 

 

 

 

 

 

2A.4 IN VITRO BIOLOGICAL ACTIVITIES OF N DRY-POWDERS IN 

BRONCHIAL EPITHELIAL CELLS 

 

Aim of the research was also to investigate whether N and its formulations 

could affect intrinsic inflammation of airways epithelium in CF patients. For 

this scope, we tested rawN, N-1 and N-leu 1 in two immortalized cell lines as 

in vitro models: one, called CuFi1 (CF cells), was derived from human airway 

epithelial (HAE) cells of CFTR ΔF508/ΔF508 mutant genotype, the other, 

called NuLi1 (normal lung), was derived from a non-CF subject and used as 

control. These cell lines exhibited transepithelial resistance, maintained the ion 

channel physiology expected for the genotypes and retained NF-κB responses 

to inflammatory stimuli (Dechecchi et al., 2008; Zabner et al., 2003).  
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Effect of N and its formulations on cell viability 

Preliminary studies were performed to determine the cytotoxic drug 

concentration for these cell line models. After a 24 h treatment, rawN did not 

significantly affect cell viability, as determined by MTT assay in the 

concentration ranging from 15 to 150 µM (data not shown), but it caused a 

dose-dependent reduction of cell growth of different extent in NuLi1 and 

CuFi1 cells, from 60 to 150 µM (Fig. 22a). N-1 did not show a significant 

effect on proliferation in both cell lines (Fig. 22b), except a slight reduction of 

cell growth at the highest concentration (150 µM, P < 0.05). N-leu 1 induced a 

dose-dependent and significant cell growth inhibition only in normal bronchial 

NuLi1 cells (Fig. 22c), while it determined a 14% increase of cell proliferation 

in CuFi1 cells at the highest dose (150 µM). In conclusion, neither rawN nor 

N-1 and N-leu 1 are cytotoxic or cytostatic in both CF and non-CF bronchial 

epithelial cells at concentrations lower than 60 µM. To evaluate the 

contribution of the AA to the increased cell proliferation induced by N-leu 1 in 

CuFi1, Leu spray-dried alone was also tested. The AA did not show any 

significant effect in NuLi1 cells while it was able to increase CuFi1 cell 

proliferation at all the concentrations tested (Fig. 22d).  
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Fig. 22. Naringin and its DPI formulations do not inhibit CuFi1 and NuLi1 cell proliferation at 

concentrations lower than 60 µM. Cells were treated for 24 h with: (a) raw Naringin (rawN), 

(b) spray-dried Naringin (N-1), (c) N co-sprayed with 5% leucine (N-leu 1) at concentrations 

from 15 to 150 µM, and (d) spray-dried leucine (Leu) at concentrations corresponding to those 

contained in N-leu 1 (from 0.8 to 7.5 µM). Cell growth was determined using a colorimetric 

bromodeoxyuridine (BrdU) cell proliferation ELISA kit. The histograms report the percentage 

of growing cells in comparison with untreated cells (control, 100% proliferation). All data are 

shown as mean ± SD of three independent experiments each done in duplicate (*P < 0.05 and 

**P < 0.01 vs control). 

 

This finding suggests that the technological improvement of immediate drug 

solubility and powder flowability, as well as the presence of the AA in N-Leu 

1, may increase the drug uptake and improve the CF cell altered metabolism, 

reducing the toxicity observed for unprocessed rawN (Fig. 22a). In 

accordance, increased and altered basal protein catabolism has been reported 
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in CF patients by many reports (Holt et al., 1985; Levy et al., 1985; Switzer et 

al., 2009).  

 

Effect of N and its formulations on NF-B pathway 

To study the anti-inflammatory effects of N in CF cells, we investigated the 

main molecular targets of NF-B and MAPK/ERK pathways in CuFi1 in 

comparison to normal bronchial NuLi1 cells. The NF-B pathway is well 

known to play a crucial role in inflammatory process (Yamamoto and Gaynor, 

2001). In resting cells, the transcription factor NF-B exists as homo- or 

heterodimer, maintained inactive in the cytosol by a family of inhibitor 

proteins named IBs (IBα, β, ε). In response to a wide range of stimuli such 

as cytokines and bacterial or viral products, IB proteins are phosphorylated 

by IB kinases (IKKα and β), ubiquitinated and degraded by the 26S 

proteasome. As a consequence, NF-B dimers can localize into the nucleus 

and positively regulate the transcription of proinflammatory genes (Hayden 

and Ghosh, 2004). This pathway is overactivated also in absence of any 

infection (Lyczak et al., 2002; Rottner et al., 2007; Verhaeghe et al., 2007) in 

CF cells, as previously reported.  

In our experiments, CuFi1 cells exhibit higher expression levels of IKKβ, 

phosphoIKBα and phosphoERK 1/2 proteins compared to their normal 

counterpart NuLi1 cells (data from Western Blot analysis not shown). The 

effects of rawN, N-1 and N-Leu1 at sub-toxic concentrations (30 µM) were 

evaluated at 2, 6 and 24 h on IKKβ and IBα kinases, measuring both the 

expression levels and the phosphorylation status of the main molecular targets 

of the NF-B pathway (i.e. IKKα, IKKβ and IBα). Results are reported in 

Fig. 23. 
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As regards to IKKα, N1 and N-leu1 caused a reduction of IKKα but rawN did 

not in CuFi1 cells, while all powders did not cause any significant effect in 

NuLi1 cells (Fig. 23b). As IKKβ, its expression was generally reduced in 

CuFi1 cells: the highest decrease was observed at 6 h in N-leu 1-treated cells 

(Fig. 23b). In normal bronchial epithelial cells, IKKβ expression was slightly 

reduced, particularly at 6 h (by N1) and 24 h (by N-leu1). Interestingly, the 

observed reduction of expression levels of both the enzymatic subunits of the 

IKK complex in CuFi led to a significant and prolonged decrease of IBα 

phoshorylation. In fact, this effect started early (2 h) and was retained all over 

the treatment time (24 h) in CF bronchial epithelial cells (Fig. 23a). On the 

contrary, in normal bronchial epithelial cells only a delayed (24 h) decrease of 

IBα phosphorylation was observed as a consequence of the reduction of 

IKKβ subunit only expression level. Leucine spray-dried alone did not give 

any significant result in all Western Blot analyses (data not shown). 

Previous evidence indicates that IKKβ plays a more crucial role for NF-B 

activation in response to pro-inflammatory cytokines and microbial products 

(Verhaeghe et al., 2007), even though both the catalytic subunits of the IKK 

complex are able to regulate NF-B activation and have a complementary role 

in the control of inflammation (Descargues et al., 2008). These observations 

are in agreement with our results, showing that N formulations are effective in 

inhibiting both IKK subunits expression, and therefore caused a prolonged 

reduction of IBα phosphorylation in CuFi1 cells, whereas the observed slight 

reduction of IKKβ subunit only may justify the delayed effect on IBα 

observed in NuLi1 cells.  
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Fig. 23. Naringin and its DPI formulations inhibit the key enzymes of the NF-B pathway in 

CF bronchial epithelial cells. CuFi1 (a) and NuLi1 (b) cells were treated with raw Naringin 

(rawN), spray-dried Naringin (N-1) and N co-sprayed with 5% leucine (N-leu 1) at 30 µM 

concentration for the indicated time points. Cell lysates were analyzed by Western blot with 

antibodies against IKKα, IKKβ and pIBα. Same filters were stripped and re-probed with total 

IBα and anti-actin used as loading control. More representative results are shown (upper 

panels). Immunoreactive bands were quantified using Quantity One program. Densitometric 

analyses (mean ± SD) of three independent experiments are reported as relative intensity of 

IKKα, IKKβ or pIBα/IBα on actin and expressed as arbitrary units vs control (lower 

panels). (*P < 0.05 and **P < 0.01 vs control). 

 

Effect of N and its formulations on MAPK/ERK pathway 

As concerns the effect on the MAPK/ERK pathway, results (Fig. 24) showed 

that N and its formulations, in both NuLi1 and CuFi1 cells, modulate 

negatively the MAPK/ERK cell signaling pathway, which is known to activate 

the transcription factor AP-1 required for cytokine transcription and 

production (Karin, 1995). 

However, the effect is very pronounced for N-Leu1 at 6 h and prolonged until 

24 h in CF bronchial epithelial cells, with respect to non-CF NuLi1 cells. Also 

in this case, leucine alone did not induce any change in ERK 1/2 

phosphorylation (data not shown). 

Altogether our findings indicate that N-Leu 1 is able to inhibit both 

MAPK/ERK and NF-B pathways, which are over activated in bronchial 

epithelial cells from CF patients also in absence of infections.  
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Fig. 24. Naringin and its DPI formulations reduce ERK1/2 phosphorylation in CF airway 

bronchial epithelial cells. CuFi1 (a) and NuLi1 (b) cells were treatedwith raw Naringin 

(rawN), spray dried Naringin (N-1) and N co-sprayed with 5% leucine (N-leu 1) at 30 µM 

concentration for the indicated time points. Western blot analysis with anti-pERK1/2 (pERK) 

was performed on cell lysates. Membranes were stripped and re-probed with total ERK1/2 

(ERK) and actin as loading control. More representative results are shown (upper panels). 

Immunoreactive bands were quantified using Quantity One program. Densitometric analyses 

(mean ± SD) of three independent experiments are reported as relative intensity of 

pERK/ERK on actin and expressed as arbitrary units vs controls (lower panels). (*P < 0.05 

and **P < 0.01 vs control). 
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Effect of N and its formulation on Interleukin-8 (IL-8) and interleukin-6 

(IL-6) release 

To further provide evidence about the anti-inflammatory activity of N-Leu1, 

we investigated the direct effect of N-Leu 1 on the main cytokines involved in 

inflammatory response, interleukin 8 (IL-8) and interleukin 6 (IL-6). To this 

aim, CuFi1 cells were treated with N-Leu1 at 30 and 60 µM in the presence 

and absence of LPS-stimulation from Pseudomonas aeruginosa. Results (Fig. 

25) showed that N-Leu1 inhibited both cytokine production in unstimulated as 

well as in LPS-stimulated CuFi1 cells. Particularly, N-Leu1 inhibited the 

production of IL-8 more than IL-6 and this effect was much evident in 

unstimulated cells. 

These data indicate that the inhibition of NFkB and ERK pathways by N-Leu1 

results directly in a reduction of the release of pro-inflammatory cytokines 

corroborating the efficacy of N-Leu 1 in controlling the pro-inflammatory 

status of CF cells in the presence as well as in the absence of bacterial 

stimulation. However, LPS-stimulated cytokine secretion is dependent on 

Toll-like receptor-4 (TLR-4) signaling. TLR-4 expression is reduced in the CF 

airway epithelial cells, possibly because of a diminished translocation of the 

receptor to the cell surface. This is associated with a reduced possibility of CF 

cells to counteract the LPS-induced inflammatory response from gram-

negative bacteria maybe predisposing the CF lung to bacterial colonization 

and chronic infection (John et al., 2010). 
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Fig. 25. Effect of Naringin co-sprayed with 5% leucine (N-leu 1) on basal and LPS-induced 

secretion of IL-8 (A) and IL-6 (B) in Cystic Fibrosis bronchial epithelial (CuFi1) cells. Data 

are presented as mean percentage of released cytokines in the control supernatants (untreated 

and unstimulated) ± SD of two independent experiments each done in duplicate. (*P < 0.05 vs 

control supernatants). 
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2A. 5 Conclusions 

 

Naringin is a natural polyphenol with anti-inflammatory potential for cystic 

fibrosis treatment. N/AA dry powders, produced by co-spray drying N and 

AAs in the appropriate ratio, were found to have improved aerodynamic 

properties, showing high FPFs (> 60%), low impact loss, capsule and device 

retention. The use of leucine as excipient was useful to reduce adhesion 

between particles and improve powder dispersion when delivered from dry 

powder inhalers. Therefore, a careful formulation plays a key role in affecting 

the aerosol performance of N-dry powders. N-Leu1 was proposed as the 

formulation with optimized bulk and aerodynamic behavior. 

N-Leu1, N1 and rawN were tested in vitro on CF and normal bronchial 

epithelial cells, to establish if the particle engineering has positive effect on 

biological activity. Since defective CFTR function induces the expression of 

pro-inflammatory mediators, CF cells show constitutive NF-B 

hyperactivation and ERK upregulation, resulting in increased levels of pro-

inflammatory mediators also in absence of any infection. Dry powder N-Leu1, 

at sub-toxic concentrations, is able to negatively modulate both NF-B and 

MAPK/ERK pathways in absence of stimulation in bronchial epithelia, with 

higher effects in CF cells (CuFi1) than in normal (NuLi1) bronchial cells. In 

addition, N-Leu1 is able to reduce the overexpressed Il-8 and Il-6 production 

in CuFi1 cells both in basically and LPS-stimulated conditions, confirming the 

efficacy of this formulation in controlling CF chronic inflammation. 

These findings, together with the already reported anti-inflammatory and 

antioxidant properties of Naringin, support a potential use of N/AA-DPI as 

MAPK and NF-B inhibitors to treat lung intrinsic inflammation and prevent 

tissue damages in CF patients. 
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SECTION B 

 

DESIGN AND DEVELOPMENT OF STABLE GENTAMICIN 

MICRONIZED POWDERS BASED ON 

SUPERCRITICAL ASSISTED ATOMIZATION 

OR SPRAY-DRYNG TECHNIQUES 
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2B BACKGROUND, RATIONALE OF THE SELECTION OF 

GENTAMICIN, AIMS 

 

Pulmonary infections are the major cause of morbidity and mortality in cystic 

fibrosis (CF), with Pseudomonas aeruginosa (Pa) acting as the principal 

pathogen. The viscous mucus lining the lung of CF patients impairs the 

mucociliary function, facilitating recurrent and chronic respiratory infections 

caused mainly by Pa but also by Haemophilus influenzae, Bulkolderia cepacia 

(Mukhopadhyay et al., 1996; Ramsey et al., 1999). Treatment of lung disease 

by antibiotics is an accepted standard in CF cure aiming at reducing decline in 

lung function and number of hospitalizations (Prayle et al., 2010). 

Aminoglycosides, such as gentamicin sulfate (GS) (Fig. 26), are indicated in 

the management of acute exacerbations of CF as well as in the control of 

chronic infection and the eradication of Pa infections. Aminoglycosides are 

very commonly used for severe gram-negative infections. 

·H2SO4  

 

Fig. 26. Gentamicin sulfate structure. 
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The antibacterial activity results from binding to the bacterial 16S ribosome 

unit, causing misreading of messenger RNA codons. The drugs are routinely 

administered for its antibacterial effect both intravenously and topically. 

However, their use is limited by a lack of bioavailability owing to 

gastrointestinal absorption and by severe renal toxicity and ototoxicity at 

relatively low serum concentrations. Moreover, parenteral administration of 

aminoglycosides requires high doses due to their high polarity and, 

consequently, reduced penetration into the endobronchial space (Mendelman 

et al., 1985). Administration of aminoglycosides by inhalation has become a 

common and standard therapy in patients with cystic fibrosis and has minimal 

side effects. This route results in higher concentrations in the respiratory 

system than does the intravenous route, with very low serum concentrations. 

Aerosolized aminoglycosides may deliver the drug directly to the site of action 

and reduce systemic toxicity and side effects, including severe kidney damage 

and hearing loss (Geller, 2009; Parlati et al., 2009). Various clinical studies on 

gentamicin inhalation treatment in cystic fibrosis patients chronically infected 

with Pseudomonas aeruginosa have shown that antibiotic solutions for aerosol 

treatment produce both subjective and objective improvement. Interestingly, 

among aminoglycosides, GS has shown the ability to partially restore the 

expression of the functional protein CFTR (cystic fibrosis transmembrane 

conductance regulator) in CF mouse models bearing class I nonsense 

mutations (Clancy et al., 2001; Du et al., 2002; Wilschanski et al., 2000; 

Wilschanski et al., 2003). In particular, Du and coll. (Du et al., 2002) 

demonstrated that GS was able to induce the expression of a higher CFTR 

level compared to tobramycin. Aminoglycoside antibiotics can suppress 

premature termination codons by allowing an amino acid to be incorporated in 
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place of the stop codon, thus permitting translation to continue to the normal 

end of the transcript (Fig. 27). 

Aminoglycoside antibiotics can reduce the fidelity of translation, 

predominantly by inhibiting ribosomal “proofreading”, a mechanism to 

exclude matched amino acyl–transfer RNA from becoming incorporated into 

the polypeptide chain. In this way aminoglycosides increase the frequency of 

erroneous insertions at the nonsense codon and permit translation to continue 

to the end of the gene, as has been shown in eukaryotic cells (Burke et al., 

1985), including human fibroblasts (Buchanan et al., 1987) .The susceptibility 

to suppression by aminoglycosides depends on the stop codon itself and on the 

sequences surrounding it. 

AAU AUA GUU CUU UGA

Asn

Gentamicin

Val Leu nnnIle
 

 

Fig. 27. Proposed mechanism for suppression of premature termination codon by gentamicin. 

 

Howard et al. demonstrated that two CFTR–associated stop mutations could 

be suppressed by treating cells with low doses of an aminoglycoside antibiotic 

(Howard et al., 1996). Bedwell et al. demonstrated that after incubation of 

bronchial epithelial cell line IB3-1, which carries a W1282X mutation of 

CFTR, with aminoglycosides, cyclic AMP (cAMP)-activated chloride 

conductance and the expression of functional CFTR were restored to the apical 

membrane (Bedwell et al., 1997). Zsembery et al. isolated cholangiocytes 

from the liver of a patient carrying the G542X mutation of CFTR and 
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incubated them with gentamicin, resulting in the expression of cAMP-

activated chloride transport (Zsembery et al., 2002). Thus, in vitro, gentamicin 

obviated the effect of stop-codon mutations on the transcription and translation 

of CFTR. This effect has subsequently been demonstrated in a number of 

models of other diseases caused by stop mutations, including muscular 

dystrophy (Barton-Davis et al., 1999), Hurler‟s syndrome (Keeling et al., 

2001), cystinosis (Helip-Wooley et al., 2002), late infantile neuronal ceroid 

lipofuscinosis (Sleat et al., 2001), and disorders involving the p53 gene 

(Keeling et al., 2002). 

Although aerosolized antibiotics were first introduced in therapy in the „50s, 

recently approved products for life-threatening lung infections in CF are 

limited to solutions for nebulization (TOBI
®

, Bramitob
®
 and Cayston

®
). 

Generally, aqueous solutions for inhalation are time consuming, difficult in the 

dose handling and require routine maintenance in order to avoid bacterial 

contamination. Moreover, liquid formulations may deliver low and variable 

drug amount when nebulized and cause drug chemical instability, as well. Dry 

powder inhalers (DPI) decrease the burden of treatment and offer more 

freedom to patients as they are breath-actuated, propellent-free and easy to be 

transported (Khassawneh et al., 2008). In addition DPI containing drugs as 

micronized powder are able to aerosolize and deliver a metered and high 

amount of the active principle to the respiratory tract. They seem to be more 

suitable than liquid nebulizer products especially for antibiotic pulmonary 

therapy, which requires larger drug doses compared to bronchodilator or 

steroidal therapy.  

As for other drugs, the exposure to organic solvents, interfaces, and stringent 

physical conditions of temperature and cavitational or shear forces can lead to 

structural changes which can have an effect on gentamicin integrity, although 

gentamicin sulphate is stable in aqueous buffers over a wide pH and 
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temperature range (Prior et al., 2000). Among physico-chemical properties of 

gentamicin sulfate (highly water soluble polar cation, highly hydrophilic, H-

donator) influencing its stability, some authors pointed out the high 

hygroscopicity (Della Porta et al., 2010). For an inhalation product, 

hygroscopicity can interfere with the production of respirable particle during 

aerosol generation. In addition, as particles enter the airways, they may be 

subject to hygroscopic growth due to the highly humid environment, which 

reduces lung deposition. 

Therefore, the first aim of the research was to develop micronized gentamicin 

powders, easy to handle and stable for long time; the second goal was to 

obtain a dry powder suitable for pulmonary administration. Final purpose of 

the project was also to compare spray-drying versus a new atomization 

technology, supercritical fluids assisted atomization (SAA), in the processing 

of gentamicin sulphate. 
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PART 1: PRODUCTION OF MICRONIZED GENTAMICIN 

POWDER BY SAA (Supercritical Assisted Atomization) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: G. Della Porta, R. Adami, P. Del Gaudio, L. Prota, R.P. 

Aquino, E. Reverchon. “Albumin/Gentamicin Microspheres Produced by 

Supercritical Assisted Atomization: Optimization of Size, Drug Loading and 

Release”. Journal Pharmaceutical Sciences. 2010, 99: 4720 – 9. 
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2B 1.1 BACKGROUND AND AIM 

 

The first part of the project was devoted to verify the feasibility of 

Supercritical Assisted Atomization (SAA) process in the production of 

gentamicin sulphate (GS) powders with decreased hygroscopicity and particle 

size. 

Preliminary experiments showed that neat GS powders processed by SAA 

technology retained its high hygroscopicity; therefore, the next step of the 

research was aimed to load GS on a biodegradable and biocompatible carrier, 

able to prevent physical and chemical degradation. Polymers such as cellulose, 

alginates, chitosans, pectins, chemically inert, non-toxic, biocompatible and 

easily sterilized, have been used for this scope. Recent studies have 

demonstrated that proteins could be a viable alternative to polysaccharides 

(Das et al., 2005; Kim et al., 2004; Haswani et al., 2006). A pharmaceutical-

grade albumin, the most abundant of the whey protein, has recently been 

proposed as drug carriers. Such microsystems, for albumin non-antigenic 

properties, biodegradable, biocompatibility (Willmott et al., 1985), are able to 

controll the release of drugs, particularly antibacteric drugs. Therefore, in the 

frame of the present PhD project, BSA was selected as proteic carrier of GS 

and SAA as processing technology to obtain stable microsystems. 

The SAA process (Fig. 28) consists of dissolving the SC-CO2 in a liquid 

solution and, then, spraying this mixture using a 80 µm injector device to 

obtain droplets; then, these droplets are evaporated by warm nitrogen to form 

microparticles, as performed in conventional spray-drying. 
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Fig. 28. Schematic representation of SAA apparatus. 

 

The enhanced atomization obtained by SAA is due not only to the pneumatic 

atomization obtained by means of injector, but, also to the so-called 

decompressive atomization that is due to the fast release of solubilized CO2 

from the primary droplets, forming smaller secondary droplets (Della Porta G 

et al., 2007). Moreover, the presence of dissolved CO2 reduces the surface 

tension of the liquid, inducing a more efficient pneumatic atomization: as a 

result, more uniform and smaller droplets (i.e., particles) can be obtained by 

SAA process. The solubilization of SC-CO2 in the liquid solution inside the 

saturator is one of the key steps controlling the efficiency of the SAA process. 

The solubility of SC-CO2 in liquids depends on the solvent chemical nature 

and on temperature and pressure in the saturator. Moreover, it can also be 

influenced by the presence of solute dissolved in the liquid. In the SAA 
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process, gas and liquid flow rates are selected to obtain residence times of 

some minutes (from 5 to 8 min) in the saturator to assure efficient gas 

dissolution in the liquid solution. The selected mass flow ratio between CO2 

and liquid solution is related to the equilibrium of the system 

CO2/solvent/solutes in the saturator. Indeed, when pressure and temperature 

are set, the mass flow ratio between CO2 and the liquid solution fixes the 

position of the process operating point in the pressure-composition plane. The 

most efficient decompressive atomization (that enhances the efficiency of 

SAA process) is obtained when the operating conditions of pressure and 

temperature are chosen into the one phase region, since all CO2 will dissolve 

into the liquid solution and a supercritical solution is obtained. However, when 

water is selected as liquid solvent (as in our case), at pressures and 

temperatures between 10–10.5 MPa and 80– 90°C, the solubility of CO2 in the 

aqueous solutions is low; that is, the operating point always falls into a two 

phase gas–liquid region. Therefore, when aqueous solutions are used, the 

effect of the mass flow ratio on the composition of the phases formed in the 

saturator is reduced and the decompressive atomization is weakly influenced 

by this process parameter. 

 

2B 1.2 PRELIMINARY SAA TEST ON BSA AND GS 

 

The first step of the research was to verify the SAA processability of GS and 

BSA as pure, single compounds. 

Following the consideration reported above, GS was micronized by SAA 

using a concentration of 10 mg/mL of drug in water, a mass flow ratio (R) 

between CO2 and water of 1.8, temperature in the saturator of 80°C and a 

pressure of 10.5 MPa; the temperature in the precipitator was set at 100°C. A 
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SEM image of the produced powder is reported in Figure 29 and shows that 

the particles obtained are spherical, with a mean size of 1.3 µm (SD ± 0.5 µm). 

The precipitated powder was light yellow; whereas the untreated GS is a white 

powder, suggesting that the drug was partly degraded during the process. This 

hypothesis was confirmed by HPLC–UV analysis performed on the 

micronized GS that revealed the presence of 3.3% of decomposed drug after 

SAA processing. As stated before, the residence time in the pre-mixing 

chamber is of 5–8 min at 80°C; therefore, GS should not degrade during this 

part of the process, whereas, it is reasonable to asses that the drug degradation 

occurred when it was warmed up to 100°C in the precipitator chamber where, 

the residence time of the micronized drug is much higher (25 min, for 

example, for a SAA run in which are processes 500 mL of solution). 

 

 

Figure 29. SEM image of GS precipitated from water. Saturator conditions: 80°C and 10.5 

MPa; Precipitator temperature: 100°C; concentration injected: 10 mg/mL. 

 

BSA micronization was performed using the same mass flow ratio between 

CO2 and water (R = 1.8); the saturator pressure and temperature conditions 
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were of 85°C and 10.5 MPa with a temperature in the precipitator of 100°C. In 

these conditions, spherical and well separated particles have been obtained and 

a characteristic SEM image of the produced particles is reported in Figure 30. 

 

 

Figure 30. SEM image of BSA precipitated from water. Saturator conditions: 85°C and 10.5 

MPa; Precipitator temperature: 100°C; concentration injected: 20 mg/mL. 

 

BSA denaturation is fundamental for the use of this protein as a controlled 

release device, indeed it is the heat treatment that increases the hydrolytic 

resistance of the protein generating the unfolding of the α-helices and the 

following formation of the disulfide bridges. In this sense, the SAA 

technology may combine the micronization and the thermal denaturation of 

the protein with the microencapsulation of GS in the protein. To select the 

better operation temperature for BSA denaturation, FTIR analyses were 

performed on the protein increasing the temperature from 30 to 150°C; the 

obtained signals showed that at temperatures higher than 90°C some 

modifications occurred in the range between 3200 and 3700 cm
-1

, confirming 

the protein unfolding process. Following the FTIR spectra indications, some 

tests of BSA micronization were also performed using precipitation 



Results and Discussion 

 

81 

 

temperatures of 110 and 130°C and the corresponding SEM images of the 

particles obtained are reported in Figure 31a and b, respectively. In all cases 

microparticles were obtained and the water solubility of the processed BSA 

was significantly decreased; that is, the microparticles were formed by stable 

hydrophobic aggregates due to the irreversible unfolding of the protein. 

However, especially when operating at 130°C more collapsed particles were 

produced (see SEM images in Fig. 31b). 

Particularly, collapsed BSA particles were collected always when operating at 

temperatures up to 100°C in the precipitation chamber; this phenomenon can 

be due to faster water evaporation from the droplets which can modify their 

shape. Indeed, as suggested by Iskandara et al. (Iskandara et al., 2003), when 

increasing the air temperature into a conventional spray-drier, local 

temperature gradients are created on the droplet surface. This causes two types 

of effects: the thermophoretic displacement of the solute toward the surface of 

the droplet and specific microcirculations inside a droplet. The solute particles 

move towards the peripheric regions of the droplet, and, as a result, a stronger 

droplet deformation occurs. Collapsed microparticles are undesirable due to an 

expected less uniform drug release with respect to the spherical shaped 

particles; therefore, a precipitating chamber temperature of 100°C was selected 

in the following part of the study. 
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Fig. 31. SEM images of BSA microspheres obtained by SAA from water solutions at different 

precipitator temperatures: (a) 110°C, (b) 130°C. Saturator conditions: 85°C and 10.5 MPa; 

concentration injected: 20 mg/mL. Some collapsed particles are produced in both cases, 

however, they are more evident when a temperature of 130°C was used in the precipitator. 
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2B 1.3 SAA TEST FOR BSA/GS MICROSPHERES PRODUCTION 

 

After verifying the SAA processability of the two pure compounds, systematic 

coprecipitation tests 

were performed to prepare BSA/GS loaded microparticles from the ternary 

system formed by BSA and GS dissolved in water. This ternary system can 

have very complex behavior at high pressure in presence of SC-CO2 and could 

show significative different behaviors from the binary ones: BSA/water and 

GS/water. Indeed, in the SAA saturator a quaternary mixture is formed and the 

interactions between these components may influence the process results in 

terms of process stability and particle morphology. The operating SAA 

conditions (pressure, temperatures, and flow ratios) at which both BSA and 

GS individually showed good results, in terms of particles morphology were 

used and protein/drug ratios (rBSA/GS) of 1:1, 2:1, 4:1, 8:1 were chosen. Well-

defined spherical microparticles with uniform morphology were produced at 

all ratios tested. Moreover, in all the experiments a white powder was always 

obtained, suggesting that BSA also acts as a protecting agent covering GS and 

avoids its thermal degradation during the process. SEM images of the 

microspheres obtained at the different rBSA/GS are reported in Figure 32a–d. 

From the proposed images it is possible to observe that at lower rBSA/GS value 

(see SEM image reported in Figure 32d for the particles obtained with 

rBSA/GS of 1:1) the micronized particles start again to collapse; this effect 

may be also due to the decrease of the amount of BSA in the coprecipitate 

which gives a less rigid spherical shell to the produced microspheres. 
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Figure 32. SEM images of BSA/GS microspheres obtained by SAA from water solutions at 

different rBSA/GS values of (a) 8:1, (b) 4:1, (c) 2:1, (d) 1:1. Concentration injected: 20 mg/mL. 

Saturator conditions: 85°C and 10.5 MPa; precipitator condition: 100°C. 

 

The Particle size distributions (PSDs) data of the produced microspheres are 

reported in Table 6; they were measured by SEM image analysis and by laser 

scattering. For all BSA/GS ratios studied the particles mean sizes (MSs) 

ranged between 1.5 and 2.5 µm (SD ± 0.8 µm) and a very moderate increase of 

the mean diameter was observed increasing the amount of GS loaded. 
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Table 6. Particle size distributions data of BSA/GS microspheres manufactured by SAA at 

different protein/drug ratio measured by Scanning Electron Microscopy-Image Analysis 

(SEM) and Laser Scattering (LS). 

 
BSA/GS 
Ratio 

Mean (µm) 
 

SEM      LS 

SD (±) (µm) 
 

SEM      LS 

D10 (µm) 
 

SEM      LS 

D50 (µm) 
 

SEM      LS 

D90 (µm) 
 

SEM      LS 

8/1 1.8 2.1 0.83 1.03 0.87 0.58 1.70 1.19 2.55 2.45 

4/1 1.7 2.0 0.94 1.10 0.89 0.56 1.89 1.14 2.83 2.34 

2/1 1.5 2.3 0.88 1.02 0.73 0.69 1.52 1.23 2.62 2.56 

1/1 1.6 2.5 0.98 1.05 1.18 0.78 2.24 1.54 3.22 2.98 

 

 

The PSDs of the microspheres produced with an rBSA/GS of 1:4 and 1:8 are also 

illustrated in Figure 33a and b using a cumulative curve representation, 

respectively and a comparison between the distributions obtained using the 

two different evaluation methods is also proposed. Both measurement 

techniques confirmed that microspheres diameters are almost included in the 

range of 0.8 and 3 µm; however, SEM images analysis tends to overestimate 

the particles smaller than 1 µm and to underestimate the particles larger than 3 

µm showing a D50 of around 1.8 µm, in both sample proposed. On the 

contrary, LS distribution curves indicate that particles with diameters included 

in the range of 0.7–1 µm are almost the 50% of the distribution and show a 

relatively long tail included in the range of 4–6 µm. 
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Fig. 33. Comparison between PSDs obtained by SEM images analysis (dashed line) and by LS 

(continuous line) for SAA microspheres produced at different BSA/GS ratios (a) rBSA/GS = 8:1 

and (b) rBSA/GS = 4:1. 

 

It is well known that different techniques provide different particle size 

distributions and no one representation of the particle size can be claimed to be 

more accurate than another; in the case of drug production, for example, it is 

more important to understand how the mass or volume of material is 

distributed between particles of different sizes. So that, by image analysis it is 

calculated the volume occupied by the equivalent spheres and by the laser 

diffraction technology, it is possible to have a detailed idea of the bulk 
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properties of the suspension, with a more sensitive indication of the presence 

of oversized material. In conclusion, all the microspheres produced at different 

BSA/GS ratio are almost included in the size range of 1–3 µm. 

 

2B 1.4 SOLID STATE MICROSPHERE CHARACTERIZATION 

 

X-ray analyses were performed to have information about the solid state of the 

produced materials. In the case of microspheres formed by an intimate solid 

solution on the two components, an amorphous state is expected. The 

diffraction pattern of coprecipitated microparticles produced at different 

rBSA/GS values are reported in Figure 34. The XRDs of the SAA processed GS 

and BSA alone are also reported, for comparison. XRD analyses show that all 

the coprecipitated particles obtained by SAA are amorphous, at all the ratios 

explored. 

 

 

Figure 34. XRD of single BSA and GS micronized by SAA and microspheres obtained at 

different BSA/GS ratios (r). 
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The observed patterns can be justified in the hypothesis that, during the 

particle formation, the drug and the polymer have no time to separate. The 

formation of this solid solution is due to the rapid evaporation of the solvent 

from the droplets that causes the entrapment of drug molecules into the 

polymeric matrix. The organization of GS molecules into a crystalline 

structure is hindered by the presence of the BSA chains and the powder is 

amorphous. 

DSC traces of the BSA/GS coprecipitates are reported in Figure 35; the trace 

of the single BSA and GS micronized by SAA are also reported in the same 

Figure, for comparison. DSC analyses were also performed on the 

unprocessed BSA and GS and the resulted DSC traces showed that no 

substantially differences emerging between untreated and the SAA micronized 

powders. 

 

 

Fig. 35. DSC of single BSA and GS micronized by SAA and microspheres obtained at 

different BSA/GS ratios (r). 
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Looking at the thermal profiles of all the microspheres produced by SAA, it 

can be confirmed the XRD data; indeed, a thermal behavior that is similar to 

the single traces of the drug and the carrier is observed. Particularly, the peak 

of GS decomposition (at 240°C) is more evident decreasing the BSA/GS ratio 

confirming the decrease of the amount of carrier in the microspheres. 

The FT-IR analyses, reported in Figure 36, show the presence of GS inside the 

BSA microspheres because in all traces it is possible to observe the peaks at 

619 and 960–1234 cm
-1

, characteristic of GS. It is also clear that no chemical 

link between the drug and the carrier occurred because no changes in the 

wavelength of the characteristic peaks are detected: that is, no modifications of 

the bonds took place. 

 

 

Fig. 36. FTIR of single BSA and GS micronized by SAA and microspheres obtained at 

different BSA/GS ratios (r). 
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2B 1.5 MICROSPHERE CHARACTERIZATION: DRUG LOADING 

AND RELEASE PROFILES 

 

Drug content, encapsulation efficiency and moisture content of BSA/GS 

microspheres were reported in Table 7. 

As expected, the GS content increases by increasing the drug/protein ratio 

used to formulate the coprecipitates. Encapsulation efficiency is very high for 

all the microsphere batches tested and it reaches values over 100% when 

solutions with BSA/ GS ratio higher than 2:1 were processed. This 

phenomenon might be due to a slight loss of BSA into the saturator leading to 

a lower BSA/GS ratio before the microparticles formation into the 

precipitation chamber. Indeed, during the SAA experiments SC-CO2 and 

liquid solution are injected in the premixing chamber, fixing the carbon 

dioxide molar fraction at value of 0.42. The addition of carbon dioxide can 

induce the precipitation of small quantities of BSA from the solution, 

generating the so called anti-solvent effect (Reverchon et al., 2006) by SAA. 

 

Table 7. Drug Content, Encapsulation Efficiency, and Moisture Content of BSA/GS 

microspheres manufactured by SAA at different protein/drug ratio. 

 

 

BSA/GS Ratio 

 

Drug 

Content (%) 

Encapsulation 

Efficiency (%) 

Moisture 

Content (%) 

Moisture Content 

after 60 days (%) 

1:1 47.8 ± 0.3  95.6 ± 0.2 12.38 ± 0.42 16.57 ± 0.75 

2:1 32.6 ± 0.1  97.8 ± 0.2 11.31 ± 0.68 15.43 ± 0.76 

4:1 20.5 ± 0.2       > 100 10.19 ± 0.53 13.85 ± 0.62 

8:1 12.2 ± 0.4  > 100 9.32 ± 0.39 12.31 ± 0.38 

  

The drug content and encapsulation efficiency were calculated correcting the sample weight 

after the moisture content evaluation. Each point represents the mean ± SD (n = 3). 

 



Results and Discussion 

 

91 

 

However, the phenomenon is more evident when the solutions processed have 

a higher BSA/GS ratio: that is, when a fixed the amount of carbon dioxide is 

added, the more is the BSA solubilized in the solution injected, the higher is 

the BSA oversaturation value reached. 

Water content of GS processed by SAA, as well as, of other BSA/GS 

microspheres was obtained by titration. In the case of BSA, it was found to be 

6.85% (w/w) (± 0.58); whereas, the SAA micronized GS exhibited 15% (w/w) 

(± 1.38) of water residue and the unprocessed GS had water content of 10% 

(w/w) (± 1.98). The difference in water content can be due to the 

higroscopicity of both raw material and SAA processed GS. Indeed, when GS 

is exposed to air at ambient conditions is able to uptake a larger amount of 

water reaching a water content more than 20% (w/ w). On the contrary, 

BSA/GS microspheres produced by SAA showed lower water content and less 

water uptake in time than pure GS (see also data reported in Tab. 7). 

Moreover, the higher was the content of BSA into the formulated 

coprecipitates the lower were both the primary content and the uptake of 

water; that is, the less hygroscopic component was able to reduce the 

interaction between GS and air moisture after its encapsulation. 

GS release studies were performed to evaluate the ability of BSA 

microspheres to control the release of the loaded drug. Franz cells methods 

was selected to simulate the drug release profile when inserted in a wound 

dressing structure, while covering and protecting the wound. Initially, the 

permeation of GS across membrane was studied using pure GS processed by 

SAA. The profile of GS transport is reported in Figure 37 and it is almost 

linear with the square root of time, without any time-lag, as expected for a free 

diffusion of the drug through the membrane. 
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Fig. 37. Release profiles of BSA microspheres (MS = 2µm; SD = ± 1 µm) manufactured by 

SAA with different drug loading (mean ± SD; n = 6). 

The results of in vitro release of BSA/GS formulations at three different 

rBSA/GS values of 1:8, 1:4, and 1:1 are also reported in Figure 37, where the GS 

concentration in the releasing medium during 10 days of study, is presented. 

As expected, a higher amount of BSA in the microspheres produces a slower 

release of the drug, since BSA acts as a barrier to the fast diffusion of GS. 

Indeed, the diffusion rate is inversely proportional to drug concentration into 

the microdevices. 

All formulations show an intensive release of gentamicin in the first 6 h of the 

permeation experiment. To be more precise the release is between 30% and 

75% for BSA/GS microparticles obtained with rBSA/GS values of 8:1 and 1:1, 

respectively. This behavior might be explained by the presence of GS close to 

the particles surface that is easily delivered to the medium before the swelling 

of BSA. High release rate of the antibiotic at the beginning of a therapy are 

very important because the efficiency of the antibiotics is strictly correlated to 

a high concentration of the drug at the site of infection at the beginning of the 

therapy (Huang et al., 2001). Moreover, both formulations with rBSA/GS values 



Results and Discussion 

 

93 

 

of 4:1 and 8:1, after the preliminary burst effect, are able to release the GS 

continuously over 10 days, whereas, formulation with a rBSA/GS value of 1:1 

microspheres releases more than 90% of the drug in less than 2 days. 

 

2B 1.6 Conclusions 

 

SAA was proposed for the production of microparticulate carriers to be 

employed as drug controlled release system. This is the first time that this 

technology has been tested for the thermal coagulation of proteic 

microstructured devices with a mean diameter of around 2 µm. Indeed, all the 

microspheres produced by SAA exhibited large drug content and very high 

encapsulation efficiency. 

Water content was significantly reduced in BSA/GS microspheres because of 

the encapsulation of gentamicin in the matrix of BSA denaturated by the SAA 

process. In fact, pure GS and also SAA micronized GS alone are able to 

uptake high quantity of moisture by air; whereas, this adverse effect is strongly 

reduced in the BSA/GS microspheres produced leading to an increase in 

stability of the drug in these formulations. 

The release of GS from the microspheres was found to be diffusion controlled 

and correlated with BSA concentration. In fact, the higher was the 

concentration of BSA used to manufacture the microparticles the more 

prolonged was the release rate of the drug. 

BSA/GS are not microsystems usefull to inhalation products; however, 

formulations with a BSA/GS ratio of 1:4 and 1:8 would be proposed for 

topical application, as an example, in the treatment of wound infections. In 

fact, the microsystems may maintain the antibiotic concentration over the 
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minimal inhibition concentration able to control the growth of various 

pathogens for more than a week of treatment. 
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PART 2: PRODUCTION OF MICRONIZED INHALABLE 

GENTAMICIN POWDER BY SPRAY-DRYING 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: R.P. Aquino, L. Prota, G. Auriemma, A. Santoro, T. 

Mencherini, G. Colombo, P. Russo. “Dry powder inhalers of gentamicin and 

leucine: formulation parameters, aerosol performance and in vitro toxicity on 

CuFi1 cells”. International Journal of Pharmaceutics. 2012, In press 
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2B 2.1 BACKGROUND AND AIM 

 

As previously mentioned, the major obstacle to the formulation of a stable and 

respirable dry powder of gentamicin is the drug hygroscopicity and instability 

that make unable aerosolization and respirability. In order to produce 

microparticulate GS powders suitable for inhalation, we investigated the 

feasibility of the use of spray-drying technology, in particular, the co-spray-

drying of GS and an excipient suitable for pulmonary delivery (L-leucine). 

As a matter of fact, aminoacids (AAs) are considered to be safe as pulmonary 

excipients and were recently used to improve aerosolization behavior of 

several drugs (Ibrahim et al., 2010; Pilcer et al., 2010; Thai et al., 2010; Wang 

et al., 2009). Among AAs, L-leucine (leu) shows a hydrophobic side chain 

which potentially may help to reduce G water absorption. Moreover, in a 

previous part of this PhD thesis, we demonstrated that leu may increase the 

dispersibility and, consequently, respirability of dry polyphenol powders 

processed by spray-drying (Prota et al., 2011). 

The aim of the present part of the research was to develop, by particle 

engineering via spray drying, stable GS powders with improved aerodynamic 

properties and good stability profile which may be used for the treatment of Pa 

infections in CF. Microparticles were designed while studying the effect of 

leu, feed composition and process parameters on particle formation, physico-

chemical properties and aerosol performance. In addition, the effect of the 

produced powders on cell viability and cell proliferation of bronchial epithelial 

cells bearing a CFTR F508/ F508 mutant genotype (CuFi1) was investigated. 
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2B 2.2 MANUFACTURING AND CHARACTERIZATION OF GS/LEU 

CO-SPRAY-DRIED POWDERS 

 

Due to its high polarity, GS powder as raw material was deliquescent, 

becoming liquid after 1 hour of exposure to room conditions. In order to 

reduce hygroscopicity and to increase powder dispersibility, GS was spray 

dried alone or with leu as flowability enhancer using water or water-co-solvent 

systems with different dielectric constant (water, water/ethanol or water/IPA 

mixtures): mixtures): batches processed from hydro-alcoholic solutions 

containing ethanol are indicated as Get and those containing IPA as Giso. 

Preliminarly, the solubilities of the drug and excipient in the feed systems 

were determined; GS freely soluble in water exhibited the lowest solubility in 

water/IPA 7/3 (v/v) system, the poor solubility of leu is even lower in water-

co-solvent systems (Table 8). 

 

Table 8. Gentamicin and L-leucine solubility in liquid feeds used for spray drying at pH 7.0±0.1. 

 Liquid feed composition G 

mg/ml 

Leu 

mg/ml 

Water Freely soluble 24.2±1.0 

Water/ethanol 8/2 (v/v)  519.4±97.0 14.6±0.3 

Water/ethanol 7/2 (v/v) 242.0±25.1 10.1±0.5 

Water/IPA 8/2 (v/v) 351.8±25.1 11.2±0.5 

Water/IPA 7/3 (v/v) 135.9±24.6 9.5±0.2 

  

 

As reported in Table 9, addition of the organic co-solvents into the water feed 

was extremely helpful in terms of spray drying process yield. In particular, 

less polar IPA led to higher process yield than ethanol. Batch dried from a 7/3 
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v/v water-IPA solution showed a 30% increase in yield, compared with 

powder dried from water, suggesting a reduction in powder cohesiveness and, 

therefore, a potential enhancement of the aerosolisation properties (Li et al., 

2005). Differently, leu addition did not have a linear effect on spray drying 

yield, especially in hydro-alcoholic solutions (Table 9). 

 

Table 9. Physical characteristics of spray dried particles: liquid fees composition, process 

yield, particle size and bulk density. 

 

 Code # 

Leu 

content 

%w/w 

Process 

yield 

(%) 

d50 (µm) 

and () 

span  

Bulk 

density 

(mg/ml) 
 Code # 

Leu 

content 

%w/w 

Process 

yield 

(%) 

d50 (µm) 

and () 

span 

Bulk 

density 

(mg/ml) 

2
0

%
 v

/v
 e

th
a

n
o

l 

Get2 
0 61.2 

±5.4 

4.42 

(1.98) 

0.13 

±0.02 

2
0

%
 v

/v
 I

P
A

 

Giso2 
0 78.0 

±3.8 

4.74 

(2.10) 

0.11 

±0.02 

Get2-

Leu5 

5 77.6 

±2.2 

4.03 

(1.55) 

0.22 

±0.01 
Giso2-

Leu5 

5 73.9 

±0.5 

6.19 

(1.88) 

0.16 
±0.02 

Get2-

Leu10 

10 58.0 

±3.2 

4.58 

(2.04) 

0.36 

±0.01 

Giso2-

Leu10 

10 65.0 

±5.5 

4.07 

(1.81) 

0.29 

±0.01 

Get2-

Leu15 

15 69.3 

±0.3 

4.65 

(1.94) 

0.35 

±0.02 
Giso2-

Leu15 

15 84.6 

±3.3 

3.72 

(1.58) 

0.34 

±0.00 

Get2-

Leu20 

20 72.6 

±1.1 

4.46 

(1.88) 

0.32 

±0.01 
Giso2-

Leu20 

20 77.5 

±0.6 

4.82 

(1.73) 

0.33 

±0.01 

3
0

%
 v

/v
 e

th
a

n
o

l 

Get3 
0 74.8 

±2.5 

4.01 

(1.82) 

0.15 

±0.01 

3
0

%
 v

/v
IP

A
 

Giso3 
0 85.5 

±0.7 

4.24 

(1.97) 

0.19 

±0.02 

Get3-

Leu5 

5 69.4 

±2.2 

4.34 

(1.81) 

0.24 

±0.02 
Giso3-

Leu5 

5 86.6 

±1.2 

3.77 

(1.36) 

0.17 

±0.01 

Get3-

Leu10 

10 82.5 

±3.1 

3.59 

(1.57) 

0.29 

±0.00 
Giso3-

Leu10 

10 85.9 

±0.9 

3.69 

(1.51) 

0.26 

±0.02 

Get3-

Leu15 

15 68.2 

±4.1 

4.16 

(1.71) 

0.34 

±0.00 
Giso3-

Leu15 

15 82.0 

±2.1 

3.90 

(1.62) 

0.34 

±0.01 

Get3-

Leu20 

20 68.9 

±2.1 

4.65 

(1.88) 

0.31 

±0.01 
Giso3-

Leu20 

20 80.8 

±1.3 

4.11 

(1.90) 

0.30 

±0.00 

 

 

HPLC analysis evidenced that the amount of GS and leu detected in all 

produced batches was almost 100% of nominal load, therefore indicating that 

the spray drying process on the selected conditions neither determined loss nor 

modified G/leu ratio in the final product. Particle size analysis showed that 

spray-drying allowed to obtain micronized powders with d50 (ranging from 3.6 

µm to 4.8 µm) similar for all batches produced (Table 9), with no evident 

effect of co-solvent and leu content on the particles diameter. 
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Organic co-solvent had a massive effect on hygroscopicity too (Fig. 38). In 

particular, by adding 30% v/v of IPA into the aqueous feed, humidity uptake 

by G powders was reduced from 10.5% (water) to 4.8% (water/IPA) after 

exposure at room conditions. In the presence of 10% w/w leu, GS lost its 

water avidity (0.9% weight gained after 80 min). These effects may be 

explained by the addition of the lower-soluble component (leu) into the liquid 

feeds, able to reach the critical concentration for shell formation as the droplet 

evaporation progresses during spray-drying process (Vehring, 2008). Such 

enrichment in leu at the particle surface may slow down water uptake of GS in 

agreement with previous observations (Shur et al., 2008) and, potentially, 

increase powder flowability. 

 

 

Fig. 38. Weight gained after 80 min of exposure at room conditions by G raw material (cross), 

G spray-dried from 7:3 water-ethanol (squares) or water-IPA (circles) v/v systems, and 

G/10%leu spray-dried from water-IPA 7:3 v/v mixture (triangles). 

 

Leu effect on spray-dried powders appears clrearly, after microscopy studies, 

as an evident increase in particle corrugation. Morphology studies showed an 

increase in particle corrugation as an effect of leu presence in spray-dried 
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powders. As an example, SEM pictures of particles dried from 8:2 

water/ethanol ratio solutions were reported in Fig. 39. 

 

 

Fig. 39. SEM pictures of powders dried from water/ethanol 8:2 v/v systems containing: a) GS; 

b) GS/5% leu; c) GS/10% leu; d) GS/20% leu. 

 

As well known, the morphology of spray-dried particles is strongly influenced 

by the solubility of the components and their initial saturation in the liquid 

feeds. GS, freely soluble in water, led to the formation of spherical particles 

when spray dried alone (Fig. 39a, GS). According to previous observations 

(Lechuga-Ballesteros et al., 2008), during the co-spray drying process, the 

saturation of the lower-soluble component (leu) may increase faster than that 

of hydrophilic one (GS), due to the preferential evaporation of alcohol and the 

associated change in the solvent/co-solvent ratio. This led to the formation of a 

primary solid shell which collapsed, hence corrugated microparticles were 
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formed. As the relative amount of the less soluble component increased, 

particle corrugation was more and more evident; particles from almost 

spherical became raisins like (Fig. 39b, GS/5%leu) or irregularly wrinkled 

(Fig. 39d, GS/20%leu). Such surface modification has been shown to be 

beneficial for particles intended for inhalation (Chew et al., 2001): a 

corrugated surface improves powder dispersibility by minimizing contact 

areas and reducing interparticulate cohesion and, therefore, corrugated 

particles disperse better than spherical ones. 

By modifying particle shape and corrugation degree, leu influenced powder 

bulk density too (Table 9). In fact, powders processed from hydro-alcoholic 

systems showed lower bulk density values than those spray-dried from water 

(Table 9), whereas leu inclusion up to 15% w/w led to higher density powders. 

Further increase in leu content up to 20% w/w produced powders with similar 

or slightly lower bulk density. 

As well known, differences in bulk density influence the amount of powder 

chargeable into the capsules for the inhalation, which shifted from 60 mg for 

neat GS to 120 mg for GS/10-20%leu. As a consequence, an important effect 

on the patient compliance can be achieved in the case of antibiotics such as GS 

requiring the administration of high doses. Previously, a pilot study on 

effectiveness and toxicity of GS administered as dry powder inhaler, 

(Crowther Labiris et al., 1999) reported that 32 actuations of the device were 

necessary to emit 160 mg of GS nominal dose. In the case of GS/10-20%leu 

DPI, the possibility to charge higher amount of drug into the device allows the 

administration of 108 mg (GS/10%leu) or 96 mg (GS/20%leu) of GS each 

time, with a dramatic reduction in the number of actuations required. 
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2B 2.3 AERODYNAMIC BEHAVIOR OF GS/LEU POWDERS 

 

The preliminary screening of the powder aerosol performance was carried out 

by Single Stage Glass Impinger using Turbospin
® 

as inhaler device. Capsules 

were filled with different amount of dry powder (60-120 mg), depending on its 

bulk density. 

Batches dried from water were hygroscopic, cohesive powders, difficult to 

insert into and come out from the capsule and with unsatisfying aerodynamic 

properties (data not shown). In particular, neat GS dried from water was a 

cohesive and sticky material, unable to be aerosolized.  

Results from in vitro SSGI deposition experiments for batches different in co-

solvent and aminoacid content are reported in Table 10. 

 

Table 10. Aerodynamic properties of spray-dried powders after single stage glass impinger 

deposition experiments. All data are shown as mean ± SD of three experiments. 

FPF, fine particle fraction; FPD, fine particle dose 

 Code # 

Leu 

content 

%w/w 

Charged 

Dose 

(mg) 

Emitted 

Dose (%) 

FPF 

(%) 

FPD 

(mg) 
 Code # 

Leu 

content 

%w/w 

Charged 

Dose 

(mg) 

Emitted 

Dose 

(%) 

FPF 

(%) 

FPD 

(mg) 

2
0

%
 v

/v
 e

th
a

n
o

l 

Get2 
0 60 95.6 

±1.4 

17.3 

±3.8 

10.4 

±2.3 

2
0

%
 v

/v
 I

P
A

 

Giso2 
0 60 95.8 

±1.9 

14.5 

±7.8 

8.7 

±4.7 

Get2-

Leu5 

5 90 98.0 

±0.3 

23.7 

±9.2 

20.2 

±7.9 
Giso2-

Leu5 

5 80 98.0 

±0.2 

21.9 

±5.1 

16.6 

±3.9 

Get2-

Leu10 

10 120 99.2 

±0.1 

28.9 

±5.2 

31.3 

±5.6 
Giso2-

Leu10 

10 120 99.4 

±0.1 

32.6 

±5.6 

35.2 

±6.0 

Get2-

Leu15 

15 120 99.3 

±0.3 

31.0 

±1.5 

31.6 

±1.5 
Giso2-

Leu15 

15 120 99.6 

±0.2 

46.8 

±0.5 

47.7 

±0.5 

Get2-

Leu20 

20 120 99.2 

±0.1 

40.8 

±1.5 

39.2 

±1.5 
Giso2-

Leu20 

20 120 99.3 

±0.3 

50.9 

±1.0 

48.8 

± 0.9 

3
0

%
 v

/v
 e

th
a

n
o

l 

Get3 
0 60 95.7 

±2.2 

18.9 

±4.8 

13.4 

±2.9 

3
0

%
 v

/v
IP

A
 

Giso3 
0 60 90.9 

±7.9 

13.4 

±8.5 

7.5 

±4.9 

Get3-

Leu5 

5 80 98.0 

±0.5 

14.9 

±1.5 

11.4 

±1.1 
Giso3-

Leu5 

5 70 97.2 

±0.5 

22.3 

±3.0 

14.8 

±2.0 

Get3-

Leu10 

10 100 98.5 

±0.6 

38.6 

±5.7 

34.7 

±5.1 
Giso3-

Leu10 

10 110 99.4 

±1.1 

28.8 

±5.0 

28.4 

± 5.0 

Get3-

Leu15 

15 120 98.9 

±0.2 

43.6 

±2.7 

44.5 

±2.8 
Giso3-

Leu15 

15 120 99.1 

±0.3 

49.4 

±0.8 

50.4 

±0.8 

Get3-

Leu20 

20 120 99.0 

±0.1 

46.5 

±1.5 

44.7 

±1.4 
Giso3-

Leu20 

20 120 99.2 

±0.0 

50.2 

±1.0 

48.2 

±0.9 
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GS spray drying from water/organic co-solvent (e.g. water/ethanol-based Get2 

and Get3, water/IPA-based Giso2 and Giso3) reduced powder cohesivity and 

enabled the aerosolization process; however, the resulting aerodynamic 

properties were still not satisfying (FPF less than 15%). The inclusion of leu 

substantially increased emitted doses (ED up to 99.6% for #Giso2-Leu15) and 

fine particle fractions (FPF up to 49.4% for #Giso3-Leu15). Taking into 

account the relative reduction in drug content, further increase in the 

excipient/drug ratio up to 20/80 w/w did not improve DPI performance. As to 

the effect of organic co-solvents, the use of IPA led to the best FPF and FPD 

values. As example, Giso3-Leu15 formulations, containing 15% w/w of leu 

and obtained from 30% v/v of IPA/water feed, emitted 50.4 mg of fine GS 

after one actuation of the Turbospin device, compared to a FPD of 44.5 mg of 

Get3-Leu15, containing the same amount of leu and co-solvent, but processed 

from ethanol. These results are in agreement with previous studies (Chew et 

al., 2001; Chew et al., 2005; Weiler et al., 2010) evidencing the enhancement 

of powder aerosol performance as particle surface corrugation goes up to a 

certain degree; further corrugation enhancement did not improve aerodynamic 

properties. Plotting FPF values of powder dried from 20% IPA feed versus 

growing leu amounts (Fig. 40) and in relation to SEM micrographs, a dramatic 

increase in both particle corrugation and FPF was shown as the leu content 

enhanced.  
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Fig. 40. FPF and SEM images of G powders spray-dried from liquid feeds containing 20% 

IPA and increasing amount of leu. 

 

On the basis of these interesting preliminary results, powders containing 15 or 

20% w/w of leu were analyzed by means of Andersen cascade impactor too, in 

order to study details of their aerodynamic properties. Results are reported in 

Table 11. 

Table 11. Aerodynamic properties of G spray-dried powders containing 15 or 20% w/w leu 

after Andersen cascade impactor deposition experiments. 
 

 

 

 

 

 

 

MMAD, mass median aerodynamic diameter; FPF, fine particle fraction; FPD, fine particle dose. 

Batch Feed Solution composition MMAD (μm) FPF (%) FPD (mg) 

% Leu (w/w) solvent (v/v) 

Get2-Leu15 15 Water/ethanol 8/2 4.20 ± 0.28 39.2 ± 1.2 38.9 ± 1.5 

Get2-Leu20 20 Water/ethanol 8/2 4.06 ± 0.10 42.8 ± 0.7 40.9 ± 2.5 

Get3-Leu15 15 Water/ethanol 7/3 4.31 ± 0.25 40.6 ± 4.6 47.5 ± 3.9 

Get3-Leu20 20 Water/ethanol 7/3 3.93 ± 0.20 45.3 ± 2.0 41.9 ± 2.1 

Giso2-Leu15 15 Water/IPA 8/2 4.02 ± 0.13 46.0 ± 2.7 49.3 ± 1.7 

Giso2-Leu20 20 Water/IPA 8/2 4.17 ± 0.12 42.5 ± 0.2 39.3 ± 0.3 

Giso3-Leu15 15 Water/IPA 7/3 3.45 ± 0.16 58.1 ± 3.6 56.4 ± 1.1 

Giso3-Leu20 20 Water/IPA 7/3 3.31 ± 0.11 58.0 ± 0.5 54.7 ± 2.2 
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MMAD, FPF and FPD values obtained by ACI deposition studies confirmed 

the previously observed trend. Capsules charged with 120 mg of powder 

emitted almost the whole dose from the device after the pump actuation, as 

indicated by ED 99%. Increase of leu content from 15 to 20% w/w did not 

enhance the powder aerosol efficiency, whereas a reduction in particles 

MMAD values as well as a general improvement in powder aerosol 

performance was observed for batches processed from higher amount of co-

solvent, especially IPA (Giso). Among all batches produced, Giso3-Leu15 

(GS/15%leu from 30% v/v of IPA/water feed) showed very satisfying 

aerodynamic properties as proved by MMAD of 3.45 µm, FPF 58.1% and 

FPD of 56.4 mg (Table 11). 

For a preliminary screening of stability, powders were stored in a climatic 

chamber for 6 months at 25 °C ± 2 °C/60% RH ± 5% RH. During this time, no 

variation in powder weight was observed, GS content remained unaltered and 

no GS degradation product was recorded by HPLC analyses of aged powders. 

Moreover, in order to evidence possible changes in inhalation performance, 

ACI studies were repeated on 15% leu powders. Results (Table 12, black 

rows) showed that ED, FPF and FPD values of aged powders were not 

significantly different with respect to the fresh ones except for #Get2leu15 

showing slightly lower FPD (from 38.8 mg to 33.7 mg). These findings 

confirmed that GS/Leu systems designed are not hygroscopic and are able to 

preserve a high dispersibility even after 6 month storage. 
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Table 12. Aerodynamic properties of G spray-dried powders containing 15 or 20% w/w leu 

after Andersen cascade impactor deposition experiments (t=0). Experiments were repeated on 

powders containing 15% leu w/w after 6 month storage: results are reported in black rows.  

ED, emitted dose; MMAD, mass median aerodynamic diameter; FPF, fine particle fraction; FPD, fine particle dose. 

 Code # 
ED 

(%) 

MMAD 

(µm) 

FPD 

(mg) 

FPF 

(%) 
 Code # 

ED 

(%) 

MMAD 

(µm) 

FPD 

(mg) 

FPF 

(%) 

e
th

a
n

o
l 

Get2-Leu15 

(t=0) 

99.2 

±0.3 4.2  ±0.3 
38.8 

±1.5 

39.2 

±1.2 

I
P

A
 

Giso2-Leu15 

(t=0) 

99.7 

±0.3 4.0  ±0.1 
49.3  

±1.7 

46.0 

±2.7 

Get2-Leu15 

(t=6 months) 

99.4 

±0.3 4.4  ±0.2 
33.7 

±2.3 

35.4 

±1.5 
Giso2-Leu15 

(t=6 months) 

99.3 

±0.2 3.5  ±0.1 
50.6 

±2.0 

49.0 

±1.8 

Get3-Leu15 

(t=0) 

99.5 

±0.3 4.3  ±0.2 
47.5 ± 

3.9 

40.6 

±4.6 
Giso3-Leu15 

(t=0) 

99.2 

±0.3 3.4  ±0.2 
56.4 ± 

1.1 

58.1 

±3.6 

Get3-Leu15 

(t=6 months) 

99.4 

±0.3 3.8  ±0.3 
46.7 

±3.2 

44.4 

±1.8 
Giso3-Leu15 

(t=6 months) 

99.2 

±0.4 3.3  ±0.2 
56.1 

±0.6 

52.5 

±0.0 

 

 

2B 2.4 EFFECT OF GS/LEU POWDERS ON VIABILITY OF CF 

AIRWAYS EPITHELIUM 

 

In order to establish whether the particle engineering has any cytotoxic or 

cytostatic effect on bronchial epithelial cells bearing a CFTR F508/ F508 

mutant genotype (CuFi1) (Dechecchi et al., 2008; Zabner et al., 2003), CuFi1 

cells were treated for 24 h with increasing concentrations (from 0.0002 to 2 

µM expressed as GS content) of Get3 or Get3-Leu15 powders in comparison 

to rawGS. Results indicated that neither rawGS nor its formulations generally 

inhibited cells viability as determined by MTT assay (Fig. 41B). At 

concentrations higher than 0.02 µM, a slight but significant decrease in cell 

survival was detected only for rawGS. An interesting observation is that an 

increase in leu content up to 15%, as in Get3-Leu15, faintly but not 

significantly decreased CuFi1 viability at concentration ranging from 0.02 to 

0.2 µM (P<0.05) (Fig. 41B) whereas at 2.0 µM did not. As previously reported 

(Holt et al., 1985; Prota et al., 2011; Switzer et al., 2009), this effect seems to 
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be related to leu ability to improve cell proliferation and metabolism of 

bronchial epithelial CF cells. 

Furthermore ELISA BrdU immunoassay evidenced that rawGS slightly 

reduced CF cell growth only at the highest concentration (2 µM, P<0.01) (Fig. 

41 A). 

Therefore, particle engineering producing GS/leu systems had no cytotoxic or 

cytostatic effect on CF epithelial lung cells (CuFi1 model), compared to neat 

rawGS, at concentrations up to 2 µM.  

 

Fig. 41. Effect of Gentamicin and its DPI formulations on CuFi1 cell proliferation and 

viability. Cells were treated for 24 h with: raw Gentamicin (rawG, ▲), spray-dried 

Gentamicin (Get3 ◊) and G co-sprayed with 15%w/w leucine (Get3-Leu15 ■) at 

concentrations from 0.0002 µM to 2 µM. Cell growth (A) was determined using a colorimetric 

bromodeoxyuridine (BrdU) cell proliferation ELISA kit. Cell viability (B) was determined by 

MTT assay. All data are shown as mean ± SD of three independent experiments, each done in 

duplicate (*P<0.05 and **P<0.01 vs control). 

 

2B 2.5 Conclusions 

 

The engineering process by spray drying and the use of water-co-solvent 

systems as liquid feed reduced GS hygroscopicity and stickiness, allowing its 

aerosolization. Moreover, the addition of small amount of safe excipient, as 
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leu, led to powder with an excellent emitted dose and good aerodynamic 

properties after actuation of the Turbospin device. In particular, dry powder 

inhalers containing 15% of leu (Giso 3-Leu 15) was able to deliver almost 100 

mg of GS with a 58% of FPF after a single actuation. Preliminary stability 

studies evidenced that dry powders preserved good inhalation performance 

after a 6 month storage at room conditions. Finally, the engineered particles 

showed no cytotoxic or cytostatic effect on bronchial epithelial cells bearing a 

CFTR F508/ F508 mutant genotype. 

These findings together with the well known GS antibiotic activity and ability 

to partially restore CFTR expression in class I nonsense mutation, support the 

use of GS/leu DPI as a valid alternative to antibiotics already used in the 

management of Pa infections. 

Oncoming advance of the present project is to test whether the processing 

alters the drug bioactivity, investigating the antibacteric activity of GS/Leu 

formulations as related to effect of spray-drying process, leucine presence and 

storage conditions of the engineered particles. 
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SECTION A 

DESIGN AND DEVELOPMENT OF A DPI OF NARINGIN 

TO TREAT INTRINSIC INFLAMMATION IN CF PATIENTS 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: L. Prota, A. Santoro, M. Bifulco, R.P. Aquino, T. 

Mencherini, P. Russo. “Leucine enhances aerosol performance of Naringin dry 

powder and its activity on cystic fibrosis airway epithelial cells”. International 

Journal of Pharmaceutics. 2011, 412, 8 – 19. 
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3A.1 Chemicals 

 

Naringin, l-aa (arginine, histidine, leucine, lysine, proline, threonine), dimethil 

sulphoxide (DMSO) and sodium hydroxide anhydrous pellets were supplied 

by Sigma–Aldrich (Milan, Italy). Ethanol 96% and dichloromethane (for 

analysis, USP grade) were purchased from Carlo Erba Reagents (Milan, Italy). 

Size 2 gelatine capsules were kindly offered by Qualicaps Europe S.A. 

(Madrid, Spain). The device used for aerodynamic tests was Turbospin
®

 

kindly donated by PH&T SpA (Milan, Italy). All the cell culture reagents were 

purchased from Lonza. 

 

3A.2 Powders preparation and yield 

 

Micronized particles were prepared by co-spray drying N and the aa (total 

powder concentration 2%, w/v) from different hydro-alcoholic feeds. 

Formulation parameters were (i) kind of AA, (ii) N to excipient ratio (100:0, 

95:5 and 90:10 (w/w), respectively) and (iii) ethanol/water ratio, ranging 

between 3:7 (v/v) to 1:1 (v/v). N was solubilized into ethanol and the selected 

AA into water. The solutions were neutralized with 1 N sodium hydroxide 

(about 200 μL) and spray-dried using a Buchi B-191 mini spray dryer (Fig. 42) 

(Buchi Laboratoriums-Tecnik, Switzerland). 

Applied process parameters, selected on the basis of pilot experiments, were: 

inlet temperature 110° C, approximate outlet temperature 68–72 °C, drying air 

flow 500 L/min, aspirator capacity 100%, air pressure 6 atmospheres, feed rate 

5 ml/min, nozzle 0.5 mm. As a reference, powders of neat AA (0.2%, w/v) 

from 3:7 (v/v) ethanol/water feed were produced under the same operative 

conditions. 
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Fig. 42. Buchi B-191 mini spray dryer. 

 

Each preparation was carried out in triplicate. All the spray-dried powders 

were collected and stored under vacuum for 48 h at room temperature. 

Production yields were expressed as weight percentage of the final product 

over the total amount of sprayed material. 

 

3A.3 Powders physico-chemical properties 

 

3A.3a Particle size 

Particle size of both raw materials and microparticles were determined using a 

light-scattering laser granulometer equipped with a micro-liquid module (LS 

13 320 Beckman Coulter Inc., Fl, USA). The LS 13 320 uses a 5 mW laser 

diode with a wavelength of 750 nm and reverse Fourier optics incorporated in 

a fibre optic spatial filter and binocular lens systems. In preliminary studies, 

dichloromethane was chosen as suspending medium of choice (Sansone et al., 

2009). Samples were suspended in dichloromethane and sonicated for 2 min: 

few drops of each sample were poured into the small-volume cell to obtain an 

http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0175#bib0175
http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0175#bib0175
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obscuration between 8 and 12%. Particle size distributions were calculated by 

instrument software, using the Fraunhofer model. Results were expressed as 

d50 and span, defined as [d(90) − d(10)]/d(50), where d(10), d(50) and d(90) 

indicate diameters at the 10th, 50th and 90th percentiles of the particle size 

distribution, respectively. 

 

3A.3b Particle morphology 

Morphology of raw materials and microparticles was examined using a 

scanning electron microscope (SEM) Zeiss EVO MA10 (Carl Zeiss SMT AG, 

München-Hallbergmoos, Germany) operating at 14 kV. 

 

3A.3c DSC analysis 

Differential scanning calorimetry (DSC) was performed with an Indium-

calibrated Mettler Toledo DSC 822e (Fig. 43) (Mettler Toledo, OH, USA). 

 

 

 

 

 

 

Fig. 43. DSC 822
e
. 

 

Accurately weighed samples (3–5 mg) (MTS Mettler Toledo microbalance, 

OH, USA) were placed in a 40 μL aluminium pan, which was sealed, pierced 

and exposed to two thermal cycles, as reported elsewhere (Sansone et al., 

2009). In the dehydration cycle measurements, the sample was heated up to 

130 °C at a heating rate of 20 °C/min and kept at 130 °C for 15 min to remove 

http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0175#bib0175
http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0175#bib0175
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the residual solvent. Afterwards, the samples were cooled down to 25 °C and 

heated up to 350 °C at a heating rate of 10 °C/min. 

 

3A.3d X-ray diffraction studies 

Dried samples were studied by means of X-ray diffraction measurement 

(XRD) with a Rigaku D/MAX-2000 diffractometer (Rigaku Corporation, 

Tokyo, J) using a Ni-filtered Cu-Kα radiation (40 kV, 20 A). 2θ range was set 

from 5 to 50, step size 0.03/2θ and 5 s counting time per step. A Rigaku 

imaging plate, mod. R-AXIX DSBC, was used for digitizing the diffraction 

patterns. 

 

3A.3e Bulk and tapped density 

The bulk and tapped density of the spray-dried powders were measured as 

described elsewhere (Sansone et al., 2009). Briefly, powders were loaded into 

a bottom-sealed 1 mL plastic syringe (Terumo Europe, Leuven, Belgium) 

capped with laboratory film (Parafilm
®
 “M”, Pechiney Plastic Packaging, 

Chicago, IL, USA) and tapped on a hard bench until no change in the volume 

of the powder was observed. The bulk density was calculated from the 

difference between the weight of the plastic syringe before and after loading 

divided by the volume of powder in the syringe. The tapped density was 

calculated from the difference between the weight of the plastic syringe before 

and after loading divided by the volume of the powder in the syringe after 

tapping. Experiments were performed in triplicate. 

 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0175#bib0175
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3A.4 Aerodynamic behaviour evaluation 

 

The in vitro deposition of the micronized powders was evaluated using a 

single-stage glass impinger (SSGI, apparatus A European Pharmacopoeia 6.0, 

Copley Scientific Ltd., Nottingham, UK) (Fig. 44). 

 

 

Fig. 44. Single Stage Glass Impinger. 

 

A water/ethanol 8:2 (v/v) mixture was introduced in the upper (7 mL) and 

lower (30 mL) stages of the SSGI. Hard gelatine capsules (size 2) were filled 

manually with 20.0 ± 0.5 mg of spray-dried powders. Then, the capsule was 

introduced into the Turbospin
®

 (Fig. 45) and pierced twice. 

 

 

Fig. 45. Turbospin
®
. 

 

The vacuum pump was operated at a flow rate of 60 L/min for 5 s (Erweka 

vacuum pump VP 1000 equipped with an electronic digital flowmeter type 

DFM, Erweka Italia, Seveso (MI), Italy). Each deposition experiment was 
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performed on 10 capsules and repeated in triplicate. Upper and lower stages 

were washed with 500 ml of an 8:2 (v/v) water/ethanol mixture. 

The N deposited into the upper and lower stages of the impinger was evaluated 

by UV detection (UV/vis spectrometer Lambda 25, Perkin Elmer instruments, 

MA, USA) at a wavelength of 283 nm, using 1 mm spectroscopy SUPRASIL
®

 

quartz cell (100-QS, Hellma Italia srl, Milan, I). Calibration curves were 

previously worked out and proportionality between N concentration and 

absorption was verified in the range of 70–400 mg/L. The emitted dose (ED) 

was gravimetrically determined and expressed as percentage of powder exiting 

the device vs amount of powder introduced into the capsule (Giry et al., 2006). 

The fine particle fraction (FPF), defined as ratio of N recovered from the 

lower stage of SSGI vs total N charged into the capsules, was expressed as a 

percentage (Sansone et al., 2009). 

The powders showing promising aerosolisation properties were also tested 

with an Andersen cascade impactor (apparatus D, European Pharmacopoeia 

6.0, ACI, Westech Instrument Services Ltd., Bedfordshire, UK) (Fig. 46), 

modified for use at a flow rate of 60 L/min as described elsewhere (Gilani et 

al., 2005 and Seville et al., 2007). 

The effective cut-off diameters of the modified ACI, provided by the producer, 

were: Stage −1, 8.6 μm; Stage −0, 6.5 μm; Stage 1, 4.4 μm; Stage 2, 3.2 μm; 

Stage 3, 2.0 μm; Stage 4, 1.1 μm; Stage 5, 0.54 μm; Stage 6, 0.25 μm. To 

minimize particle bounce, metal impaction plates were dipped into an n-

hexane solution of SPAN 80 (0.1%, w/v) and the solvent was allowed to 

evaporate, leaving a thin film of SPAN 80 on the plate surface. The ACI was 

assembled placing a filter paper on the filter and the Turbospin
®
 was fitted into 

a rubber mouth piece attached to the throat. The vacuum pump was actuated 

for 4 s. 

http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0055#bib0055
http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0175#bib0175
http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0050#bib0050
http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0050#bib0050
http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0180#bib0180
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Fig. 46. Andersen cascade impactor. 

 

The powder deposited into the different stages was recovered by plunging 

each plate and the stage below into a water/ethanol mixture 8:2 (v/v) (5–200 

mL depending on the stage number). N content was assessed by UV 

measurements and the emitted dose (ED) was determined as described above 

for SSGI experiments. The cumulative mass of powder with a diameter lower 

than the stated size of each stage was calculated and plotted as a percentage of 

recovered powder vs cut-off diameter. The mass median aerodynamic 

diameter (MMAD) of the particles was extrapolated from the graph, according 

to the European Pharmacopoeia 6.0. From the same plot, the fine particle dose 

(FPD), i.e. the mass of N with a particle size less than 5 μm, and the fine 

particle fraction (FPF), i.e. the fraction of N emitted from the device with a 

particle size less than 5 μm, were determined (European Pharmacopoeia 6.0). 

In vitro deposition experiments were performed on three batches with three 

replicates each. 

 

3A.5 Dissolution study 

 

Information about immediate solubility of the powders was obtained by a 

modified dissolution test (Hancock and Parks, 2000). Briefly, an excess of 

micronized powder (1.6 g) was introduced together with a magnetic bar into a 

http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0060#bib0060
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40 mL closed, flat-bottomed glass vial, and 25 mL of distilled water heated at 

37 °C were added. The dissolution medium was kept at 37  C in a water bath 

under magnetic stirring at 300 rpm: at regular time intervals the liquid phase 

was withdrawn, replaced with distilled water at the same temperature, filtered 

with 0.45 μm filters, diluted and analyzed by UV–visible spectroscopy for N 

content. Dissolution tests were carried out in triplicate and monitored for 120 

min. Results obtained after 30 min are reported. 

 

3A.6 Biological activity 

 

3A.6a Cell lines and culture conditions 

CuFi1 and NuLi1 cell lines, derived from human bronchial epithelium of a CF 

(CuFi1, CFTR ΔF508/ΔF508 mutant genotype) and a non-CF subject 

respectively (NuLi1, WT CFTR), (Zabner et al., 2003) were purchased from 

American Type Culture Collection (ATCC, Manassas, VA, USA). CuFi1 and 

NuLi1 cells were grown in human placental collagen type VI coated flasks 

(Sigma–Aldrich, Milan, Italy) in BEGM medium (Lonza Walkersville. Inc). 

Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO2. 

 

3A.6b Proliferation assay 

Cell growth was assessed by using a colorimetric bromodeoxyuridine (BrdU) 

cell proliferation ELISA kit (Roche Diagnostics, Milan, Italy). Briefly, 5 × 10
3
 

cells were seeded into each coated well of a 96-well plate and left to adhere to 

the plate. The cells were then treated with increasing concentrations (from 15 

to 150 μM) of rawN, N-1 and N-leu 1 for 24 h, and BrdU was added for the 

final 16 h (10-5 mol/L). At the end of the whole cell culture period, the 

medium was removed and the ELISA BrdU immunoassay was performed as 

described by the manufacturer. The colorimetric reaction was stopped by 

http://www.sciencedirect.com/science/article/pii/S0378517311002912#bib0215#bib0215
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adding H2SO4, and the absorbance at 450 nm was measured using a microplate 

reader (Bio-Rad Laboratories, Milan, Italy). 

DMSO alone (0.1% final concentration in cell culture medium) did not give 

any significant result in all biological in vitro assays. 

 

3A.6c Western blot analysis 

For in vitro biological studies, the powders were dissolved in the cell culture 

medium and immediately administered to the cells at a concentration of 30 

μM. 

CuFi1 and NuLi1 cells, treated with rawN, N-1 and N-leu 1 were collected by 

centrifugation, washed twice with PBS and resuspended in RIPA buffer (NaCl 

150 mM, 1% triton X-100 pH 8.0, 0.5% sodium deoxycholate, 0.1% SDS, 50 

mM Tris, pH 8.0) at 4 °C and centrifugated at 13,000 rpm for 30 min. 

Supernatants were collected and protein concentrations determined by Bio-

Rad protein assay. Equal amounts of protein extracts (30 μg) were boiled in 

Laemmli's buffer, fractioned on 12% SDS-PAGE and then transferred to 

nitrocellulose membranes (Amersham GE Healthcare, Milan, Italy). 

Membranes were blocked in TBS-T (50 mM Tris, 135 mM NaCl, and 5 mM 

KCl, 0,1% Tween-20) containing 5% fat free dry milk, washed in TBS-T, then 

incubated overnight at 4  C with anti-IKKα, anti-IKKβ, phosphoERK1/2 

(Thr202/Tyr204) and anti-phospho-IkBα (Ser32) (all from Cell Signaling 

Technology Inc). After three washes, blots were probed with mouse or rabbit 

horseradish peroxidase-conjugated secondary antibodies (Cell Signaling 

Technology) for 1 h at room temperature and then developed using the ECL 

chemiluminescence system (Amersham GE Healthcare). Finally, membranes 

were stripped and re-probed with total anti-ERK1/2, total anti-IkBα (Cell 

Signaling Technology) and anti-actin used as loading control (Abcam, 

Cambridge, UK). Results are the mean of at least three independent 
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experiments with three replicates each and immunoreactive bands were 

quantified using Quantity One I-D analysis software (Bio-Rad). 

 

3A.6d Interleukin-8 (IL-8) and interleukin-6 (IL-6) release determinations 

in CuFi1 cells 

200,000 cells were plated on human placental collagen type VI coated plates 

as previously described. The cells were left to adhere to the plate and then 

were pretreated with N-leu 1 (at a concentration of 30 and 60 µm) for 2 hours 

and stimulated with LPS from Pseudomonas aeruginosa (100 ng/mL) for 14 

hours. The cultured media were then collected, centrifuged for 5 min at 2000 

rpm and the release of IL-8 and IL-6 was determined by Enzyme-linked 

immunosorbent assay ELISA (R&D Systems) following manufacture’s 

instructions. The used ELISAs for IL-8 and IL-6 were sensitive at 3.5 pg/mL 

and 0.7 pg/mL respectively. Cytokine concentration in cell free media was 

calculated as pg/mL/10
6
 cells and expressed as the percentage of the control in 

absence of any stimulation or treatment. 

 

3A.7 Statistical analysis 

 

Measurements were performed in triplicate, unless otherwise stated. Values 

were expressed as means of at least three experiments with three replicates 

each ± SD. Statistical differences between the treatments and the control were 

evaluated by the Student's t-test A (P values less than 0.05 were considered 

statistically significant). 
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DESIGN AND DEVELOPMENT OF STABLE GENTAMICIN 

MICRONIZED POWDERS BASED 

ON SUPERCRITICAL ASSISTED ATOMIZATION 

 OR SPRAY-DRYNG TECHNIQUES 
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PART 1: PRODUCTION OF MICRONIZED GENTAMICIN 

POWDER BY SAA (Supercritical Assisted Atomization) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: G. Della Porta, R. Adami, P. Del Gaudio, L. Prota, R.P. 

Aquino, E. Reverchon. “Albumin/Gentamicin Microspheres Produced by 

Supercritical Assisted Atomization: Optimization of Size, Drug Loading and 

Release”. Journal Pharmaceutical Sciences. 2010, 99: 4720 – 9. 
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3B 1.1 Material 

 

BSA (purity 99.9%), GS and water (purity 99.5%) were supplied by Sigma–

Aldrich (Milan, Italy). Other solvents used were of analytical grade. Carbon 

dioxide (CO2, purity 99.9%) and nitrogen (N2, purity 99.9%) were purchased 

from SON (Naples, Italy). 

 

3B 1.2 Supercritical Apparatus 

 

The SAA laboratory apparatus consists of two high-pressure pumps (mod. 

305, Gilson, FR) delivering the liquid solution and liquid CO2 to a heated bath 

(Forlab mod. TR12, Carlo Erba, IT) and, then, to the saturator. The saturator is 

a high pressure vessel (25 cm
3
 internal volume) loaded with stainless steel 

perforated saddles which assure a large contact surface between liquid solution 

and CO2. The solution obtained in the saturator is sprayed through a thin wall 

(80 µm internal diameter) injection nozzle into the precipitator (3 dm
3
 internal 

volume) operating at atmospheric pressure. A controlled flow of N2 is taken 

from a cylinder, heated in an electric heat exchanger (mod. CBEN 24G6, 

Watlow) and sent to the precipitator to facilitate liquid droplet evaporation. 

The saturator and the precipitator are electrically heated using thin band 

heaters. A stainless steel filter located at the bottom of the precipitator allows 

powder collection and the gaseous stream flow out.  

 

3B 1.3 Morphology and Particle Size Distribution 

 

The morphologies of the coprecipitated powder were observed by a field 

emission-scanning electron microscope (FESEM, mod. LEO 1525, Carl Zeiss 
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SMT AG, Oberkochen, Germany). Powders were dispersed on a carbon tab 

previously stuck to an aluminum stub (Agar Scientific, Stansted, UK). 

Samples were coated with gold-palladium (layer thickness 250 Å) using a 

sputter coater (mod. 108 Å, Agar Scientific). At least 20 SEM images were 

taken for each run to verify the powder uniformity. 

Particle size (PS) and the particle size distribution (PSD) were evaluated from 

SEM images using the Sigma Scan Pro Software (rel. 5.0, Jandel Scientific, 

Erkrath, Germany); about 3000 particle diameters were considered in each 

PSD calculation. Histograms representing PSDs in terms of particles number 

were calculated using Microcal Origin Software (rel. 7.0, Microcal Software, 

Inc., Northampton, MA); then, they were converted in volumetric distributions 

and plotted in a cumulative form. 

PSDs were also measured by static light scattering (LS) (Coulter LS 13320, 

Beckman Coulter, Inc., Fullerton, CA). The Coulter LS 13320 software uses 

Mie theory to produce an optimal analysis of the light energy distribution and 

to obtain the size distribution of the particles. Analyses were performed on 

microspheres suspensions using 30 mg of each sample dispersed in 

dichloromethane by sample sonication. We verified the effectiveness of the 

microspheres dispersion performing the PSD measurement after different 

sonication times ranging between 10 and 60 min. Moreover, measurements on 

each sample loaded in the instrument were repeated at different time intervals, 

that is, every 5 min for 1 h. In all cases, good reproducibility of results was 

obtained and the obtained PSDs practically overlapped. 

 

3B 1.4 Solid State Characterization 

 

Diffraction patterns of coprecipitated powders were obtained using an X-ray 

diffractometer (mod. D8 Discover, Bruker AXS, Inc., Madison, WI) with a Cu 
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sealed tube source. Samples were placed in the holder and flattened with a 

glass slide to assure a good surface texture. The measuring conditions were as 

follows: Ni-filtered Cu K radiation, λ = 1.54 Å, 2θ angle ranging between 5° 

and 60° with a scan rate of 3 s/step and a step size of 0.2°. 

Thermograms of powder samples were obtained using a differential scanning 

calorimeter (DSC mod. TC11, Mettler Toledo, Inc., Columbus, OH). Fusion 

temperature and enthalpy were calibrated with an indium standard (melting 

point 156.6°C). The samples (±5 mg) were accurately weighed, crimped in an 

aluminum pan and heated from to 25 to 300°C at 10°C/min, under a nitrogen 

purge of 50  mL/min. X-ray and DSC analyses were performed in three 

replicates for each batch of material. 

Fourier transform infrared (FT-IR) spectra were obtained via M2000 FTIR 

(MIDAC Co), at a resolution of 0.5 cm
−1

. The scan wavenumber range was 

4000–400 cm
−1

, and 16 scan signals were averaged to reduce the noise. The 

powder samples were ground and mixed thoroughly with potassium bromide 

(KBr) as infrared transparent matrix. KBr discs were prepared by compressing 

the powders in a hydraulic press. The effect of temperature on BSA has been 

analyzed increasing the temperature of the sample of 10°C from 30 to 150°C 

at 10°C/min, keeping the sample at each temperature for 10 min. 

 

3B 1.5 Drug Content and Encapsulation Efficiency 

 

Samples of each manufactured batch were dissolved under vigorous stirring in 

PBS buffer at 37°C. GS drug content was obtained using Pharmacopoeia 

HPLC method (USP 30). Briefly, 25 mg of GS/BSA powder was stirred in 

25 mL of PBS buffer (0.1 M) until the powder was completely dissolved. Ten 

milliliter of the solution were transferred in a suitable test tube, then, 5 mL of 

isopropyl alcohol and 4 mL of a previously prepared phthalaldehyde solution 
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were added. The solution was stirred and isopropyl alcohol was added to 

obtain a 25 mL solution. The solution was heated for 15 min in a water bath at 

60°C, then cooled at room temperature and analyzed by HPLC (Chromatopac 

L-10AD system equipped with a Model SPD-10AV UV–vis detector and a 

Rheodyne Model 7725 injector loop 20 µL, Shimadzu, Kyoto, Japan). Peak 

areas were calculated with a Shimadzu C-R6A integrator. Phthalaldehyde 

solution was obtained dissolving 1.0 mg of o-phthalaldehyde (Sigma–Aldrich) 

in 5 mL of methanol and adding 95 mL of 0.4 M boric acid, previously 

adjusted with 8 N KOH to a pH of 10.4, and 2 mL of thioglycolic acid. The pH 

of the resulting solution was adjusted a 10.4 by 8 N KOH solution. 

Encapsulation efficiency was calculated as the ratio of the actual to the 

theoretical drug content. Each analysis was performed in triplicate and the 

results were expressed as mean ± standard deviation. Both, drug content and 

encapsulation efficiency were calculated correcting the weight for the residual 

water contained in the coprecipitates previously determined by Karl Fischer 

titration (Titromatic KF 1S, Crison, Barcelona, Spain). 

 

3B 1.6 Drug Release Studies 

 

Drug release experiments were performed in vertical Franz-type diffusion cells 

(Disa, Milan, Italy), with an exposed surface area of 0.6 cm
2
. A cellulose 

acetate filter with pore size 0.45 µm (Sartorius, Goettingen, Germany) was 

used as the barrier. The donor compartment was filled with 25 mg of GS/BSA 

formulation and 100 µL of the receptor phase. The receptor phase was 0.1 M 

PBS buffer solution, thermostated at 37°C and magnetically stirred in order to 

prevent any boundary layer effects. The receptor solution was sampled, 

derivatized and analyzed by HPLC (USP 30, gentamicin content method) for 

the determination of permeated GS. 
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PART 2: PRODUCTION OF MICRONIZED INHALABLE 

GENTAMICIN POWDER BY SPRAY-DRYING 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the article: R.P. Aquino, L. Prota, G. Auriemma, A. Santoro, T. 

Mencherini, G. Colombo, P. Russo. “Dry powder inhalers of gentamicin and 

leucine: formulation parameters, aerosol performance and in vitro toxicity on 

CuFi1 cells”. International Journal of Pharmaceutics. 2012, In press. 
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3B 2.1 Materials 

 

Gentamicin sulphate, L-leucine, o-phthalaldehyde and sodium hydroxide 

anhydrous pellets were supplied by Sigma Aldrich (Milan, Italy). Ethanol 96% 

(for analysis, USP grade), dichloromethane (for analysis, USP grade), n-

hexane (for analysis, Ph Eur grade), were purchased from Carlo Erba Reagents 

(Milan, Italy). Other solvents and chemicals were of analytical grade. Size 2 

gelatine capsules were kindly offered by Qualicaps Europe S.A. (Madrid, 

Spain). The Turbospin
®
 was kindly donated by PH&T SpA (Milan, Italy). 

All the cell culture reagents were purchased from Lonza.  

 

3B 2.2 Powders Preparation 

 

Micronized particles were prepared by spray drying GS alone or with leu from 

different solvents i.e., water, water/ethanol or water/isopropyl alcohol (IPA) 

mixtures. GS and leu were both solubilized in water, then the organic solvent 

was added under continuous magnetic stirring, reaching a total powder 

concentration of 5% w/v. The parameters changed in the formulation regarded: 

i) kind of solvent, ii) water to organic solvent ratio, iii) GS to leu ratio (from 

100:0 to 8:2 w/w).  

The liquid feeds were neutralized with few drops of a 1 M sodium hydroxide 

solution and dried using a Buchi mini spray dryer B-191 (Buchi 

Laboratoriums-Tecnik, Flawil, Switzerland) under the following operative 

conditions: inlet temperature 125 °C for aqueous solutions, 110 °C for hydro-

alcoholic solutions, outlet temperature 72-75 °C, drying air flow 500 L/min, 

aspiration rate 100%, air pressure 6 atmospheres, feed rate 5 ml/min, nozzle 

0.5 mm, set in preliminary experiments.  
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Each preparation was carried out in triplicate. All the spray-dried powders 

were collected and stored under vacuum for 48 h at room temperature. 

Production yields were expressed as weight percentage of the final product 

compared to total amount of the material sprayed. Powders produced were 

solubilized in distilled water and analyzed in terms of drug content by means 

of HPLC method described below. 

 

3B 2.3 Powders physico-chemical Properties 

 

3B 2.3a GS and leu quantification 

GS quantitative determination by HPLC followed the Pharmacopoeia method 

(USP 30) as reported elsewhere (Della Porta et al., 2010). Briefly, 25 mg of 

GS raw material was stirred in 25 ml of distilled water until complete 

dissolution. Five ml of IPA and 4 ml of a previously prepared phthalaldehyde 

solution were then added to 10 ml of this solution. The solution was stirred 

and IPA was added to reach a 25 ml volume. Finally, it was heated for 15 min 

in a water bath at 60 °C, cooled at room temperature, filtered through 0.45 µm 

filters and analyzed by HPLC at a wavelength of 330 nm (Chromatopac L-

10AD system equipped with a Model SPD-10AV UV–vis detector and a 

Rheodyne Model 7725 injector loop 20 µl, Shimadzu, Kyoto, Japan). Peak 

areas were calculated with a Shimadzu C-R6A integrator. Phthalaldehyde 

solution was obtained dissolving 1.0 mg of o-phthalaldehyde in 5 ml of 

methanol and adding 95 ml of 0.4 M boric acid, previously adjusted with 8 N 

KOH to a pH of 10.4, and 2 ml of thioglycolic acid. The pH of the resulting 

solution was adjusted to 10.4 by a 8 N KOH solution. Calibration curves were 

worked out and proportionality between G concentration and AUC was 

checked in the range of 5-500 μg/ml.  
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After adding the phthalaldehyde solution to a sample containing both GS and 

leu, the amino acid reacted with phthalaldehyde, giving rise to a chromophore 

absorbing at 330 nm, as observed for GS, with no interference with GS. 

Calibration curves were worked out for leu, too, and proportionality between 

leu concentration and AUC was tested in the range of 1-20 μg/ml.  

 

3B 2.3b GS and leu solubility 

GS and leu solubility in water and hydro-alcoholic solutions used for spray 

drying process (pH 7.0 ± 0.1) was evaluated according to USP 31. An 

excessive amount of powder was introduced into glass vials containing 8 ml of 

solvents; the samples were stirred and stored at 25 °C for 3 days. After that, 

samples were centrifuged for 15 min at 3.000 rpm, in order to remove the 

extra powder required to saturate the solutions. Supernatants were filtered with 

0.45 μm filters and the concentration of dissolved Gs or leu was determined by 

HPLC method as described before. The solubility measurements were 

performed in triplicate.  

 

3B 2.3c Particle size 

Particle size of both raw materials and spray-dried powders was determined 

using a laser light-scattering granulometer equipped with a micro liquid 

module (LS 13 320 Beckman Coulter Inc., Fl, USA). In preliminary studies, 

dichloromethane was chosen as suspending medium among the other 

chemicals. Samples were suspended in dichloromethane and sonicated for 2 

min: few drops of each sample were poured into the small-volume cell to 

obtain an obscuration between 8 and 12%. Particle size distributions were 

calculated by instrument software, using the Fraunhofer model. Results were 

expressed as d50 and span defined as [d90-d10]/d50, where d90, d50 and d10 

indicate the volume diameters at the 90
th

, 50
th

 and 10
th

 percentiles respectively.  
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3B 2.3d Scanning Electron Microscopy (SEM) 

Morphology of raw materials and microparticles was investigated using a 

scanning electron microscope (SEM) Zeiss EVO MA10 (Carl Zeiss SMT AG, 

München-Hallbergmoos, Germany) operating at 14 kV. 

 

3B 2.3e Bulk and tapped density 

Bulk and tapped densities of the spray-dried powders were measured as 

described elsewhere (Sansone et al., 2009). Briefly, powders were loaded into 

a bottom-sealed 1 ml plastic syringe (Terumo Europe, Leuven, Belgium) 

capped with laboratory film (Parafilm® “M”, Pechiney Plastic Packaging, 

Chicago, IL, USA) and tapped on a hard bench until no change in the volume 

of the powder was observed. The bulk and tapped densities were calculated 

from the net weight of the plastic syringe content divided by the powder 

volume in the syringe before and after tapping, respectively. Experiments were 

performed in triplicate. 

 

3B 2.3f Moisture uptake 

The moisture uptake kinetics of raw materials and spray-dried powders was 

determined after their removal from the spray-drying chamber. About 20 mg 

of powder were inserted into an aluminum pan and transferred onto the plate 

of the balance (MTS Mettler Toledo microbalance, OH, USA) at 60% RH and 

25 °C. The balance was left open during the experiment and the increase in 

powder weight was measured each 10 min up to 80 min. Results were 

expressed as the percentage of weight gained by the sample during the time.  
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3B 2.4 Aerodynamic Behaviour Evaluation 

 

A first screening of the in vitro deposition of the micronized powders was 

carried out using a single-stage glass impinger (SSGI, apparatus A Eur. Ph. 

6.0, Copley Scientific Ltd., Nottingham, UK) and the Turbospin® as 

inhalation device. The Turbospin® is a breath-activated, reusable DPI, 

working with a single unit capsule. The capsule is vertically inserted into the 

pulverization chamber and pierced by a needle at the bottom side: the inhaled 

air creates a turbulence that shakes and twists the capsule, facilitating its 

empty. The selected device has an optimal resistance rate, able to assure an 

effective particle deaggregation even with a moderate inspiration potency. 

For the SSGI experiments, 30 and 7 ml of distilled water were introduced in 

the lower and upper stages of the SSGI, respectively. Hard gelatine capsules 

(size 2) were filled manually with different amounts of spray-dried powder 

(60-120 mg), according to its bulk density. Then, the capsule was introduced 

into the Turbospin
®
 and pierced twice. The vacuum pump was operated at a 

flow rate of 60 l/min for 5 s (Erweka vacuum pump VP 1000 equipped with an 

electronic digital flowmeter type DFM, Erweka Italia, Seveso, MI, Italy). Each 

deposition experiment was performed on 3 capsules and repeated in triplicate. 

Upper and lower parts were washed with 500 ml of distilled water, in order to 

recover the powder deposited on each stage, the GS content of which was 

evaluated by HPLC as described above. The emitted dose (ED) was 

gravimetrically determined and expressed as percentage of powder exiting the 

device vs amount of powder introduced into the capsule. The fine particle 

fraction (FPF), defined as ratio of GS recovered from the lower stage of SSGI 

vs total GS charged into the capsules, was expressed as a percentage (Sansone 

et al., 2009).  
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The powders showing promising aerosolisation properties were also tested by 

Andersen cascade impactor (apparatus D, Eur. Ph. 6.0, ACI, Westech 

Instrument Services Ltd., Bedfordshire, UK), adjusted for use at a flow rate of 

60 L/min as described elsewhere (Gilani et al., 2005; Seville et al., 2007). The 

effective cut-off diameters of the modified ACI, provided by the producer, 

were: Stage -1, 8.6 μm; Stage -0, 6.5 μm; Stage 1, 4.4 μm; Stage 2, 3.2 μm; 

Stage 3, 2.0 μm; Stage 4, 1.1 μm; Stage 5, 0.54 μm; Stage 6, 0.25 μm. In order 

to minimize particle bounce, metal impaction plates were dipped into an n-

hexane solution of SPAN 80 (0.1% w/v) and the solvent was allowed to 

evaporate, leaving a thin film of SPAN 80 on the plate surface. The ACI was 

assembled placing a filter paper on the filter stage and the Turbospin
®

 was 

fitted into a rubber mouth piece attached to the throat. Four hard gelatine 

capsules (size 2) were filled manually with 120 ± 0.5 mg of sample. Each 

capsule was introduced into the Turbospin
®
 and pierced twice. The vacuum 

pump was actuated for 4 s. The powder deposited into the different stages was 

recovered by plunging each plate and the stage below into distilled water (5-

500 ml depending on the stage number). GS content was assessed by HPLC 

measurements. The emitted dose (ED) was determined as described above for 

SSGI experiments. The cumulative mass of powder with a diameter lower than 

the stated size of each stage was calculated and plotted as a percentage of 

recovered powder vs cut-off diameter. The mass median aerodynamic 

diameter (MMAD) of the particles was extrapolated from the graph, according 

to the Eur. Ph. 6.0. From the same plot, the fine particle dose (FPD), i.e. the 

mass of GS with a particle size less than 5 μm, and the fine particle fraction 

(FPF), i.e. the fraction of GS emitted from the device with a particle size less 

than 5 μm, were determined. In vitro deposition experiments were performed 

on three batches with three replicates each.  
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3B 2.5 Powder stability 

 

Physicochemical stability of GS powders dried from hydroalcoholic solutions 

and containing 15% w/w of leu was assessed after 6 months of storage at 25 

°C ± 2 °C/60% RH ± 5% RH in a climatic chamber (Climatic and 

Thermostatic Chamber Mod. CCP37, AMT srl, MI, Italy), with emphasis on 

drug content, surface morphology and aerodynamic properties. All 

measurements were performed in triplicate.  

 

3B 2.6 In vitro toxicity 

 

3B 2.6a Cell line and culture conditions 

CuFi1 cell line, derived from human bronchial epithelium of a CF patient 

(CuFi1, CFTR ΔF508/ ΔF508 mutant genotype), was purchased from 

American Type Culture Collection (ATCC, Manassas, VA, USA). CuFi1 cells 

were grown in human placental collagen type VI coated flasks (Sigma 

Aldrich, Milan, Italy) in bronchial epithelial basal medium, BEBM (Clonetics, 

Lonza, Walkersville. Inc) supplemented with BPE, hydrocortisone, hEGF, 

epinephrine, insulin, triiodothyronine, transferrine and retinoic acid (all from 

Lonza) and penicillin/streptomycin (50 mg/ml). Cells were incubated at 37 °C 

in a humidified atmosphere containing 5% CO2. 

For in vitro biological studies, the powders were dissolved in sterile water, and 

immediately administered to the cells. 

 

3B 2.6b Proliferation assay 

Cell growth was assessed by using a colorimetric bromodeoxyuridine (BrdU) 

cell proliferation ELISA kit (Roche Diagnostics, Milan, Italy). Briefly, 10 x 

10
3
 cells were seeded into each coated well of a 96-well plate and left to 
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adhere to the plate. The cells were then treated with increasing concentrations 

(from zero to 2 µM) of rawG, Get3 and Get3-Leu15 for 24 h. BrdU was added 

for the final 16 h (10 µM final concentration). At the end of the cell culture 

period, the medium was removed and the ELISA BrdU immunoassay was 

performed as described by the manufacturer. The colorimetric reaction was 

stopped by adding H2SO4, and the absorbance at 450 nm was measured using 

a microplate reader (Bio-Rad Laboratories, Milan, Italy). 

 

3B 2.6c Viability assay 

Cell viability was analyzed using the MTT assay. Briefly, cells were seeded at 

the density of 10 x 10
3
/well, left to adhere to the plate and then treated with 

rawG, Get3 and Get3-Leu15 for 24 h. 3-(4,5-methylthiazol- 2-yl)-2, 5-

diphenyl-tetrazolium bromide (MTT) was added (0.5 mg/ml final 

concentration) to each well of the 96-well plate and incubated in 37 °C for 4 h. 

Formazan products were solubilised with 10% Triton X-100, 0.1 N HCl in 2-

propanol. Absorbance was determined at 595 nm using a microplate reader 

(Bio-Rad Labaoratories srl, MI, Italy). 

 

3B 2.7 Statistical analysis 

 

Measurements were performed in triplicate, unless differently stated. Values 

expressed as mean of at least three experiments with three replicates each ± 

SD. Statistical differences between the treatments and the controls were 

evaluated by the Student’s t-test A (P values less than 0.05 were considered 

statistically significant). 
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List of Abbreviations 

 

4-PBA   Sodium-4-phenylbutyrate 

AA   Amino acid 

ACI   Andersen cascade impactor 

BALF   Bronchoalveolar lavage fluid 

BEBM   Bronchial epithelial basal medium 

BSA   Bovine serum albumin 

CF   Cystic fibrosis  

CFTR   Cystic fibrosis transmembrane conductance regulator 

dae   Aerodynamic diameter 

DPI   Dry powder inhaler 

DSC   Differential scanning calorimetry 

ED   Emitted dose 

ERK   Extracellular signal-regulated kinase 

FPD   Fine particle dose; 

FPF   Fine particle fraction 

GS   Gentamicin sulfate 

HAE   Cells human airway epithelial cells 

IKKs   IB kinases 

IL-6   Interleukin-6 

IL-8   Interleukin-8 

IP   Isoelectric point 

IPA   Isopropyl alcohol 
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Leu   L-leucine 

MAPK   Mitogen-activated protein kinase 

MMAD  Mass median aerodynamic diameter 

N   Naringin 

NBD   Nucleotide-binding domain 

NF-B   Nuclear factor-B 

Pa   Pseudomonas aeruginosa  

pMDI   Pressurized metered dose inhalers 

PSDs   Particle size distributions 

ROS   Reactive oxygen species 

SAA   Supercritical assisted atomization 

SEM   Scanning electron microscopy 

SSGI   Single stage glass impinge 

TMD   Transmembrane domain 
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