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1 INTRODUCTION  

 

1.1 Chronic inflammatory lung diseases: asthma and COPD 

 

Acute and chronic alveolar and/or bronchial inflammation is thought to be central to the 

pathogenesis of many lung disorders such as asthma and chronic obstructive pulmonary 

disease (COPD) [1]. 

 

Asthma is a common chronic inflammatory disease of the airways characterise by variable 

and recurring symptoms, such as reversible airflow obstruction and bronchospasm (figure 

1) [2]. Moreover, these effects are promoted by underlying inflammation, which increases 

mucus production and contraction of muscles around the airways or bronchospasm. The 

mucus not only obstructs airways but also contributes to an increasing of airway 

hyperresponsiveness [3]. The pathogenesis of this disease is correlate to different genetic 

factors such as innate immunity, genetic sex and age that coupled to the environmental 

factors like allergens and respiratory bacterial/viral infections are responsible to the 

susceptibility, pathogenesis and development of asthma [4-6].  

The airflow limitation in asthma is recurrent and caused by a the presence of increased 

numbers of eosinophils, neutrophils, lymphocytes, mast cells, dendrites cells and 

macrophages in the bronchial tissues, specifically in the airways, and by a release of 

inflammatory mediators (e.g. chemokines, cytokines, leukotrienes and nitric oxide) [7]. 

 

 

Figure 1: Airway in physiologic condition compare to asthmatic airways [8]. 
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Chronic obstructive pulmonary diseases is one of the leading causes of morbidity and 

mortality worldwide [9,10], characterised by chronic inflammation, airflow limitation, 

hyper mucous production, emphysema, bronchoconstriction, a decline of respiratory 

activity and eventual death. COPD could be consider as a mix of two diseases: chronic 

bronchitis and emphysema (figure 2) [11]. 

 

 

Figure 2: Airways and alveolus during COPD [12]. 

 

 Bronchitis is a diseases characterise by inflammation to the bronchi of the lungs 

[13]. Symptoms of bronchitis are the coughing mucus wheezing, the shortness of 

breath and chest discomfort. Bronchitis is divided into two types: acute and chronic.  

Acute bronchitis, is a short term inflammation of the bronchi of the lungs.  

The most common symptom is a cough. Other symptoms include coughing up 

mucus, wheezing, shortness of breath and fever. The infection may last from a few to 

ten days. The cough may persist for several weeks afterwards with the total duration 

of symptoms usually around three weeks, and in some cases until up to six weeks. 

https://en.wikipedia.org/wiki/Acute_(medicine)
https://en.wikipedia.org/wiki/Chronic_(medicine)
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Chronic bronchitis is defined as a productive cough that lasts for three months or 

more per year for at least two years. Cigarette smoke is the most common cause, with 

a number of other factors such as air pollution and genetic playing a smaller role.  

 

 Emphysema is a condition that it involves enlargement of the air sacs in the lung, 

that consequently make progressively short of breath [14]. 

The site and specific characteristics of the inflammatory responses may be different 

in each of these diseases, but all are characterised by the recruitment to the lungs 

and activation of immune and inflammatory cells, that consequently produce 

cytokines, oxidants and many other mediators which are involved in inflammation 

[15].  

 

1.2 Pharmacotherapy for asthma and COPD 

 

Pharmacotherapy for asthma and COPD could have different target and also different types 

of drugs and administration routes. 

 

Asthma is thought to be caused by a combination of genetic and environmental factors and 

the pharmacotherapy treatment is determined to a large extent after an initial assessment of 

severity and subsequent establishment of control, both of which can be variable over time 

and assessed in 2 domains: impairment (current) and risk (long-term consequences) [16].  

The treatment includes different classes of drug in order to control the symptoms and a list 

of the common medications are listed below and are shown in Table 1: 

 Beta-2 agonist, is the oldest classes of drugs used in the treatment of asthma to 

relieve bronchoconstriction and depending their time of action could be classified 

in short- and long- acting beta 2 agonist [17]. 

Short-acting beta-2 agonists such as salbutamol and terbutaline are the drugs for 

acute relief of asthma symptoms, and the prevention of exercise induced 

bronchoconstriction. This class of drugs, provides quick relief of symptoms during 

asthma attacks and also is used in order to prevent bronchoconstriction induced by 

asthma symptoms.  

Short-acting beta-2-agonists are available different pharmaceutical formulations: 

inhaled, pill, liquid, and injectable forms. The inhaled form is preferred for asthma 

treatment. 

https://en.wikipedia.org/wiki/Chronic_bronchitis
https://en.wikipedia.org/wiki/Genetics
https://en.wikipedia.org/wiki/Environmental_factor
http://www.webmd.com/hw-popup/asthma-attack
http://www.webmd.com/asthma/guide/asthma-prevention
http://www.webmd.com/asthma/guide/asthma-prevention
http://www.webmd.com/asthma/guide/asthma-treatments
http://www.webmd.com/asthma/guide/asthma-treatments
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Long- acting beta-2 agonists provide prolonged bronchodilation, indeed salmeterol 

and formoterol are potent and selective beta-2-adrenoceptor agonists with durations 

of action >12 h. These drugs are usually used to reduce in day- and night-time 

symptoms and improved quality of sleep. 

 Inhaled corticosteroids, such as beclomethasone, budesonide, flunisolide, 

fluticasone, are drugs used to treat inflammation in the airway [18]. 

This class of drugs, represents the most effective anti-inflammatory medications for 

the treatment of persistent asthma and in general, they are used every day as a part 

of daily asthma treatment. 

Inhaled corticosteroids are the preferred treatment for long-term control of 

persistent asthma symptoms in children, teens, and adults by helping control of the 

narrowing and inflammation in the bronchial tubes. In general, they are part of 

daily asthma treatment and are used every day. Their clinical benefits include 

decreased asthma symptoms, improved lung function and a reduction of 

exacerbations; 

 Leukotriene receptor antagonists may also be referred to as anti-inflammatory, to 

prevent  bronchoconstriction and they may be an alternative treatment for mild 

persistent asthma. This class of drugs may be used in addition to inhaled 

corticosteroids if asthma symptoms remain uncontrolled [19,20]; 

 Inhaled anticholinergics (e.g. ipratropium) are usually used for severe asthma 

attacks while is limited their use in the day-to-day management of asthma [21].  

 

 

The treatment of acute asthma symptoms is usually with an oral corticosteroids but there 

are more likely to cause side effects than inhaled corticosteroids, because with the inhaled 

therapy the medication is deliver directly to the lungs [22]. In very severe cases, 

intravenous corticosteroids, magnesium sulfate, and hospitalization may be required [23]. 

 

 

 

 

 

 

 

http://www.webmd.com/hw-popup/asthma-attack
http://www.webmd.com/hw-popup/asthma-attack
https://en.wikipedia.org/wiki/Magnesium_sulfate
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Table 1: Classes of drugs using for asthma treatment with same molecular samples. 

CLASSES OF DRUG 

using for asthma treatment 
Chemical structures 

 Beta-2 agonist  

Short-acting 

Salbutamol 

H
N

OH

HO

HO

 
Terbutaline 

H
N

OH

HO

OH  
Long-acting 

Salmeterol 

H
N

OH

HO

HO O

 
Formoterol 

NH

O

OH

H
N O

OH

 

Corticosteroids 

 

Beclomethasone 

O

Cl H

OH

O

OH
HO

H

 
 

Budesonide 

 
Flunisolide 

O

H H

HO

H

F

O

HO

O

O

 
Fluticasone 

O

F H

HO

H

F

O S

OH

F

 

Anticholinergics 

 

Ipratropium 
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The pathogenesis of COPD is multifactorial which includes genetic predisposition, age, 

inhaled pollution and cigarette smoke. 

There is no cure for COPD but the treatment can help slow the progression of the condition 

and reduce the symptoms [24]. Indeed the pharmacological therapies are focus on control 

symptoms, reduce risk of complications and exacerbations in order to improve the life 

quality of the patients.  

The list of the different type of medication are listed below and are shown in Table 2: 

 Bronchodilators are different drugs that are able to relax the muscles around your 

airways. The action of bronchodilators can help relieve coughing and shortness of 

breath and make breathing easier by relaxing the muscles around your airways. 

Usually are administrated by inhalation and depending on the severity of the 

disease and the duration of the actives. Short-acting bronchodilators include 

albuterol, levalbuterol and ipratropium [25]. The long-acting bronchodilators 

include tiotropium, salmeterol, formoterol, arformoterol, indacaterol and aclidinium 

[26]; 

 Inhaled steroids are medications that can reduce airway inflammation and help 

prevent exacerbations and are useful for people with frequent exacerbations of 

COPD. Fluticasone and budesonide are examples of inhaled steroids [27]; 

 Combination inhalers, some medications combine bronchodilators and inhaled 

steroids. Salmeterol/fluticasone and formoterol/budesonide are examples of 

combination inhalers [28,29]; 

 Phosphodiesterase-4 inhibitors, is a new type of medication that is able to 

decreases airway inflammation and relaxes the airways in people with severe 

COPD and symptoms of chronic bronchitis [30]; 

 Theophylline is a very inexpensive medication that helps to the improve breathing 

and prevents exacerbations [31]; 

 Antibiotics are usually used for respiratory infections, such as acute bronchitis, 

pneumonia and influenza, that can aggravate COPD symptoms. Antibiotics help 

treat acute exacerbations, but are not generally recommended for prevention [32]. 
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Table 2: Classes of drugs using for COPD treatment with same molecular samples. 

CLASSES OF DRUG 

Using for COPD treatment 
Chemical structures 

Bronchodilators 

Short-acting 

 
Albuterol (Β2 agonist)(R)-salbutamol 

HO

H
N

OH

HO

 
Levalbuterol (Β2 agonist)(S)-salbutamol 

OH

HO

H
N

OH

 
Ipratropium (anticholinergic) 

 
Long-acting 

 

Salmeterol (Β2 agonist) 
 

H
N

OH

HO

HO O

 
Formoterol (Β2 agonist) 

 

 
Tiotropium (anticholinergic) 

 
Indacaterol (Β2 agonist) 

 

 

Corticosteroids 

 

Budesonide 

 
Fluticasone 

O

F H

HO

H

F

O S

OH

F

 

 Xantine  

Theophylline 
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The pharmacotherapy of these inflammatory lung diseases need to enhance in order to 

improve the life quality of the patients. In literature is show that inflammation and 

oxidative stress are the principle markers in the pathogenesis of these disease [33,34]. 

Previous studies have shown that oxidative stress plays an important role in the 

pathogenesis of the inflammatory lungs diseases and also that cigarette smoke is the main 

risk factor for the development and progression of COPD. This is because cigarette smoke 

causes a production of reactive oxygen species (ROS) that increase the oxidative stress and 

for this reason it is implicated in the pathogenesis and in irreversible airway inflammation 

[35]. Indeed the oxidative stress causes airway inflammation by stimulating the release of 

inflammatory mediators such as interleukin (IL)-6, IL-8 and TNF-α [36]. Moreover these 

inflammatory mediators result in an increase of ROS and hence an increase in oxidative 

stress in the lungs and consequently the inflammation (figure 3).  

Identification of various anti-oxidant agents such as polyphenols have made it possible to 

modulate various biochemical aspects of inflammatory lungs diseases such as COPD and 

asthma. Moreover the therapy based on polyphenolic compounds could improve the 

treatment of inflammatory lung diseases, because these molecule have shown to have a 

good anti-oxidant and anti-inflammatory activities [37]. 

For this reason the polyphenols are suitable candidates to add to the pharmacotherapy of 

these lung diseases. 

 

Figure 3: Oxidative stress play an important role in the pathogenesis of the inflammatory 

lungs diseases. 
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1.3 Polyphenols 

 

Polyphenols refer to diverse groups of naturally occurring compounds which are secondary 

metabolites of plants [39,40].  

The chemical structure of these molecules is a C6-C3-C6 carbon skeleton. Indeed their 

chemical structure is characterise by presence of multiple aromatic rings, characterized by 

presence of one or more hydroxyl groups. Depending to the number of phenolic rings and 

the structure elements that link together the rings, the polyphenols can be classified into 

different classes [39]. 

Polyphonic compounds can be classified in two main groups: 

 Flavonoids; 

 Non-flavonoids. 

 

1.3.1 Flavonoids: chemical structures and biological activities 

 

The flavonoids have a chemical structure formed by two aromatics rings, named as A and 

B, linked each other through an oxygenated heterocycle, indicated as C ring (figure 4) [41]. 

 

 

 

Figure 4: Chemical structure of flavonoids. 

 

The aromatic rings A and B could have hydroxyl groups in different positions. 

Specifically, in the ring A, the hydroxyl groups are usually present in position 5 and 7, 

while in position 3’ and 4’, or 3’, 4’ and 5’ for the B ring. Moreover the C ring could have 

different oxidation states.  

http://www.tuscany-diet.net/2014/01/22/flavonoids-definition-structure-classification/
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The flavonoids can be further subdivided into six main subclasses, depending on the 

degree of oxidation of the central pyran ring (C ring) which are shown in figure 5 and are 

listed below [41]: 

- Flavonols; 

- Flavones;  

- Isoflavones; 

- Flavonones; 

- Flavanols; 

- Anthocyanidins. 

 

Figure 5: Classification of flavonoids depending on the degree of oxidation of the central 

ring. 

 

There has been an increasing interest in the research on flavonoids due to their versatile 

health benefits with respect to different diseases as reported in a previously studies [42]. 

Indeed, flavonoids present different activities [42] such as anti-oxidant, anti-inflammatory, 

hepatoprotective, coronary heart diseases prevention, effect on blood and antimicrobial; 

however, the anti-oxidant [41] and the anti-inflammatory [43] activities are the most 

relevant for these compounds. 
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 The anti-oxidant capability of polyphenols represents the most important activity 

for these compounds and depends on the arrangement of functional groups 

connected in the chemical structure. Specifically, the anti-oxidant activity is 

influenced by the configuration, the substitution and number of hydroxyl groups 

[41]. 

Flavonoids employed the anti-oxidant activity by two mechanisms: radical 

scavenging (I) and metal ion chelation (II) [44,45].  

I. The configuration of the hydroxyl groups present in the B ring (figure 4) is 

the most significant determinant of scavenging the ROS and reactive 

nitrogen species (RNS) [46-49]. Indeed these hydroxyl groups are able to 

donate an hydrogen and an electron to hydroxyl, peroxyl and peroxynitrite 

radicals, stabilizing them and giving rise to relatively stable and less-

reactive flavonoids radicals, according to equation:  

Flavonoid (OH) + R
.
  Flavonoid (O

.
) + RH 

 

II. The metal ions chelation [45] plays an important role for the prevention of 

radical generation which damage target biomolecules. Flavonoids, with 

their multiple hydroxyl groups on C ring have several sites for metal 

complexation, and in literature is shown that these compounds are able to 

chelate transition metal ions, especially iron and copper, giving a stable 

complex that entrapping metals, prevent the generation of free radicals. 

Indeed, base on the Fenton reaction, hydroxyl radicals are produced from 

hydrogen peroxide in the presence of metal, according to following 

equation 2: 

H2O2 + M 
n+ 
 OH

- 
+ HO

. 
+ M 

(n+1)+
 

 

 The anti-inflammatory properties of flavonoids have been intensely studied 

because these compounds have shown to have anti-inflammatory activity in vitro 

and in vivo but their action mechanism is not full understood [43]. Indeed the 

flavonoids are able to decrease the transcription and also the release of 

inflammatory mediators [50].  

(1) 

(2) 
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Before to consider the anti-inflammatory activity of flavonoids, the arachidonic acid (AA) 

and its role during the inflammation need to be explained. This is because the AA plays a 

role very important for the release of different inflammatory mediators being involved in 

cellular signalling as a lipid second messenger involved in the regulation of signalling 

enzymes [51]. 

Arachidonic acid is present in the phospholipids of cellular membranes and is freed by the 

enzyme phospholipase A2 (PLA2) and represents the precursor of a wide range of 

biologically and clinically important signalling molecules during the inflammatory 

processes, that are named eicosanoids.   

Indeed the AA is metabolized to eicosanoids and metabolites of these eicosanoids by 

various enzymes (figure 6). The cyclooxygenase and 5-lipoxygenase are the enzymes 

involved in the metabolization of the AA. Specifically, enzymes cyclooxygenase-1 and -2 

(COX-1 and COX-2) metabolize AA to prostaglandins, while the enzyme 5-lipoxygenase 

(LOX) metabolizes AA to 5- hydroperoxyeicosatetraenoic acid (5-HPETE), which in turn 

is metabolized to various leukotrienes. 

 

 

Figure 6: Role of arachidonic acid in inflammation. 
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Different studies have shown that flavonoids exert their anti-inflammatory activity by 

inhibition of AA and by the inhibition of the enzymes such as PLA2, COX and LOX that 

results in the reduction of the production of AA, prostaglandins, leukotrienes (LT) and 

nitric oxide (NO) that are the crucial mediators of inflammation [43,52]. Moreover, 

flavonoids exert the anti-inflammatory activity by inhibition of two important enzymes 

such as the inducible nitric oxide syntetase (iNOS) and the COX-2, and also of nuclear 

factor kappa B (NF-κB) and activator protein-1 (AP-1) [43,52,53]. 

 

1.3.1.1. Quercetin and biological properties  

 

Quercetin, chemically named 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-

one (figure 7), is a flavonoid compound that is part of the flavonols group and is found in 

the form of glycoside in many vegetables and fruits. 

  

 

Figure 7: Chemical structure of quercetin. 

 

Quercetin is the aglycone form of a number of other flavonoid glycosides, such as rutin 

and quercitrin (figure 8) [54,55].  

This flavonoid is a molecule that possess potential anti-inflammatory, anti-allergic, anti-

carcinogenic and anti-asthmatic properties, but the most important activity is the anti-

oxidant action that it is exerted by scavenging of free radicals and binding transition metal 

ions.  
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Figure 8: Chemical structures of A) rutin and B) quercitrin. 

 

Previous studies have shown its anti-inflammatory activities in vivo and in vitro. In 

inflammation, bacterial products and proinflammatory cytokines induce the formation of 

large amounts of NO by inducible nitric oxide synthase (iNOS), consequently the 

compounds that inhibit NO production have anti-inflammatory effects. Quercetin, is able 

to inhibited iNOS protein and mRNA expression and also NO production in macrophages, 

exposed to an inflammatory stimulus (lipopolysaccharide, LPS), in a dose-dependent 

manner. Specifically, quercetin inhibits the activation of NF-κB and also the activation of 

the signal transducer and activator of transcription 1 (STAT-1), which are a significant 

transcription factors for iNOS [53]. Moreover quercetin exert anti-inflammatory activity by 

modulation of iNOS, COX-2 and reactive C-protein (CRP) expression, and variation in the 

NF-ҡB in liver cells, via mechanisms likely to involve blockade of NF-κB activation and 

the resultant up-regulation of the pro-inflammatory genes [56]. Add to this quercetin 

produced a decrease of iNOS, COX-2 and CRP protein level at different concentrations 

(from 5 to 200 μmol/l), but the percentage of inhibition induce by quercetin was reduced at 

high concentrations [56].  

In vivo studies have shown that quercetin is able to reduce acute and chronic inflammation 

in rat, after intraperitoneal administration given at daily doses equivalent to 80 mg/kg [57] 

and also could be used for treating allergies because is an effective eosinophilic 

inflammation suppressors in a murine model of asthma [58].  

B 
 

A 
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In addition to these effects, chronic inflammation is being shown to be increasingly 

involved in the onset and development of several pathological disturbances such as 

arteriosclerosis, obesity, diabetes, neurodegenerative diseases and even cancer [59]. 

Treatment for chronic inflammatory disorders has not been solved, and there is an urgent 

need to find new and safe anti-inflammatory compounds [59].  

Quercetin is able to inhibit cytokine and iNOS expression through inhibition of the NF-ҡB 

pathway (both in vitro and in vivo) [60,61] and also it is a potent inhibitor of leukotriene 

B4 formation in leukocytes (IC50 2 mM), and its activity was dependent on specific 

structural features, particularly the 2,3-double bond of the C-ring. For this reason, the 

structural modifications of quercetin due to metabolic transformation had a profound effect 

on bioactivity. Moreover, the structural features required for antioxidant activity of 

quercetin and related flavonoids were unrelated to those required for inhibition of 

inflammatory eicosanoids [62]. Quercetin also reduced the gene expression of specific 

factors implicated in local vascular inflammation. Moreover this flavonoid reduces the 

expression of human CRP and cardiovascular risk factors (SAA, fibrinogen) in mice in 

vivo [63]. 

Specifically to pulmonary pathologies, quercetin inhibits the production of reactive oxygen 

species and also and inhibit the intercellular adhesion molecule-1 (ICAM-1) that is one of 

the important pro-inflammatory factors, in human alveolar epithelial A549 cells [64,65]. 

Furthermore, it reduces the induction of pro-inflammatory cytokines, and chemokines in 

human bronchial and alveolar A549 epithelial cells. Moreover, in vivo administration of 

quercetin has been reported to decrease allergic airways inflammation and asthmatic 

reactions including airway resistance, mucus production in the lung, recruitment of 

leukocytes and eosinophils to the broncho-alveolar lavage fluid in murine and guinea-pig 

models of asthma. In addition, inhibition of lung cancer cell proliferation (including the 

A549 human cell line) by quercetin has also been demonstrated [66,67]. 

However, the therapeutic application of quercetin is hampered by its extensive metabolism, 

poor cell permeability and high chemical instability in physiological fluids, which prevent 

adequate flavonoid concentrations to be reached and maintained during in vitro and in vivo 

investigations [68-71].  
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1.3.2. Non – flavonoids chemical structure and biological activities 

 

The non-flavonoids compounds can be further subdivided into four main subclasses [72] 

and are shown in figure 9 and are listed below: 

 Phenolic acids are types of aromatic acid compounds. Included in that class are 

substances containing a ring and an organic carboxylic function and constitute about 

one-third of the dietary phenols, which may be present in plants in free and bound 

forms [73]. Phenolic acids consist of two subgroups: hydroxybenzoic and 

hydroxycinnamic acids, which have the C6–C1 and  C6–C3 structures, respectively. 

 Tannins have diverse effects on biological systems since they are potential metal ion 

chelators, protein precipitating agents and biological antioxidants. Because of the 

varied biological roles that tannins can play and because of the enormous structural 

variation, it has been difficult to develop models that would allow an accurate 

prediction of their effects in any system [74].  

 Lignans are produced by oxidative dimerisation of two phenylpropane units; they are 

mostly present in nature in the free form, while their glycoside derivatives are only a 

minor form [74].  

 Stilbenes are a class of compound which have in common the C6–C2-C6 structure. 

Chemically, stilbene is a hydrocarbon consisting of a trans ethene double bond 

substituted with a phenyl group on both carbon atoms of the double bond. Stilbene 

exists as two possible isomers, trans- and cis-1,2-diphenylethylene. The cis-stilbene 

isomer is less stable because the steric interactions force the aromatic rings out-of-

plane and prevent conjugation.  
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Figure 9: Classification of non-flavonoid compounds. 

 

1.3.2.1. Resveratrol 

 

Resveratrol, chemically named 3,5,4’-trihydroxystilbene (two phenol rings linked by a 

styrene double bond) (figure 10), is a secondary metabolite compound produced by plants, 

especially abundant in grapes and in red wine [75]. This polyphenol is produced from 

plants against exogenous substances such as fungi, UV irradiations and ozone exposure. 

 

 



26 

 

 

Figure 10: Chemical structure of (A) cis- and (B) trans—resveratrol. 

 

Regarding its chemical structure resveratrol shows two conformations: cis- (Z) and trans- 

(E) (figure 10). The trans- isomer is more stable and more biologically active than the cis- 

one [76]. Even though trans-resveratrol is the more stable natural form, it has also a high 

level of photosensitivity. It has been studied that one hour of natural sunlight converts 

about 80-90% of trans-form into the less stable cis-form when in solution. It has also been 

estimated that UV exposure for 120 minutes may isomerise around of 90.6% of the trans-

resveratrol into the cis-resveratrol [76]. Regarding metabolization, it has been shown that 

resveratrol, when administered orally, is absorbed and metabolized within 30 minutes [75].   

Resveratrol also shows a broad range of beneficial health effects, with the anti-

inflammatory and anti–oxidant being the most relevant.  

 

- Anti-inflammatory activity 

Resveratrol suppresses the expression of the genes of the NF- κB and the AP-1. These two 

molecules cause the expression of some enzymes that catalyse the production of pro-

inflammatory molecules like prostaglandins and NO. Moreover through the same pathway 

resveratrol also blocks the expression of pro-inflammatorycytokines/chemokines such as 

interferon gamma (IFN-γ), IL-1, IL-6 IL-8 and TNF-α, all involved in inflammation [77-
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79]. Specifically for the lung, during the inflammation process, multiple inflammation 

markers, such as IL-8, IL-6 and TNF-α, are expressed [80]. There is also further evidence 

showing resveratrol to have the potential to inhibit the release of different types of 

inflammatory cytokines, such us granulocyte-macrophage colony-stimulating factor (GM-

CSF), IL-6 and IL-8 from human bronchial smooth muscle cells and macrophages in 

COPD patients after exposure to TNF-α and LPS, respectively [79]. More recently, 

resveratrol has shown the potential to inhibit the release of inflammatory mediators from 

human airway epithelial cells, which has been proven to be involved in inflammatory lung 

disease, such as COPD and asthma [81]. Donnelly et al., reported that the reduction of IL-8 

expression from human primary epithelial cells was due to the inhibition of NF-κB activity 

by resveratrol [81]. 

 

- Anti-oxidant activity 

Resveratrol has been found to have an in vitro anti-oxidant activity by radical scavenging 

activity. Data in the literature have demonstrated that resveratrol scavenged free radical 

activity through the interaction of the para and meta hydroxyl groups with free radicals 

[82]. This molecule is capable of scavenging lipid hydroperoxyl free radicals, as well as 

hydroxyl and superoxide anion radicals. Resveratrol had the highest anti-oxidant activity, 

but further increase in the concentrations of resveratrol resulted in reduced anti-oxidant 

activity. In addition, Acquaviva et al. have conducted a detailed study on the anti-oxidant 

activity of resveratrol, whereby resveratrol showed significant inhibition on xanthine 

oxidase, membrane lipid oxidation and DNA cleavage activities [83]. At a molecular level, 

it has been shown that resveratrol could reduce ROS production in lung epithelial cells 

induced by smoking via stimulation of glutamate-cysteine ligase (GCL) and glutathione 

(GSH) production [84]. Additionally, it has been shown that the level of GCL in smoker’s 

airway and COPD patients was considerably lower than healthy and non-smokers, which 

further suggests that this protein is involved in progression of lung injury via oxidative 

stress. Nitrosative stress (contributed by NO production) and nitration of protein in airway 

epithelial cells have been hypothesized to be the culprit for steroid resistances in COPD. A 

study has previously demonstrated that resveratrol was able to reduce the expression of NO 

on epithelial cells in the presence of different inducers (cigarette smoke and cytomix). 

Furthermore, a study by Bi et al., showed that the inhibition of NO release by resveratrol in 

microglia cells after stimulation with LPS, was concentration dependent [85]. Resveratrol 

(100 μM) has also been reported to reduce by about 90% the NO production induced in 
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macrophages with LPS, although the concentration of NO was evaluated with a different 

method [85]. 

 

For the above reasons, polyphenolic compounds are potential candidate to improve the 

treatment of inflammatory lungs diseases. However, these molecules have a very low 

solubility in water, chemical stability, rapid metabolization and consequently they exhibit 

low bioavailability [86]. 

To overcome these problems and enhance the beneficial properties of quercetin and 

resveratrol, multiparticulate forms, have been developed in the course of this thesis, 

specifically inhalation powder using intelligent drug carriers and site-specific delivery in 

order to protect and enhance the bioavailability of the studied polyphenols. 

Solid lipid microparticles (SLM) were produced for quercetin, while resveratrol 

formulations were based on powder production using the spray dried technique. 

 

1.4 Formulation strategy for lung delivery using inhalable dry powder  

 

1.4.1 Spray dried microparticles  

 

One of the most known instrument which uses the spray drying technology the Mini Spray 

Dryer (figure 11) can be used with a small quantity of materials.  

Three basic operations can be recognized in the process of spray drying: atomization, 

drying and separation.  

The product to be dried, prepared in liquid form, is sucked from a solution and is 

transported to a pneumatic atomizing nozzle by means of a peristaltic pump. Subsequently, 

the feed solution is nebulized by atomizers in small droplets in a drying chamber in which 

hot air circulates. The thermal contact between the spray droplets and the hot air causes the 

rapid evaporation of the solvent with the formation of solid particles dried or partially wet, 

generally spherical shaped, which are then separated from the gas through a cyclone, an 

electrostatic precipitator or a filter.  
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Figure 11: Mini Spray Dryer B-290[87]. 

 

The chemical composition of the solid particulates depends on the content within the feed 

solution, whereas particle size and morphology are strongly dependent on process 

parameters such as liquid and gas feed rate, inlet temperature, gas pressure and aspiration. 

 

1.4.2 Solid lipid microparticles (SLM) 

 

Solid lipid microparticles were introduced since the early 1990s as an effective alternative 

drug carrier systems to the traditional colloidal carrier system such as emulsions, 

liposomes and polymeric microparticles. These particulate systems have gained great 

interest for the modulation and the targeting of active ingredients in the pharmaceutical, 

cosmetic and food fields and also for different route of administration like parenteral, topic 

and oral. A further advantage in using SLM for pulmonary targeting for local diseases 

(e.g., asthma); because they can be prepared in a size range suitable for lodging within 

bronchioles. 

Solid lipid microparticles carriers consist of hydrophobic core, solid at ambient and body 

temperature, stabilized by a layer of surfactant in their surface (figure 12) [88,89]. 
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Figure 12: Solid lipid microparticles (SLM). 

 

Moreover the nature of the ingredients ensure that SLM are compatible and biodegradable, 

providing good in vivo tolerability and optimal biodegradability [88,90,91]. 

 

Advantages of SLM include: 

I. Modified release of the drug; 

II.  Drug targeting; 

III. Increasing bioavailability of sparingly water-soluble substances; 

IV. Protection of the active component incorporated in the particles from degradation;  

V. Chemical and physical storage stability (for both drug and carrier system); 

VI. Use of biodegradable and biocompatible ingredients; 

VII. Ease of production on a large industrial scale; 

VIII.  Low cost of production due to their low manufacturing cost and raw materials cost. 

 

One of disadvantages is that the drug loaded in SLM needs to be lipophilic enough to 

achieve a proper entrapment efficacy.  

There are other disadvantages of SLM: 

1. Possibility of particle growth; 

2. SLM dispersions have high water content: 

3. Safety profile may be uncertain; 

4. Drug loading may be limited due to the solubility and miscibility of the drug in the 

melted lipid, chemical and physical structure of lipid materials, and their 

polymorphic state.  
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1.4.2.1 Methods to produce SLM 

 

There are several techniques for the production of SLM: 

 

 Melt emulsification method 

For the melt emulsification technique, the drug is dissolved or dispersed into the melt lipid 

(figure 13). This melt phase is subsequently mixed into a preheated polar phase (mainly 

water) containing the surfactant. The mixture is then homogenised with a high-shear 

apparatus at a temperature above the lipid melting point and the obtained emulsion is 

cooled at room temperature to form a microparticles suspension [92]. 

 

 

Figure 13: Preparation of SLM by melt emulsification technique. 

 

The water-free SLM are then recovered by filtration, centrifugation and /or lyophilization. 

Solvent removal enhances the stability of the LM preparation and facilities characterization 

studies and formulation of the particles into a dosage form. This method is the most 

commonly used in order to prepare the SLM [93-95].  
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 Solvent emulsification-evaporation method 

This technique differentiates from the melt emulsification method, since the lipid matrix 

instead of being melted is dissolved with the drug in a water-immiscible organic solvent, 

which is then emulsified in aqueous phase containing the surfactant by high-speed 

homogenization. Thereafter, the organic solvent is evaporated from the emulsion by 

mechanical stirring at room temperature or under reduce pressure (rotary evaporator), 

resulting in the precipitation of the lipid as SLM [92].  

The main advantages for this procedure is the limited exposure of thermolabile substance 

to high temperature [88,89]. However the use of organic solvents represents a disadvantage 

for pharmaceutical applications. 

 

 Solvent emulsification-diffusion method  

In this technique, the organic solvent used is partially water-miscible. The lipid and active 

ingredient are dissolved in organic solvent and emulsified with the external aqueous phase, 

containing the surfactant under high-speed mixing [92]. Water is then added to the 

obtained emulsion in order to favour the organic solvent diffusion from the droplets to the 

external phase, producing the solidification of the dissolved lipophilic material [96,97]. 

The SLM are isolated by centrifugation or filtration.  

This technique has the advantages of satisfactory reproducibility and reduced exposure to 

high temperature. The major drawback is low drug entrapment due its diffusion into the 

aqueous phase. 

 

 Double emulsion (w/o/w) method  

This technique is used for polar drug in order to overcome their poor entrapment in the 

hydrophobic matrix of the SLM [92]. A hot aqueous solution of the hydrophilic drug is 

added to the molten lipid containing a lipophilic surfactant under mixing. This primary w/o 

emulsion is then dispersed in aqueous phase maintained at the temperature above the lipid 

melting point and containing a hydrophilic surfactant. The mixture is stirred and the 

resulting double emulsion is cooled at room temperature. The obtained SLM are isolated 

by centrifugation or freeze-drying [98-100]. Particles formed from such technique are by 

nature, poorly controlled in both size and structure, thus limiting their use. 
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 Sonication method 

The dispersion of the emulsion obtained according to one of the methods reported in 

previous section can be performed by sonication alone or in combination with stirring. 

Sonication of the sample using an ultrasonic probe leads to a reduction of the particle size 

to few microns, suitable for specific administration route such as pulmonary delivery 

[100]. 

 

 Spray congealing method 

Spray congealing represents a relative novel and attractive technique for the preparation of 

SLM, which is not based on emulsification method. The fluid mixture, consisting of the 

drug dissolved or dispersed in the molten lipid carrier is atomised through an atomisation 

device. The atomisation leads to the formation of multiple droplets, which then solidify 

into a vessel maintained at ambient temperature or in dry ice. The obtained SLM are then 

collected and in some cases dried in a desiccators [89,92]. The performance of this method 

depends primarily on the atomisation efficiency of the molten mixture. The different types 

of atomisation device available include: a) centrifugal atomisers, b) airless atomiser and c) 

the air nozzle or pneumatic nozzle. The latter can be in the internal (the molten fluid and 

atomisation air come in contact in the mixing chamber) or external (the molten fluid and 

the atomisation air come in contact outside the nozzle) mixing configuration. The inner 

diameter of pneumatic nozzle, the air temperature and pressure represent the main 

operating parameters influencing the performance of the obtained. This technique has been 

shown to be more efficient than the melt emulsification for the incorporation of polar drug 

into the matrix lipid of the SLM. The main disadvantages is that rather larger particles are 

produced suitable for oral or topical delivery. 

 

 Spray Drying  

Using the spray drying technique the lipid and the active are dissolved or dispersed in an 

organic solvent. The obtained mixture is then atomized into a current of warm filtered air, 

which removes the solvent from the droplets yielding solid microparticles. Due to the heat 

supplied by the air for solvent evaporation, the use of lipids with high melting point (e.g. 

>70°C) is required to avoid the melting of the SLM during the spray process, this aspect 

being probably the reason of the limited application of this method to LM preparation [92]. 
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1.4.3. Microparticles characterization  

 

 Optical microscopy and scamming electron microscopy  

Optical microscopy and scanning electron microscopy (SEM) are both used to measure 

particles size and evaluate particles morphology and also the presence of agglomerates 

[92]. The OM is less accurate in the dimensional range of few microns. The main 

disadvantage of microscopy technique is the rather small number of particle examined 

(300-500) that limits the statistical significance of the results.  

 

 Laser diffraction 

The technique is based on the correlation between the angle of the laser light scattered by 

particle and their size (the angle increases with decreasing particle size).  

The dimension of the particles are calculated from light scattering angle through complex 

algorithms based on Frauhofer and /or Mye calculations. Laser diffraction covers a broad 

size range from about 0.1 to 1000 µm and can by use with dry powder or particle 

suspension [92]. It is a simple and fast sizing method and represents the most commonly 

used technique for the analysis of particle size distributions. 

 

 Crystallinity and polymorphism  

The characterization of degree of drug and /or lipid crystallinity and the modification 

during particle preparation and storage are very important parameters. Differential 

scanning calorimetry and powder X-ray diffraction are the most commonly used 

techniques for microparticles and LM solid state studies [92]. 

Differential scanning calorimetry (DSC) is a thermal method which measure the thermal 

response of a sample to a temperature gradient, thus enabling the measurement of 

transition enthalpies and related transition temperature. Differential scanning calorimetry 

analysis is based on the fact that different polymorphic forms exhibit different melting 

temperatures and enthalpies.  

Powder X-ray diffraction analysis exploits the diffraction of X-rays by crystals, due to their 

wavelengths being comparable to the distance between atoms and molecules of crystals. A 

powder can be also investigated by X-ray diffraction by comparing the position and 

intensity of the diffraction peaks with those of a known substance and polymorphic form. 

Polymorphic modification can be detected by the presence of diffraction signals at 

different positions and with varying intensities. Moreover, since amorphous forms produce 
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broad and diffuse maxima in diffraction patterns, it is generally recognized that the 

disappearance of the crystalline peaks of substance indicates its amporphisation. 

 

1.4.3.1 SLM characterization: drug loading, encapsulation and in vitro release. 

 

Once the SLM are manufactured, it becomes important to estimate the drug loading and 

the encapsulation efficiency, in order to assess the quality of the drug carrier system [92].  

There are several factors that influence the drug loading and the encapsulation efficiency 

of SLM. These are: 

 The solubility of the drug in the melted lipid. If the solubility of the drug is high, in 

turn, the encapsulation efficiency and the drug loading should be high as well; 

 The chemical and physical state of the lipids and of the active substance; 

 The size of the particles; large SLM can load a higher amount of drug.  

The selection of a drug carrier system and its effectiveness in the encapsulation of a drug 

depends on the loading capacity of the carrier system. Drug loading indicated the amount 

of drug incorporated into the matrix lipid matrix and is determined as the percentage ratio 

between the amount of effective ingredient assayed in the SLM and the total weight of the 

particle sample according to this equation: 

 

Drug loading (%) =  x 100 

 

The encapsulation efficiency is calculated as the percentage ratio between the quantify of 

active entrapped in the microparticles and added to the melted lipid phase during particle 

production according to the following equation: 

 

Encapsulation efficiency (%) =  x 100 

 

Some of the factors which affect the loading capacity of a drug in a lipid are the solubility 

of the drug in the lipid melt and the miscibility of the drug and the lipid melt. 

 

Since the general aim of microparticles system is protection and controlled release of the 

incorporated drug, in vitro release studies have to be carried out on the obtained particles to 

ascertain the release profiles. These studied are performed according to the Pharmacopeia 

(3) 

(4) 
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dissolution test such as apparatus I, II and IV, although non-official apparatus are also often 

used. The method measures the diffusion of the incorporated substance through the particle 

matrix into a suitable dissolution fluid. In order to ensure the sink conditions, surfactants, 

water miscible organic solvents have to been added to the release medium. The release 

fluid should ensure adequate solubility of the incorporated drug, whereas it should not 

affect the integrity of SLM. 

 

1.5 Pulmonary drug delivery 

 

Drugs delivery to the lungs is an attractive target in the health care research area due to the 

lung capability of absorbing pharmaceuticals either for local deposition or for systemic 

delivery. In order to delivery the drugs to the lungs by inhalation is important understand 

the anatomy of the respiratory tract, the physical-chemical characteristics and the aerosol 

performance of the formulations and finally the specific device that is require for different 

types of formulations.  

 

1.5.1 Respiratory system: anatomy  

 

The respiratory system is a biological system involved in the respiration that is the 

exchange of oxygen and carbon dioxide between the organism and the environment 

through two phases: inhalation and exhalation.  

The inhalation is the passage of air into the lungs to supply the body with oxygen while the 

exhalation is the passage of air out of the lungs to expel carbon dioxide. This biological 

system is composed of specific organs and structure and the respiration takes place in the 

respiratory organs called lungs.  

In addition to air distribution and gas exchange, the respiratory system carry out different 

activities such as filter, warm and humidifies the air breath. For this reason the organs of 

the respiratory tract play a specific role to guarantee these passages.  

The respiratory system is divided into two main components: upper and lower respiratory 

tract. 

The organs that compose the upper respiratory tract (figure 14) are located outside the 

chest cavity and are the nose and nasal cavity, the pharynx, the larynx. Below there is a list 

of the specific activities for each organs. 
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Figure 14: The upper respiratory tract [101]. 

 

 The nasal cavity is the internal side of the nose and it consists in two chambers 

separated by the nasal septum. It extends from the nasal vestibule, which opens 

to the face through the nostrils, to the nasopharynx: the muscular-membranous 

tube that regulates the right passage of food and air. Between the nasal vestibule 

and the nasopharynx, is located the atrium, a transition and wider compartment, 

and the respiratory region. 

Therefore the nasal district, apart the olfactory function, is geared to fulfil these 

two roles before conditioning the processed inhaled air into the lungs:  

 

1. Humidify and warm the air 

The air needs to be heated and moisturized before travelling to the lungs. The 

transition through the nasal cavity allows air to reach over 80% of humidity and 

to be warmed really efficiently because of the opposite direction between blood 

and air flow. Therefore the heat exchange from the warm blood to the cold air is 

very powerful.  
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2. Filtration 

All particles larger than 30 μm are completely filtered from entering the lung 

and most of the particles over 10 μm are also cleared.  

The removal of the particles after their deposition is mostly achieved by the 

mucociliary clearance. 

 

 The pharynx is part of the digestive system and also of the conducting zone of 

the respiratory system. after the inspiration the air pass through the pharynx 

before reaching the lower respiratory tract.  

 

 Larynx: The larynx is essential to human speech. 

 

In the lower respiratory tract (figure 15) all the organs are located inside the chest cavity 

and are trachea, the lungs, bronchi and alveoli. 

 

 

Figure 15: Lower respiratory tract [102]. 
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 Trachea: Located just below the larynx, the trachea is the main airway to the lungs. 

The tube is made of muscles and elastic fibres with rings of cartilage, has a role of 

connecting the throat to the bronchi.  

 Bronchi: The bronchi branch from the trachea into each lung and the bronchi 

branches off into smaller tubes called broncheoli which end in the pulmonary alveolus. 

 Pulmonary alveoli – tiny sacs (air sacs) delineated by a single-layer membrane with 

blood capillaries at the other end. The exchange of gases takes place through the 

membrane of the pulmonary alveolus, which always contains air: oxygen (O2) is 

absorbed from the air into the blood capillaries and the action of the heart circulates it 

through all the tissues in the body. At the same time, carbon dioxide (CO2) is 

transmitted from the blood capillaries into the alveoli and then expelled through the 

bronchi and the upper respiratory tract. The inner surface of the lungs where the 

exchange of gases takes place is very large, due to the structure of the air sacs of the 

alveoli. 

 

1.5.2 Drug deposition in the lungs  

 

In order to have an appropriate and efficient process of drug administration by inhalation, 

aerosolization design the inhalable formulation (aerosol) and choose selection of the 

appropriate device that can permit an efficiency delivery of formulations are required 

[102]. After aerosolization the particles is required an efficient deposition at the 

appropriate site of the respiratory tract is required, since failure in depositing the 

formulation will result in poor drug absorption [104,105]. Finally, the last step is the drug 

absorption (after dissolution and permeation) [105,106]. 

For this reason is important to recognize the mechanisms of particle deposition in the 

airways and how they may affect the performance of formulations for drugs delivery to the 

airways of the lungs.  

The most important mechanisms of particle deposition are impaction, sedimentation, 

diffusion, interception and electrostatic precipitation [107-110].  

 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 
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impaction depends on the momentum of the particle, large or dense particles moving at 

a high velocity will show greater impaction [111]. 

 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 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 [112]. 

 Submicron-sized particles (especially 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. Therefore, to reach the lower respiratory tract and optimize 

pulmonary drug deposition, aerosols need to have aerodynamic diameters between 1 

and 5μm [113].  

 Interception is likely to be the most effective deposition mechanism for aggregates. 

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 [114,115]. 

 Electrostatic charges enhance deposition by increasing attractive forces to airway 

surfaces, in particular for fresh generated particles. 

 

1.5.3 Factors affecting aerosol deposition 

 

The bioavailability of pulmonary formulations, such as an aerosol, depends of the dose of 

drug that is able to deposit in the lower respiratory tract. For this reason drug formulation 

plays an important role in producing an effective inhalable medication because a failure in 

deposition may result in lack of efficacy. Since particles geometry appears so relevant to 

the behaviour of the inhaled particle, the concept of aerodynamic diameter has been 

introduced to measure the size of the inhaled particle. 

Hence, when the inhaled particle is not spherical, 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 [116], and can be calculated using this equation: 

 

 

 

 

(5) 
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With: 

 Dv is the volume-equivalent diameter,  

 ρ is the particle density and  

 Χ is the dynamic shape factor. 

 

The dynamic shape factor is a correction factor that takes into account the non-sphericity 

of the particle, equal to 1 for a sphere and greater than 1 for irregular particles.  

Hence, particle geometry, density and volume diameter are the main characteristics that 

affect inhalation performance. 

Particles with an aerodynamic diameter of 1-5 μm (referred to as the “respirable range”) 

tend to deposit in the lungs, while particles larger than 5 μm are trapped in the upper 

respiratory tract and smaller particles (<1 μm) are generally exhaled during normal 

breathing [110]. 

 

1.5.4 Device used for lungs delivery 

 

In order to have local or systemic effect of drugs by inhalation is important that the inhaled 

medications are able to reach the lung region and for this reason a suitable device need to 

be use by the patients.  

The inhaled medication can be delivered into the lung region in the form of aerosol using 

different types of devices in according to the European Pharmacopoeia. 

The device could be classified depending to the formulations that need to be delivered and 

the different design and three main types of inhaler devices are available and are classified: 

 Nebulizers; aerosolize aqueous solutions or suspensions containing the drug by 

means of a source of energy (figure16); 

 

 

Figure 16: Nebulizer [117]. 
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 Pressurized metered dose inhalers (pMDI); the drug is dissolved or suspended 

with a propellant in a pressurized dispenser and is aerosolized through an 

atomization nozzle using a metering valve and an actuator (figure 17); 

 

 

Figure 17: Pressurized metered dose inhaler [118]. 

 

 Dry powder inhalers (DPI); deliver the drug to the pulmonary system as a dry 

powder aerosol (figure 18). 

 

 

Figure 18: Dry powder inhaler [119]. 

 

The nebulizer has been the first device developed for inhalation therapy market used to 

administer medication in the form of a mist inhaled into the lungs and is commonly used 

for the treatment of inflammatory lung diseases such as asthma, COPD and cystic fibrosis. 

This device consists of a reservoir containing a solution or suspension of drug connected to 

a facemask or mouthpiece through which the patient breathes normally. Moreover, the 

nebulizer emit aerosol microparticles from solutions or suspensions formulations using 
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oxygen, compressing air or ultrasonic power. Nebulizers have some disadvantages such as 

delivery inefficiency, drug wastage, poor reproducibility, great variability and high cost.  

Pressurised metered dose inhaler (pMDI) are inhalation devices were the drug is 

dissolved or suspended with a propellant in a pressurized dispenser and is aerosolized 

through an atomization nozzle using a metering valve and an actuator [120]. 

The medication is placed into the chamber and a propellant that turns the medication into a 

fine mist. Then the patients have to push the button onto de device button to force the 

medication out through the mouthpiece. 

The propellant formerly used because of their non-toxicity is chlorofluorocarbon (CFC), 

but the medical application of CFC as propellants has been phased out because is 

implicated in atmospheric ozone depletion and for this reason the CFC was substituted by 

hydrofluoroalkanes, given their safety profile [121]. One of disadvantages of this device is 

that the patients have to co-ordinate device actuation with their inhalation because of the 

high exit velocity of the aerosol cloud. To improve the efficacy of the device and 

consequently helping the patients in the co-ordination the Breath-actuated pMDIs and the 

use of spacer devices could be use (figure 19).  

 

 

Figure 19: Pressurised metered dose inhaler with spacer device [122]. 

 

Dry powder inhaler (DPI) is a device that delivers medication to the lungs in the form of 

a dry powder (figure 18). 

The advantages of delivery dry powder are due to the possibility to deliver high doses of 

formulation and also the greater stability of the powder compared to liquid formulations. 

These advantages coupled with the absence of propellant (not require for this device) that 
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reduce the cost associated with the generation, transport, and storage of the propellant and 

their unwanted environmental impact, cause that makes these devices an advantageous 

alternative to MDI.  

 

Currently there are essentially four types of DPI:  

 Single-unit dose (capsule); this inhaler requires the patient to load a single hard 

gelatin capsule containing the powder formulation into the device before each use.  

 Single-unit dose (disposable); It is a device containing a pre-metered amount of a 

single dose that is discarded after use.  

 Multi-unit dose (pre-metered unit replaceable set); Multi-unit devices deliver 

individual doses from pre-metered replaceable blisters, disks, dimples or tubes.  

 Multiple dose (reservoir); Multiple dose reservoir inhalers contain a bulk amount of 

drug powder in the device with a built in mechanism to meter a single dose from 

the bulk and individual doses are delivered with each actuation.  
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2 AIM OF WORK 

 

Since that inflammation and oxidative stress are the principle markers in the pathogenesis 

and development of chronic inflammatory  lungs diseases, such asthma and COPD, the 

identification potential use of various anti-oxidant agents such as  polyphenols (quercetin 

and resveratrol)  could be a potential candidate to improve the treatment of inflammatory 

lungs diseases. 

However, these molecules exhibit  very low solubility in water, chemical instability, rapid 

metabolization and consequently they have low bioavailability. 

To overcome these problems and enhance the beneficial properties of quercetin and 

resveratrol, multiparticulate forms, have been developed in the course of this thesis,  

specifically inhalation powder using drug carriers and site-specific delivery in order to 

protect and enhance the bioavailability of the studied polyphenols. 

Solid lipid microparticles (SLM) were produced for quercetin, while resveratrol 

formulations were based on powder production using the spray dried technique, in a single 

spray dried formulation and in co-spray dried with budesonide (corticosteroid drug). 

The experimental work  was divided in three sections as listed below: 

I. SECTION A: Inhalable dry powder based on quercetin-loaded lipid microparticles 

for pulmonary delivery 

II. SECTION B: Inhalable resveratrol spray dried formulation to improve the 

treatment of chronic inflammatory lung diseases 

III. SECTION C: In vitro activities of co-spray dried resveratrol and budesonide 

inhalable formulations in alveolar macrophages 
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3 MATERIALS  

 

Quercetin, resveratrol (trans-3,4’,5-trihydroxystilbene) and budesonide were purchased 

from Sigma (Steinheim,Germany), Fagron Italia (Bologna, Italy) and Yicheng Chemical 

Corp (Jiangsu, China), respectively. 

 

3.1 Ingredients to manufacturing the solid lipid microparticles 

 

 Lipids: tristearin was supplied by Sigma (Steinheim,Germany)  

 Surfactants: phosphatidylcholine was received as a free sample from Cargill 

(Hamburg, Germany).  

 

3.2 Cell lines  

 

 A549 cells were purchased from ATCC(Rockville, MD). Ham’s F-12, fetal bovine 

serum, RPMI-1640, penicillin/streptomycin and l-glutamine were obtained from 

Lonza (Milan, Italy).  

 Calu-3 cell line (HTB-55) was purchased from the American Type Cell Culture 

Collection (ATTC, Rockville, USA) and Dulbecco’s Modified Eagle’s medium 

(DMEM) from Sigma–Aldrich (Sydney, Australia).  

 Rat alveolar macrophage NR8383 cell line (HTB-55) was obtained from American 

Type Culture Collection (ATCC, Manassas, VA, USA). 

 

3.3 Ingredients for the in vitro studies 

 

CelLytic™ M reagent, α-Lipoic acid, Nitro-L-arginine methyl ester (L-NAME), L-ascorbic 

acid, non-essential amino acids, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,3-

diaminonaphthalene (DAN) and LPS from Escherichia coli 0111:B4 were purchased from 

Sigma-Aldrich (Sydney, Australia). L-glutamine, Hank’s balanced salt solution and TNF-α 

were purchased from Invitrogen, (Sydney, Australia). Transforming growth factor beta 

(TGF-β1) was from Sapphire Bioscience (Sydney, Australia) and Human IL-8 ELISA Kit 

II BD OptEIATM were purchased from Becton Dickinson (Sydney, Australia). Analytical 

grade solvents were purchased from Sigma (Sydney, Australia).  
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Other cell culture reagents including were purchased from Invitrogen, (Sydney, Australia). 

Elisa kit for determination of inflammation markers such as IL-6 and TNF-α were supplied 

from BD Bioscience (Sydney, Australia).  

 

3.4 Solvents 

 

All solvents used were analytical grade were purchased from Biolab (Victoria, Australia) 

and from Sigma.  
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4 METHODS 

 

4.1 Manufacturing of powder 

 

4.1.1 Preparation of the solid lipid microparticles (SLM)  

 

For the development of SLM loaded with quercetin, melt o/w emulsification technique was 

employed (figure 20), since it circumvents the use of organic solvents [89, 90, 92-94]. This 

approach eliminates the potential drawback for residual solvent in the final dosage form. 

 

 

Figure 20: Preparation of SLM using melt emulsification technique with a step of 

sonication. 

 

Briefly, SLM were prepared by adding preheated (75–85°C) deionised water (50 ml) 

containing the surfactant (1.4%, w/v) to the molten lipid phase (3.6 g), in which quercetin 

(0.7 g) was dispersed. When, both aqueous and lipid phases, were at the same temperature 

(  75°C), the hot aqueous phase was poured into the molten lipid (phase-inversion process) 

to avoid loss of lipid and drug during the preparation process. The mixture was then 

subjected to high-shear mixing (17500–21500 rpm for 2–3 min) using an Ultra-Turrax 

T25mixer (IKA-Werk, Staufen, Germany) at 75–85°C. For the optimized preparation, the 

sample was also sonicated at 22 kHz for 2 min (power output, 40 W), using an ultrasonic 

probe (Microson XL2000Ultrasonic Cell Disruptor; Misonix, Farmingdale, NY). 
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The obtained emulsion was rapidly cooled at room temperature under magnetic stirring. 

The formed suspension was subjected to centrifugation (6000 rpm for 15 min) and 

lyophilizatrion to obtain water-free microparticles. 

Unloaded particles were also prepared with the same procedure, by omitting quercetin. 

 

4.1.2 Spray-dried microparticles  

 

Respiratory size microparticles of resveratrol, alone or in combination with budesonide 

were produced by spray drying using a Buchi spray dryer (Buchi B-290 Mini Spray Dryer, 

Buchi, Switzerland). 

 Resveratrol (20 mg/ml) was dissolved in ethanol–water (50:50% v/v) and spray-

dried at a feed rate of 40%, flow rate of 12.5 ml/min, aspiration rate 100%, inlet 

temperature 100 °C and a measured outlet temperature of 40 °C in a closed loop 

configuration. 

 In order to evaluate the effects of resveratrol and budesonide in combination 

powder, single and combination microparticles were produced by spray drying. 

Both resveratrol and budesonide, either alone or in combination, were dissolved in 

ethanol-water (80:20% v/v) and spray dried using a nozzle of 1.4 mm at feed rate of 

40% and aspiration of 100% in a close loop configuration. Single or combinations 

of resveratrol(RES) and budesonide (BD) with final dry weight percentages 

(%w/w) were labeled as follow: 100% RES, 75%:25% RES-BD, 50%:50% RES-

BD, 25%:75% RES-BD and 100% BD. 

 

4.2. Particle characterisation of powder 

 

4.2.1 Scanning electron microscopy (SEM) 

 

Scanning electron microscopy was used to study the morphology of the SLM, spray dried 

and co-spray dried formulations. 

 The morphological features of the SLM were observed by variable-pressure (ca. 90 

Pa) scanning electron microscopy (VP-SEM; Zeiss EVO40XVP, Arese, Milan, 

Italy). The images were taken at random locations. 
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 Spray dried resveratrol, spray dried budesonide and all co-spray dried resveratrol 

and budesonide formulations were dispersed casually on carbon tapes, placed onto 

aluminum stubs and coated two times with gold using a Smart Coater (JEOL USA 

Smart Coater). A bench top SEM (JMC, 6000 JEOL, Japan) operating at 15KV was 

used for imaging samples. 

 

4.2.2 Optical microscopy  

 

Preliminary information of SLM was observed using an optical microscope (B-500 TPL 

microscope, Optika Microscopes,Bergamo, Italy) (figure 21). Moreover the estimation of 

particle dimensions were performed by computerized image analysis 

(MicrometricsTMcamera 122CUand software vision 2.02) on a minimum of 100 particles.  

 

 

Figure 21: B-500 TPL microscope. 

 

4.2.3 Laser diffraction 

 

Particle size distribution of spray dried and co-spray dried microparticles was analysed 

using laser diffraction (Mastersizer, Malvern, United Kingdom) (figure 22). Specific 

experimental conditions were applied to each formulation.  

Approximately 10 mg of spray dried microparticles were dispersed using the Scirocco dry 

dispersion unit with a feed pressure of 4 bars. Specific condition, for spray dried 

resveratrol, were a feed rate of 75% with an obscuration value between 0% and 15% and a 

reference refractive index of 1.762. The particle size distribution of co-spray dried 
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microparticles were determinate using feed rate of 35% with an obscuration value between 

0% and 15%. Moreover, a refractive index of 1.67 was used for all measurements and was 

calculated by the average of the refractive index of budesonide and resveratrol. 

All samples were analyzed in triplicate and the geometric diameter was expressed as 

volume median diameter (Dv50), namely the particle size below which 50% of the sample 

(in terms of volume) lies. 

 

 

Figure 22: Mastersizer, AERO [123]. 

 

4.2.4 Thermal analysis  

 

The thermal responses of single and co-spray dried microparticles were investigated using 

DSC (DSC823e, Mettler-Tolledo, Switzerland). Samples (3–5 mg) were crimp-sealed in 

DSC aluminium pans with the lid pierced to ensure constant pressure, and heated at 

10°C/min over a temperature range of 25–320°C. Exothermic and endothermic peaks were 

determined using STARe software V.11.0x (Mettler Toledo, Greifensee, Switzerland). 

In addition, the temperature stability and solvent evaporation of each formulation was 

assessed using the thermal gravimetric analysis (TGA; Mettler-Toledo, Switzerland). 

Approximately 13 mg of spray dried powders were placed onto aluminum cubicle pans. 

The weight loss of the samples was evaluated by heating the samples from 25–200°C with 

scanning rate of 10ºC/min under constant nitrogen gas at flow 110 ml/min. Data were 

analysed using STARe software V.11.0x (MettlerToledo, Switzerland) and expressed as 

the percentage of weight loss with respect to initial sample weight. 
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4.3 High-performance liquid chromatography (HPLC) 

 

4.3.1 Chemical quantification of quercetin 

 

The HPLC was used in order to quantify the quercetin and the system used is composed of 

a Model LabFlow 3000 pump (Lab-Service Analytica, Bologna, Italy), a Model 7125 

injection valve with a 20 µl sample loop (Rheodyne, Cotati, CA, USA) and a Model 975-

UV variable wavelength UV–vis detector (Jasco, Tokyo, Japan). Data acquisition and 

processing were performed with a personal computer using Borwin software (JBMSD 

eveloppements, Le Fontanil, France). Sample injections were performed with Model 701 

and Model 710 syringes (Hamilton,Bonaduz, Switzerland).  

Separations were accomplished using a 5 µm Zorbax SB-C18 column (150 mm × 4.6 mm 

i.d.; Agilent Technologies,Waldbronn, Germany) fitted with a guard column (5 µm 

particles,4 mm × 2 mm i.d.; Phenomenex, Torrance, CA, USA) and eluted at a flow-rate of 

0.8 ml/min, with sodium acetate (pH 4.0;0.02 M)-acetonitrile (60:40, % v/v) containing 

EDTA (0.5 mM). The identity of quercetin peak was assigned by co-chromatography with 

the authentic standard at 370 nm and the quantification was carried out by integration of 

the peak areas using the external standardization method. Calibration curves were linear 

over the range 0.05–3 µg/ml, with correlation coefficients greater than 0.998. The precision 

of the method, evaluated by repeated analyses (n = 6) of the same sample solution 

containing quercetin at levels of 0.05 and 3 µg/ml, was demonstrated by relative standard 

deviation values lower than 5.0%. 

 

4.3.2 Chemical quantification of resveratrol and budesonide 

 

Chemical quantification of resveratrol and budesonide were performed using a Shimadzu 

Prominence UFLC system equipped with a DGU-20 A5R Prominent degasser unit, LC-20 

AD Liquid chromatography, SIL-20A HT Autosampler and SPD-20A UV-Vis detector 

was used (all Shimadzu Corporation, Japan).  

Specifically for resveratrol the conditions were XbridgeTM C18 column (5 mm, 4.6 x 150 

mm) (Waters, Massachusetts, USA), mobile phase consisted of methanol-water (60:40% 

v/v) with 0.5% v/v of acetic acid and run at the flow rate 0.7 ml/min. The volume of 

samples injection was 100 μl and the content of resveratrol was quantified at 306 nm from 
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the peak area correlated with the predetermined standard curve between 0.2 and 50 μg/ml 

(R
2
 =0.999). 

Quantification of budesonide was conducted using methanol: water 80:20 (%v/v) as the 

mobile phase at flow rate of 1 ml/min in isocratic mode with a Luna C18 column (3 µm, 

4.6 × 150 mm) (Phenomenex, Sydney, Australia). The volume of sample injection was 100 

μl and the detection wavelength was set up at 243 nm. The linearity was confirmed 

between 0.2 and 50 μg/ml with correlation coefficients (R² = 0.999).  

 

4.4 Solid lipid microparticles characterisation 

 

4.4.1 Quercetin loading of SLM 

 

The weighed of microparticles (25 mg) loaded with quercetin were dissolved in ethanol 

(20 ml) under heating (80 °C for 5 min) and were sonicated (10 min), in sealed glass vials. 

The obtained sample was diluted to volume (50 ml) with methanol. After that, the samples 

were filtered through 0.45 µm membrane filters and assayed by HPLC in order to quantify 

the amount of quercetin entrapped in the SLM. The encapsulation efficiency was 

calculated as the percentage ratio between the quantity of quercetin entrapped in the 

microparticles and the amount of flavonoid initially added to them melted lipid phase. Data 

were calculated from the average of at least three determinations. 

 

4.4.2 In vitro release  

 

For the purpose to study the efficiency of solid lipid microparticles the in vitro studies 

were performed. In brief, quercetin (2.0 mg) or SLM, containing an equivalent amount of 

flavonoid, were added to 100 ml of phosphate buffer (0.05 M, pH 7.4), containing 

polysorbate 20 (0.5%, w/w) as solubilizer to ensure sink conditions. After that, the samples 

were kept under mechanical stirring at 50 rpm and 37°C. At different time points, aliquots 

of the medium (1ml) were collected and replaced with an equal volume of fresh fluid. The 

samples were filtered (0.45 µm) and then assayed for quercetin by HPLC. The quercetin 

release was calculated as a percentage of the amount of quercetin release in each time point 

respect the total quercetin content of each LM preparation, that was determined by 

extraction of the particles, after the release experiment, using the method described above, 

a minimum of 5 replicates were conducted for each formulation. 
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4.5 Aerosol performance 

 

In order to evaluate the aerosol performance and the aerodynamic particles size 

distributions of the formulations, in vitro studies were performed using the anderson 

cascade impactor (ACI) and the multi stage liquid impinger (MSLI). 

 

- Experimental procedure for spray dried resveratrol 

Spray dried powder (5 ± 0.1 mg) was located into a size 3 gelatin capsule (Capsugel®, 

Sydney, Australia) and then placed into the sample compartment of a low resistance RS01 

dry powder inhalation device (Plastiape®, Osnago, Italy). The device was attached to the 

USP throat of the ACI (figure 23) and the flow was adjusted to 60 l/min using a calibrated 

pump (Westech Scientific Instrument, UK) and flowmeter (Serie 4000, TSS Inc., MN, 

USA). After actuation, at 60 l/min for 4 seconds, the capsule, device, adaptor, throat and 

all ACI stages were washed separately with 50:50% v/v ethanol–water and further mixed 

with mobile phase (methanol:water 60:40% v/v with 0.5% acetic acid) at ratio 1:1 to 

improve the HPLC peak resolution.  

 

 

Figure 23: Anderson cascade impactor (ACI) with low resistance RS01 dry powder 

inhalation device. 
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The fine particle dose (FPD) (drug recovered from stages 3 to filter, <4.7 µm), the fine 

particle fraction (FPF) (FPD/Total dose x 100) and total mass recovery were calculated.  

Experiments were conducted in quadruplicate and samples were analysed using a validated 

HPLC method. 

 

- Experimental procedures for single and co-spray dried resveratrol and budesonide 

formulations 

Approximately 10 mg of spray dried powders was loaded in a size 3 gelatin capsules 

(Capsugel®, Sydney, Australia) and placed into the dosage chamber of standard-resistance 

RS01 dry powder inhalation device (Plastiape®, Osnago, Italy). The device was connect to 

a custom-built mouthpiece adaptor connected to a US Pharmacopeia induction port 

(throat), connected to the MSLI. The aerosol performance was assessed at two different 

flow rates, 60 l/min and 90 l/min (calibrated using a suitable flow meter). After actuation, 

the device, capsule, adaptor, throat, all MSLI stages and filter were washed separately with 

methanol: water (80:20 %v/v) into suitable volumetric flasks. 

All samples, after filtration, were analysed using a validated HPLC method. All 

experiments were conducted in triplicate and the aerosolization efficiency was evaluated in 

terms of FPD and FPF. 

The FPD was calculated by linear regression analysis of cumulative percentage deposition 

vs. logarithmic stage cut-off diameter (amount of compounds recovered from stage 3 to 

filter corresponding to the amount of microparticles with a diameter <6.8µm), while the 

FPF was defined as the percentage ratio between the FPD and the total quantity of drug 

collected from the adapter, throat and MSLI stages. Data were calculated from the average 

of at least three experiments.  

 

4.6 DPPH assay  

 

The chemical compound named 2,2-diphenyl-1-picrylhydrazyl (DPPH) (figure 24) is a 

stable free-radical molecule and it is used in a common anti-oxidant assay called DPPH 

assay. 
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Figure 24: Chemical structure of DPPH. 

 

It is a dark-color powder that due to the strong absorption at 520 nm, the DPPH free 

radicals has violet color in solution and became colorless or yellow (figure 25) when is 

neutralize by compound with radical scavenging activity, with a reaction t that is shown in 

figure 26. 

 

 

Figure 25: (A) DPPH solution became (B) colorless or yellow in presence of compound 

with radical scavenging activity. 
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Figure 26: DPPH reaction with an antioxidant compound. 

 

In brief, different concentrations of resveratrol and budesonide either in single or 

combination formulation were added to the same volume of DPPH ethanolic solution (60 

mM) [124]. Samples were stored in the dark at room temperature for 30 min and the 

intensity of DPPH radical’s absorbance was measured at 520 nm. The same concentrations 

of α-Lipoic acid and L-NAME were used as negative controls, while ascorbic acid was 

used as the positive control.  

 

4.7 Stability of polyphenolic compound in cell culture media 

 

Before starting the in vitro experiment, the chemical stability of resveratrol was evaluated 

in completed DMEM:NMF-12 media.  

Briefly, resveratrol solution was prepared by dissolving in ethanol and diluting in the 

media with a final concentration of resveratrol of 100 µM. Ethanol concentration was kept 

to less than 1%, in order to maintain cell viability. The samples were incubated in culture 

condition (37 °C, humidified atmosphere and 5% CO2) for 72 h. At different set time 

points (0, 6, 24, 48 and 72 h) samples were collected and the resveratrol content was 

quantified by HPLC. The stability of resveratrol was expressed as the remaining of 

resveratrol after incubation at different time points.  

 

4.8 Cytotoxicity in pulmonary cell lines 

 

4.8.1 Cytotoxicity of resveratrol on Calu-3  

 

The cytotoxicity of resveratrol was assessed by measuring the viability of Calu-3 cells after 

exposure with increasing resveratrol concentrations (from 1.25 nM to 160 µM). Following 
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incubation with different concentrations of resveratrol and the addition of CellTiter 961 

Aqueous assay (MTS reagent, Promega, USA) the absorbance was measured at 490 nm 

using a plate reader (Wallac 1420 VICTOR2TM, Multilaber Counter, Massachusetts, 

USA). Cell viability was calculated with reference to the untreated cells and the 

absorbance values were directly proportional to cell viability. 

 

4.8.2 Single and co-spray dried resveratrol and budesonide formulations cytotoxicity 

using alveolar macrophages 

 

To evaluate the suitability of delivering resveratrol and budesonide into lungs, a in vitro 

MTS cytotoxicity assay was conducted. Alveolar NR8383 macrophages were seeded onto 

96-well plates at a density of 50,000 cells/well and incubated at 37°C in a humidified 

atmosphere at 5% CO2 overnight. This was followed with addition of drugs (resveratrol 

and budesonide) with increasing concentrations, from 0.612 µM to 50 μM, either as single 

or combined formulations. After 72 h of incubation, 20 µl of CellTiter 96
®
 Aqueous assay 

(MTS reagent) was added into each well and incubated for 4 h. The absorbance of the 

samples were measured at 490 nm with microplate reader (Wallac 1420 VICTOR
2TM

, 

Multilaber Counter, Massachusetts, USA).  

 

4.9 Cellular uptake 

 

After reaching 80–90% confluency, the A549 cells were subcultured into 6-well plates and 

treated with serum-free Ham’s F-12medium containing plain or microencapsulated 

quercetin (5 µM), at 37 °C in a humidified atmosphere of 5% CO2. Free quercetin was 

added as a 250 µl aliquot of a freshly prepared stock solution in ethanol (final ethanol 

concentration <0.5%). The flavonoid-loaded microparticles were dispersed in the medium. 

After incubation for specified times up to 4 h, the medium was removed and the cells 

monolayer washed with 2 ml of ice-cold phosphate buffer and lysed with RIPA buffer. 

Cells lysates and samples from the extracellular medium were filtered and analyzed by 

HPLC. The results were the average of at least six experiments. 
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4.10 Deposition and transport of spray dried resveratrol on Calu- 3 cell lines  

 

Calu-3 cells were seeded on Snapwells polyester membrane (0.4 mm pore size, 1.12 cm
2 

surface area) (Corning Costar, Lowell, MA, USA) and maintained in air-interface 

configuration for 17–19 days. Spray dried resveratrol was deposited on Calu-3 cells grown 

on Snapwells using a modified ACI according to the method described by Haghi et al. 

[125]. Briefly, a capsule containing the spray dried powder was placed in the RS01 device. 

The cells were placed on stage 3 of the ACI (cut off diameter 2.1–3.3 µm) and spray dried 

resveratrol was deposited at flow rate of 60 l/min for 4 seconds. The Snapwells were 

transferred to a 6-well plate containing Hank’s balanced salt solution (HBSS). Sampling of 

the basal chamber was conducted at set time points (30, 60, 120, 180, 240 min).  

At the end of the experiment, the surface of the Calu-3 cells was washed to quantify the 

residual apical drug and intracellular content of resveratrol was analysed according the cell 

lysis method using CelLyticTM reagent.  

The experiments were conducted in triplicate and all samples analysed using HPLC. 

 

4.11 Resveratrol in vitro activities using Calu-3pulmonary cell lines 

 

4.11.1 Anti-inflammatory activity 

 

Anti-inflammatory effects of spray dried resveratrol using modified ACI plates The anti-

inflammatory activity of resveratrol was studied after deposition of spray-dried resveratrol 

on Calu-3 cells, using the modified ACI as described by Haghi et al. [125]. The Snapwells 

were transferred to a 6-well plate and incubated at 37 °C, 5% CO2 for 24 h. Tumor necrosis 

factor alpha, TGF-β1 and LPS were added at a concentration of 5 ng/ml and plates 

incubated for further 48 h to allow for the production of inflammatory cytokine, IL-8. 

Samples of the culture medium were analysed for IL-8 using Human IL-8 ELISA Kit II 

BD OptEIA
TM 

according to the manufacturer’s instructions.  

 

4.11.2 Anti-oxidant activity of spray dried resveratrol: DAN assay 

 

The cells were treated with TGFβ-1 and LPS 100 ng/ml for 48 h and then with resveratrol 

100 µM (final concentration) for further 24 h. The amount of NO produced from Calu-3 

cells was measured with 2,3-diaminonaphthalene (DAN). Ascorbic acid and L-NAME at 
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100 µM (final concentration) were used as positive and negative control, respectively, 

according to the method described by Choi et al. [126].  

Serial concentrations of nitrite (0.19–25 µM) were prepared as standard. Based on the 

fluorescence intensity (excitation = 360 nm and emission = 430 nm), the amount of NO 

detected from Calu-3 after treatment with either resveratrol, ascorbic acid, lipoic acid or L-

NAME was calculated against the standard curve. 

 

4.12 In vitro activities using alveolar macrophages cell lines 

 

4.12.1 Anti-oxidant activity of single and co-spray dried formulations  

 

The ability of single and co-spray dried formulations to reduce the production of NO in 

LPS-induced alveolar macrophages were evaluated using DAN assay in accordance to the 

method described previously. Briefly, alveolar macrophage cells were treated with 5 ng/ml 

LPS for 24 h. This was followed with treatment of single and co-spray dried formulations 

with different concentrations. Samples were collected at different time points (12 h to 72 

h).  

 

4.12.2 Anti-inflammatory activity of single and co-spray dried formulations against 

LPS-induced alveolar macrophages  

 

The anti-inflammatory effects of spray dried formulations were evaluated using a LPS-

induced alveolar macrophages cell study. Approximately 500,000 cells/well were seeded 

into 6 well plates with 5 ng/ml of LPS before incubation for 24 h at 37°C, with 5% CO2. 

The cells were subsequently treated with the drugs concentration of 50 μM, at different 

incubation time points. At different time points, the samples were harvested by 

centrifugation at 13,000 rpm at 4 °C for 5 min. A clear supernatant was kept in –80 °C. 

Cytokine expression (IL-6 and TNF-α) was measured using Rat IL-6 and TNF-α ELISA 

kits according to the manufacturer instructions. 
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4.13 Statistical analysis 

 

One-way ANOVA or unpaired 2-tailed t-tests were performed to determine the 

significance (which was quoted at the level of p < 0.05) between treatment groups and 

control. 



62 

5. RESULTS AND DISCUSSIONS  
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5.1. Scientific background and research aim  

 

Quercetin has been shown to have several beneficial pharmacological properties against 

different diseases due its ant-oxidant activity and specifically to pulmonary pathologies, 

published in vitro and in vivo studies have demonstrated that this flavonoid had a good 

properties as potential compound that could be potentially useful for asthma treatment 

[127,128]. Quercetin is able to inhibits the production of reactive oxygen species and 

decrease the induction of pro-inflammatory cytokines and chemokines in human alveolar 

epithelial A549 cells [129,130]. Moreover, previously studies reported that in vivo 

administration of quercetin decrease the allergic airways inflammation and asthmatic 

reactions including airway resistance, mucus production in the lung, recruitment of 

leukocytes and eosinophils to the bronchoalveolar lavage fluid in murine and guinea-pig 

models of asthma [131,132]. However, the therapeutic application of quercetin is 

hampered by its low biovaibility due to the extensive metabolism, poor cell permeability 

and high chemical instability in physiological fluids [127,133,134].  

For this reason, the encapsulation of quercetin into micro- and nano-particles has been 

reported [68,128,135]. Specifically, SLM represent a suitable carrier to delivery the 

flavonoid directly to the lung thereby increasing its concentration at the site of action [99]. 

Lipid microparticles, consisting of a lipid core stabilized by surfactants, represent an 

optimal delivery system for inhalation, since they are based mainly on physiologically 

compatible and biodegradable constituents and are characterized by adequate physico-

chemical stability. Furthermore, in vitro and in vivo published studies have demonstrated 

that lipid particles do not induce inflammatory responses in the lung tissue [136]. 

 

This study was aimed on the preparation, characterization and in vitro activity of the 

inhalable dry powder based on quercetin loaded-SLM for pulmonary delivery. 

The morphology and physico-chemical characterization of the SLM coupled with the 

entrapment efficiency of quercetin in SLM were evaluated. Moreover, the effect of the 

flavonoid-loaded SLM on the uptake in A549 lung alveolar epithelial cells was examined. 
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5.2 Results and discussion 

 

5.2.1 Preparation of the solid lipid microparticles 

A melt emulsification technique was employed to prepare the quercetin loaded SLM, since 

it circumvents the use of organic solvents and also because has been previously utilized to 

prepare SLM for pulmonary drug delivery. Based on optimization studies previously 

performed in the laboratory of Prof. Scalia, the components that achieved the more suitable 

condition for SLM preparation were tristearin and phosphatidylcholine, as lipid and 

emulsifier, respectively. The optimized conditions for unloaded and loaded particles are 

shown below (table 3). 

 

Table 3: Name and amount of components used for produce unloaded SLM and loaded 

SLM. 

 Unloaded SLM Loaded SLM 

Component Name Amount (g) Amount (g) 

Lipid Tristearin 4.3 3.6 

Active Quercetin - 0.7 

Surfactant Phosphatidylcholine 0.7 0.7 

 

Briefly, SLM were prepared by adding preheated (75–85°C) deionized water (50 ml) 

containing the surfactant (1.4%, w/v) to the molten lipid phase (3.6 g), in which quercetin 

(0.7 g) was dispersed. The hot aqueous phase was poured into the molten lipid (phase-

inversion process) to avoid loss of excipient and drug during the preparation process. The 

mixture was then subjected to high-shear mixing at 21500 rpm for 2 min using an Ultra-

Turrax T25mixer at 75–85°C. The sample was also sonicated at 22 kHz for 2 min using an 

ultrasonic probe. The obtained emulsion was rapidly cooled at room temperature under 

magnetic stirring.  

The formed suspension was subjected to centrifugation (6000 rpm for 15 min) and 

lyophilization to obtain water-free microparticles. Unloaded particles were also prepared 

with the same procedure, by omitting quercetin.  
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5.2.2 Solid lipid microparticles characterisation  

 

The quercetin content of the microparticles and the encapsulation efficiency were 11.8 ± 

0.3% (w/w) and 72.4%, respectively.  

In order to charactherise the microparticles in term of both, morphology and release, 

different studies were performed.  

 

5.2.2.1 Optical microscopy and scanning electron microscopy  

 

Preliminary analysis of the microparticles by optical microscopy indicated a particle size 

between ca.1 and 30 µm, with the majority of the population (more than 70%) in the 1–5 

µm range (figures 27 and 28) that indicate an appropriate size to be delivery to the lungs. 

 

 

Figure 27: Optical microscopy image of SLM loaded with quercetin. 

 

 

Figure 28: Percentage of SLM loaded with quercetin respect to the size diameter of 

microparticles. 

 

Moreover the morphology of microparticles was observed using the SEM (figure 29) 

which indicated that the microparticles had a rather spherical shape and a size suitable to 

inhalation. However, some quercetin crystal not encapsulated were also observed.  
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Figure 29: Scanning electron microscopy image of SLM loaded with quercetin. 

 

 

5.2.2.2 In vitro release 

 

To study the entrapment effectiveness of SLM, the in vitro release studies were performed. 

The quercetin release was calculated as a percentage of the amount of quercetin release in 

each time point with respect to the total quercetin content of SLM samples and the data are 

shown in figure 30. 

 

 

Figure 30: Quercetin dissolution and release profiles from SLM. Data represent mean ± 

SD (n = 5). 
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The flavonoid release profiles show that the SLM produced a quercetin release 

significantly lower (p < 0.05; ANOVA and Tukey’s post test) than the dissolution of the 

pure flavonoid drug (figure 30). This indicated that quercetin was encapsulated in the lipid 

matrix, the diffusion through this matrix producing an efficient modulation of quercetin 

release. 

 

5.2.3 Cellular uptake  

 

In order to investigate if the SLM are able to influence the in vitro activity of quercetin, 

alveolar epithelial cells A549 were selected for the study and the uptake of free and 

microencapsulated quercetin by lung alveolar A549 cells was investigated.  

Solid lipid microparticles loaded with quercetin were administered to cultured lung 

alveolar A549 cells and compared to a flavonoid solution of identical drug level (5 µM). 

The quercetin concentration used was selected based on that needed for anti-inflammatory 

activity in vitro. Moreover, the A549 cells were incubated under conditions that did not 

affect cell viability as reported in a study of our group [71]. 

In brief, free or microencapsulated quercetin was added to the cell culture system and the 

concentrations of flavonoid present in the Ham’s F-12 medium and taken up by the A549 

cells were determined at different time points, up to 4 h and the results are shown in figures 

31 and 32.  
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Figure 31: Time dependent quercetin concentration in extracellular medium of A549 lung 

alveolar cell culture. Data represent mean ± SD (n = 6) [71]. 

 

The flavonoids concentrations remaining in the extracellular culture medium during 

incubation are depicted in figure 31. Following addition of plain quercetin to the cell 

culture, the flavonoid level in the medium decreased to less than 50% of the initial 

quercetin content after 4 h (figure 31). When the A549 cells were exposed to the medium 

containing quercetin entrapped in the SLM, the flavonoid level increased up to 2-h 

incubation and then decreased to about the same concentration measured at the beginning 

of the experiment (figure 31). During incubation with the culture medium containing the 

flavonoid-loaded SLM, the amount of quercetin accumulated into the cells increased over 

time (figure 32). Initially, the level of flavonoid diffused in the cells was lower for the 

microencapsulated quercetin (although the difference was not significant; ANOVA and 

Tukey’s post test), demonstrating the gradual release nature of the LM system. However, 

after 4-h incubation, the quercetin levels found into the A549 cells were significantly higher 

(p < 0.01; ANOVA and Tukey’s post test) for the microparticle entrapped flavonoid, the 
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cellular uptake of quercetin being more than 2.3 times greater than that of the non-

encapsulated flavonoid (figure 32). 

 

 

Figure 32: Time dependent uptake of quercetin by A549 lung alveolar cells. Data represent 

mean ± SD (n = 6) [71]. 

 

The data from the cell permeability experiments demonstrated that quercetin-loaded SLM 

influenced the rate and efficiency of the uptake of the flavonoid by the A549 lung alveolar 

cells (figures 31 and 32). More specifically, the intra-cellular delivery of quercetin was 

significantly increased when the flavonoid was encapsulated in the SLM (figure 32). This 

effect can be explained on the basis of the sustained-release properties of the SLM, which 

reduced the exposure of the drug to the oxidative environment compared to the free 

flavonoid that is immediately available. Therefore, the enhanced accumulation in the A549 

cells of encapsulated quercetin compared to its free form, is likely to be due to differences 

in cell culture medium concentrations over time (figure 32), resulting from the protective 

effect of the SLM. Another possible mechanism for the observed greater intracellular 
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delivery of quercetin by the SLM could have been attributed to a more effective interaction 

between the encapsulated flavonoid and the cell surface.  

The surfactant (phosphatidylcholine) used for the preparation of the SLM may contribute 

to increased cell permeability, via partition with the membrane bilayer and destabilization 

of its ordered structure[64,71]. However, this hypothesis was ruled out, since unloaded 

SLM did not affect the uptake of quercetin by the A549 cells [64,71]. 

 

5.3 Conclusions 

 

Solid lipid microparticles obtained by melt emulsification technique represent an efficacy 

strategy to delivery quercetin directly to the lungs. Indeed, SLM exhibit both, particles 

morphology and size suitable to lung delivery. The protective activity of the SLM 

formulation on the flavonoid stability in the A549 cellular medium under atmospheric 

oxygen was reflected in the enhanced uptake of microencapsulated quercetin by the 

alveolar epithelial A549 cells. This effect should improve the flavonoid cellular activity. 

The data obtained in this study suggest that SLM could represents a promising system for 

inhalation delivery of quercetin as a new potential therapeutic approach for the treatment 

of airways inflammatory diseases. 
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6 RESULTS AND DISCUSSIONS 
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6.1 Scientific background and aim 

 

Chronic obstructive pulmonary disease is characterised by chronic inflammation, 

bronchoconstriction, airflow limitation and mucus hyper secretion. Current treatment for 

COPD is symptomatic and does not inhibit the progression of the disease or restore normal 

lung function [37]. The pharmacotherapy of COPD includes inhaled β2-agonists, inhaled 

anticholinergics and inhaled corticosteroids (e.g., beclometasone, budesonide) [10, 138-

142]. In several cases, COPD airway inflammation becomes refractory to corticosteroids 

and the therapy fails [143]. Therefore, development of novel efficient therapies for the 

treatment of COPD is essential to improve patients’ quality of life.  

Oxidative stress is one of the components involved in the pathogenesis of airways 

inflammatory diseases, such as COPD [144]. Furthermore, oxidative stress can change 

normal cell signalling pathways. One instance is the reduction in expression and activity of 

histone deacetylases (HDAC2) in COPD. These conditions are worsened in smokers, since 

several studies in literature have demonstrated that oxidative stress and cigarette smoke 

increase histone acetylation, which leads to increased expression of inflammatory genes 

[143,144]. The inflammation caused by these agents results in the release of reactive 

oxygen species. Hence, oxidative stress can be an important pharmaceutical target for the 

treatment of COPD and antioxidant compounds could have the potential to restore the 

responsiveness to corticosteroids [144]. 

Resveratrol exhibits potent anti-oxidant and anti-inflammatory properties and has shown 

potential against different diseases [145-150]. Specifically, in lungs it has been shown that 

this compound is capable of scavenging oxygen-derived free radicals and therefore has the 

potential to be used as a adjunct therapy in the treatment of COPD [79, 81, 151-153].  

It has also been shown that polyphenolic compounds, such as resveratrol, are candidate 

molecules for the development of novel anti-inflammatory therapies for airway diseases, 

especially when patients become non-responsive to corticosteroids [81,152]. 

The delivery of resveratrol as solution is not suitable due to its instability, propensity for 

rapid oxidative degradation in water and to its low solubility in water [154], for this reason 

the dry powder could be a suitable formulation to delivery the polyphenol directly to the 

lung. 

 

The aim of this study was to investigate the potential of resveratrol as inhalable powder 

formulation and its anti-inflammatory and anti-oxidant activity in Calu-3 bronchial cell 
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lines. The inhalable microparticles were produced using the spray drying technique. The 

physicochemical characteristics of spray dried resveratrol formulation were investigated 

and the aerosol performance evaluated using ACI. After that, the deposition, transport and 

cell uptake of DPI resveratrol were investigated using the Calu-3 cell line incorporated 

onto a modified ACI. Finally, the anti-inflammatory and anti-oxidant activities of 

resveratrol on Calu-3cell were studied. 
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6.2 Results and discussion 

 

6.2.1 Physicochemical characterisation of raw and spray dried resveratrol 

 

In this study, resveratrol was manufactured as dry powder for inhalation to be delivered 

directly to the lung for the reduction of inflammation and oxidative stress. Particle size 

distributions of both, raw and spray dried resveratrol, was analysed using laser diffraction 

and the results are shown in figure 33. 

  

 

Figure 33: Particle size distribution of raw and spray-dried resveratrol. Data represent 

mean ± SD (n=3). 

 

Analysis of the data showed that the size distributions for both samples varied 

significantly. Indeed, values of median volume diameters of 13.3 ± 0.1 µm and 3.9 ± 1.0 

µm were observed for raw resveratrol and spray dried resveratrol, respectively. These 

results showed that raw resveratrol had a size that did not fall within the respirable range 

while spray dried resveratrol is suitable for pulmonary administration [155].  

Add to this, the SEM images of raw resveratrol presented a columnar shape with a volume 

size above 120 μm (figure 34), while, the spray dried resveratrol particles showed a 

corrugated plate-like morphology (figure 35), with a suitable size for lung deposition (≤ 5 

µm). 
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Figure 34: Scanning electron microscopy image of raw resveratrol. 

 

 

Figure 35: Scanning electron microscopy image of spray dried resveratrol.  

 

Io order to study the influence of heat flow on the changes in the dry particle system, the 

thermal response of both raw and spray dried resveratrol was investigates using DSC and 

the results are shown in figure 36. 

A single sharp endothermic peak at 270.0°C was presented and was attributed to the 

melting of raw resveratrol [156]. The absence of any exothermic peaks prior to the melting 

peak suggested that no phase transition from amorphous to crystalline did occur; thus 

indicating that the raw resveratrol exists as a crystalline material. 

Similarly, spray dried resveratrol showed a melting peak at 267.3°C, with no exothermic 

events in the low temperature region prior to this peak, suggestive the spray dried sample 

was crystalline. 
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Figure 36: Differential scanning calorimetric thermographs of raw and spray dried 

resveratrol. 

 

6.2.2 In vitro aerosol performance 

 

The aerosol performance of spray dried resveratrol dry powder was studied using the ACI. 

Data presented are the percentage of the total drug deposited in device, throat and each 

stage of ACI over the emitted dose and are shown in figure 37.  

 

 

Figure 37: In vitro aerosol deposition of spray dried resveratrol using the ACI and RS01 

dry powder inhalation device at 60 l/min for 4 seconds. Data represents mean ± SD (n=3). 
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The mass median aerodynamic diameter (MMAD) of the particle was 3.7 ± 0.1 μm, with a 

geometric standard deviation (GSD) of 1.3. The total recovery of resveratrol was 105.9 ± 

4.7% of the loaded dose, falling within the acceptable pharmacopeia range of 100 ± 25% 

[157]. The FPD and FPF were calculated to be 2054.6 ± 191.0 μg and 39.9 ± 1.1%, 

respectively. These data demonstrated that spray dried resveratrol powder had efficient 

aerosol performance, most likely due to the particles’ corrugated surface which reduces the 

cohesive forces between particles, thus facilitating aerosolization of DPI. 

 

6.2.3 Biological responses using Calu-3 cell lines 

 

6.2.3.1 Stability of resveratrol in cell culture media 

 

Before performing biological tests, resveratrol was studied with respect to its chemical 

stability in cell culture media in order to eliminate the possibility of resveratrol inactivation 

or degradation during cell experiments. 

Data obtained for resveratrol stability in cell culture media are shown in figure 38. The 

data indicated that resveratrol was stable during early incubation, in which the amount of 

resveratrol present at 24 h was 86% of the initial level. Following incubation to 48 h and 

72 h, the amount of remaining resveratrol was 77.19% and 57.15% of the initial 

concentration, respectively (figure 38). 

 

 

Figure 38: Time course of resveratrol concentration during incubation in completed 

DMEM:NMF-12 media. Data represents mean ± SD (n=3). 
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These results demonstrated that the stability of resveratrol was adequate in culture medium 

containing serum, with 50% of degradation after three days of incubation. 

 

6.2.3.2 Cytotoxicity profiles of resveratrol  

 

The dose response viability profile of resveratrol for Calu-3 cells is shown in figure 39. 

The MTS assay demonstrated that the wide range of resveratrol concentrations used, from 

1.25 nM to 160 μM, were well-tolerated and non-toxic to Calu-3 cells. The viability of 

Calu-3 cells was maintained above 95% for this concentration range (figure 39).  

 

 

Figure 39: Calu-3 cell viability profile after 72h resveratrol treatment. Data represents 

mean ± SD (n=3). 

 

6.2.3.3. Resveratrol transport across Calu-3 cell line using spray dried formulation 

 

The in vitro transport of resveratrol across Calu-3 cell monolayer was investigated by 

deposition of spray-dried resveratrol directly onto Calu-3 cells using a in vitro lung model 

(modified ACI) and the data are shown in table 4. The values are presented as the 

percentage of total drug deposited (sum of resveratrol transported from the apical to the 

basal chamber, remaining on the cells surface and retained within the cells). 

Results shown that more than 80% of resveratrol was transported across Calu-3 cells 

within 4 h of deposition, and the rate of transport was independent of the initial deposited 

amount.  
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The high resveratrol transport rate across cell monolayer could be correlated to the 

presence of fatty acids on the cell membrane that provide a lipophilic environment to 

improve the binding efficiency towards resveratrol. 

 

Table 4: In vitro deposition and transport of resveratrol across Calu-3 cell monolayer. Data 

represents means ± SD (n=3). 

% of resveratrol 

Dose of spray dried resveratrol 

0.5 mg 1 mg 

Transported across Calu-3 monolayer 82.31 ± 15.49 87.18 ± 7.81 

On the cell monolayer 1.86 ± 1.47 2.97 ± 1.94 

Retained inside the cells 15.83 ± 14.47 9.85 ± 6.49 

 

In addition, the data on the transport indicate that resveratrol could also exert its anti-

oxidant activity in the blood to scavenge the free radicals and reactive oxygen species 

present. In a previous study, it was noted that unusually high levels of RNS and radicals 

were released by peripheral blood neutrophils in smokers’ patients that subsequently lead 

to pathogenesis and development of COPD [144]. 

 

6.2.3.4 Anti-inflammatory effects of resveratrol 

 

The anti-inflammatory activity of resveratrol was determinate as its ability to decrease the 

amount of IL-8 in Calu-3 cells after stimulation of the cells with TGF-β1, TNF-α and LPS. 

IL-8 levels were measured at 48 h and the results are shown in figure 40. Statistically 

significant differences were observed between samples from the culture media after 48 h 

for resveratrol pre-treated cells (p<0.05). 
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Figure 40: Concentration (pg/ml) of the inflammatory cytokine, IL-8, in culture media 

after stimulation of Calu-3 cells with TNF-α, LPS and TGF-β1 in presence and absence of 

resveratrol treatment. Data represents mean ± SD (n=4). * p < 0.05. 

 

IL-8 levels were measured to be 4526.2 ± 534.95 pg/ml, 5935 ± 2219.74 pg/ml and 

5525.75 ± 250.06 pg/ml after 48 h of stimulation with TGF-β1, TNF-α and LPS, 

respectively; while the level of IL-8 after 48 h of exposure to TFG-β1, TNF-α and LPS for 

the cells pre-treated with resveratrol was 1229.67 ± 15.56 pg/ml, 236.33 ± 117.96 pg/ml
 

and 3615.67 ± 676.18 pg/ml, respectively. The results showed that resveratrol exhibited 

strong anti-inflammatory activity towards TGF-β1, TNF-α and LPS induced Calu-3 cells. 

More recently, resveratrol has shown the potential to inhibit the release of inflammatory 

mediators from human airway epithelial cells, which has been proven to be involved in 

inflammatory lung disease, such as COPD and asthma [81]. Nuclear factor kappa is a key 

factor for activation of inflammatory proteins expression such as GM-CSF, IL-8, COX-2 

and iNOS [158]. It is known that NF-κB activity is regulated by different pathways such as 

IκB kinase and modification of p65 subunit of NF-κB complex [159].  

The reduction of IL-8 obtained in this study indicated that resveratrol could potentially 

inhibit the activation of NF-κB. Donnelly et al., reported that the reduction of IL-8 

expression from human primary epithelial cells was due to the inhibition of NF-κB activity 

by resveratrol [81].  
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Moreover, data obtained during in this study, showed that resveratrol is more potent at 

suppressing the expression of IL-8 in cells induced with TNF-α, compared to LPS or TGF-

β1(figure 40). It has been reported that small amount of resveratrol (5 μM) could inhibit 

the activation of AP-1 involved in inflammation [160]. 

 

6.2.3.5 DPPH radical scavenging activity  

 

The anti-oxidant activity of resveratrol was determined using the in vitro DPPH assay by 

measuring the amount of DDPH radical after incubation for 30 min. In this assay, the free 

radical scavenging potential of resveratrol was measured in terms of its potential to reduce 

the concentrations of stable free radical DPPH. 

In the presence of hydrogen donating-antioxidant molecules, the odd electron of free 

radical DDPH was reduced and paired with hydrogen which resulting in a colour change 

from purple to yellow (a decrease in absorbance). The anti-oxidant activity results were 

shown in figure 41. Lipoic acid, L-NAME and ascorbic acid were used as a negative and 

positive control, respectively. The scavenging effect was investigated in the range of 

concentrations from 0.39 to 100 μM. 

 

 

Figure 41: Antioxidant activity of resveratrol compare to L-NAME, lipoic acid and 

ascorbic acid. Absorbance values are directly proportional to % of DPPH free radicals. 

Data is represents mean ± SD (n=4). 
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The obtained results demonstrated that the anti-oxidant activity of ascorbic acid and 

resveratrol were concentration dependent. No scavenging activity was observed when up to 

1.56 μM of these compounds reacted with the DPPH radicals. 

Both NAME and lipoic acid compounds did not show any significant anti-oxidant effect as 

the DPPH level was still maintained above 80% even at high concentrations. The reduction 

of DPPH radical was determined with resveratrol at relatively low concentration. 

Resveratrol has been known for its potential role in preventing oxidation damage by 

cigarette smoke in human lung epithelial cells.  

Data demonstrated that this polyphenol molecule efficiently scavenges free radicals (about 

50%) at the concentration of 100 μM, and the anti-oxidant activity was dose dependent 

(figure 41). These results are in good agreement with Soares et al., who reported that 100 

μM of resveratrol had the highest anti-oxidant activity [161]. In addition, Acquaviva et al. 

have conducted a detailed anti-oxidant activity of resveratrol whereby resveratrol showed 

significant inhibition on xanthine oxidase, membrane lipid oxidation and DNA cleavage 

activities [162]. Additionally, it has been shown that the level of GCL in smoker’s airway 

and COPD patients was considerably lower than healthy and non-smokers, which further 

suggests that this protein is involved in progression of lung injury via oxidative stress 

[163,164]. 

 

6.2.3.6 DAN assay  

 

Nitrosative stress (contributed by NO production) and nitration of protein in airway 

epithelial cells have been hypothesized to be the culprit for steroid resistances in COPD 

[143]. In addition, NO is also involved in vasodilatation, inhibiting platelet aggregation 

and smooth muscle cell proliferation, which could contribute to pulmonary hypertension. 

Here, the effectiveness of resveratrol to inhibit the production of NO in Calu-3 induced 

with LPS and TGF-β1 was studied (figures 42 and 43). In this study resveratrol was shown 

to effectively inhibit the expression of NO in Calu-3 cells induced by LPS and TGF-β1. 
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Figure 42: Percentage of NO production in Calu-3 cell after induction inflammation with 

LPS. Data represents mean ± SD (n=9). * p < 0.05. 

 

As observed in the reduction of NO production, NAME and ascorbic acid showed 

comparatively weak inhibitory effect towards NO production, either in LPS or TNF-α 

induced Calu-3 cells. However, following resveratrol treatment, significant reductions 

(p<0.001) in NO production by Calu-3 induced with LPS was observed.  

 

 

Figure 43: Percentage of NO production in Calu-3 cell after induction inflammation with 

TFG-β1. Data represents mean ± SD (n=9).  

 

NO was reduced by more than 75.96% and 41.09% when 100 μM of resveratrol was used 

to treat Calu-3 cell after induction with LPS and TGFβ-1 (final concentration of 100 
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ng/ml), respectively. A study has previously demonstrated that resveratrol was able to 

reduce the expression of NO on epithelial cells in the presence of different inducers 

(cigarette smoke and cytomix) [180]. Furthermore, a study by Bi et al., showed that the 

inhibition of NO release by resveratrol in microglia cells after stimulation with LPS, was 

concentration dependent) [85]. 

 

 

6.3 Conclusions 

 

In this study, a inhalable resveratrol dry powder formulation, to be used as alternative or 

add on-therapy chronic inflammatory lung diseases, was prepared and characterised. 

Resveratrol was non toxic for the Calu-3 cells in the range investigated and the spray dried 

microparticles had physico-chemical characteristics and aerosol performance suitable for 

lung delivery. Moreover, resveratrol was found to have good anti-oxidant and anti-

inflammatory properties on Calu-3.  

Hence, resveratrol could be of high therapeutic value in diseases like asthma and COPD 

where inflammation and oxidation is present and the spray dried formulation could be an 

appropriate formulation to delivery this polyphenol directly to the lungs. 
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7 RESULTS AND DISCUSSION  
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7.1 Scientific background and aim 

 

The pathogenesis of COPD is multifactorial which includes genetic predisposition, age, 

inhaled pollution and cigarette smoke. Previous studies have shown that cigarette smoke is 

the main risk factor for the development and progression of COPD [165]. This is because 

cigarette smoke causes a production of ROS that increase the oxidative stress and for this 

reason it is implicated in the pathogenesis and in irreversible airway inflammation). 

Oxidative stress causes airway inflammation by stimulating the release of inflammatory 

mediators such as IL-6, IL-8 and TNF-α. These inflammatory mediators result in an 

increase of ROS and hence an increase in oxidative stress in the lungs) [144]. Alveolar 

macrophages are one of the first lines of defence of the respiratory tract against inhaled 

noxious agents. In COPD patients, alveolar macrophages play an important role in 

regulating the release of inflammatory mediators that attract neutrophils into the airway) 

[166,167]. Corticosteroid molecules are able to suppress the release of these inflammatory 

mediators in alveolar macrophages but these drugs are relatively ineffective in COPD 

patients due to the inhibition of the histone deacetylases (HDAC2) activities [143]. For this 

reason a novel therapeutic strategy is needed. Previous studies have shown that ROS have 

been implicated in initiating inflammatory responses in the lungs through the activation of 

transcription factors such as NF-κB [15]. This results in vicious cycle of oxidative stress by 

ROS and airway inflammation [143,168]. Histone deacetylases activities are required for 

NF-κB blockade by corticosteroid receptors [144,168]. In several cases COPD patients 

became non-responsive to corticosteroid treatment as HDAC2 activities can become 

inhibited in presence of oxidative stress [144]. 

For these reasons, the use of anti-oxidant compounds in association with one of the 

corticosteroids drugs could provide a new therapeutic approach for the treatment and 

management of COPD [169]. Polyphenolic compounds are potential candidate molecules 

since these compounds naturally exhibit potent anti-oxidant and anti-inflammatory 

activities.  

Specifically in the lungs, in vitro and in vivo experiments have shown that resveratrol can 

reduce inflammation in lung cells, scavenging oxygen-derived free radicals; subsequently, 

resveratrol maybe a potential adjunct therapy in the treatment of COPD [ 170]. In addition, 

resveratrol has been shown to inhibit the release of inflammatory cytokines from alveolar 

macrophages in COPD and therefore can be considered a suitable candidate for 

pharmacotherapy of macrophages) [171]. 
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For these reasons, the aim of this study was to develop inhalable microparticles containing 

resveratrol and budesonide, a common anti-inflammatory corticosteroid in order to 

delivery a combination formulation containing anti-oxidant and anti-inflammatory 

compounds for improvement of COPD. Different series of co-spray dried formulations 

were prepared and the physico-chemical characteristics and in vitro aerosol performance 

were investigated. Importantly, the biological responses of alveolar macrophages cell lines 

in terms of cell viability, anti-inflammatory and anti-oxidant activities were evaluated with 

the prepared spray dried formulations. 
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7.2 Results and discussion  

 

7.2.1 Physical-chemical characterization of spray dried formulations 

 

7.2.1.1 Particles size and morphology 

 

The microparticles containing anti-oxidant resveratrol and anti-inflammatory budesonide 

compounds were formulated using spray drying technique. The inlet temperature range 

was chosen so that the outlet temperature would be below the glass transition temperature 

(Tg) of budesonide and resveratrol, which are reported as  90°C and >340°C, respectively. 

Through the optimization of spray-drying conditions, five formulations with resveratrol 

(RES) and budesonide (BD) concentration were successfully prepared. These included: 

100% BD, 75%BD/25%RES, 50%BD/50%RES, 25%BD/75%RES and 100% RES. 

Throughout the manuscript, these formulations were denoted as formulation 0%, 25%, 

50%, 75% and 100% respectively, in accordance to the percentage w/w resveratrol in the 

final SD particles.  

 

 

 

Table 5: Component, ratio (% w/w), feed concentration, inlet temperature, outlet 

temperature and flow rate used to produce inhalable microparticles.  

RES, resveratrol; BD, budesonide. 

Component  Ratio Feed Inlet Outlet Flow rate 

  (% w/w) 
concentration 

(mg/ml) 

temperature 

(ºC) 

temperature 

(ºC) 
(ml/min) 

RES  100 50 100 52 12.5 

RES : BD  75 : 25 50 100 49 12.5 

RES : BD  50 : 50 48 100 48 12.5 

RES : BD  25 : 75 48 100 46 12.5 

BD  100 30 100 46 12.5 
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As seen from the SEM images presented in figure 45, the microparticles of single spray 

dried and co-spray dried combinations at different concentrations showed spherical 

geometries; morphological characteristic typical of a spray-drying process. Uniform 

spherical microparticles with smooth surface morphology were characteristics of spray 

dried budesonide alone (figure 44 A). In comparison, spray dried resveratrol alone (100%) 

exhibited spherical particles with rough surfaces (figure 44E). When co-spray dried, the 

particles exhibited a change in morphology between the two single drug formulations 

based on the ratio of budesonide to resveratrol. 

Interestingly, overall co-spray dried microparticles exhibited increase in smoothness of 

particles’ surface proportional to the increase of budesonide concentration (figure 44 B, C 

and D). It is speculated that, as budesonide is more hydrophobic and with higher molecular 

mass, in the binary system it would preferentially accumulate on the air-liquid interface of 

the droplet during the spray drying process [172]. 

 

Figure 44: Scanning electron microscopy images of single and co-spray dried 

formulations containing resveratrol and budesonide at different ratios. The percentages 

referred to the resveratrol concentration present in spray dried formulations. 
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Particle size analysis of co-spray dried microparticles were measured using laser 

diffraction. The volume weighted median diameter (D50) of spray dried budesonide was 1.0 

± 0.01 µm, significantly smaller (p < 0.05) than spray dried resveratrol (7.74 ± 1.66 µm). A 

gradual increase in particle size for co-spray dried formulations with increasing resveratrol 

concentration was observed. As such, the diameter for co-spray dried containing 25%, 50% 

and 75% resveratrol were 1.2 ± 0.02, 2.32 ± 1.01 and 6.23 ± 1.32 µm, respectively. 

Moreover the presence of spray dried budesonide on the surface reduced the cohesiveness 

between particles of resveratrol, thus resulting in decreased particles’ agglomeration and 

increased aerosol performance[173]. 

 

7.2.1.2 Thermal characteristics of spray dried formulations 

 

The thermal response of spray dried formulations containing either resveratrol and/or 

budesonide is shown in figure 45. Both thermograms of crystalline raw spray dried 

budesonide and resveratrol demonstrated only a single endothermic peak indicative of 

melting at 260°C and 270°C, respectively [170,174]. 

 

 

Figure 45: Differential scanning calorimetric thermograms of raw budesonide, raw 

resveratrol and co-spray dried formulations. The percentages referred to the resveratrol 

concentration present in spray dried formulations. 

 

Spray drying processes did not change resveratrol crystallinity, as seen in the presence of 

single endothermic melting at 269°C for spray dried resveratrol alone [170]. The DSC 

thermogram for spray dried budesonide alone however showed a broad exothermic peak at 
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130 °C, followed by a sharp endothermic peak at 260°C. The presence of exothermic peak 

prior to melting suggests that spray dried budesonide particles were amorphous and 

underwent phase transition from amorphous to crystalline when heated to 130°C. In 

general, the melting peaks of co-spray dried formulations were shifted to lower 

temperature. In addition, irrespective of the concentrations of resveratrol and budesonide 

used, the co-spray dried formulations exhibited a ‘new’ endothermic peak at 190°C, which 

was not thermodynamically related to raw resveratrol or budesonide compounds (figure 

45). The presence of this peak suggested the chemical interaction between the two 

compounds which resulted in the shifting of the melting peak proportional to the strong 

solid–solid interaction) [175]. For instance, for co-spray dried containing 75% resveratrol, 

two endothermic peaks were observed at 190°C and 257 °C, respectively. In the co-spray 

dried formulations containing 75% budesonide, an exothermic peak at 167°C and one 

endothermic peak at 206 °C were also observed.  

Further, spray dried formulations were stable up to 200 °C with TGA data reporting a 

weigh lost ≤0.1% w/w. 

 

7.2.2 Aerosolization efficiency of spray dried formulations 

 

The evaluation of aerosol efficiency for dry powder inhalers is an important tool for 

predicting the amount of the inhalable microparticles that could reach the lungs. The 

aerosol performance of single spray dried and the co-spray dried formulations were tested 

using the MSLI at two different flow rates (60 l/min and 90 l/min). Data are expressed as 

the percentage deposition of budesonide and resveratrol recovered in each stage of MSLI, 

throat, and device over the total mass calculated (figure 46).  

The FPF values of spray dried budesonide were significantly higher than for spray dried 

resveratrol at both flow rates (p<0.001). At 60 l/min, the FPF for spray dried budesonide 

and spray dried resveratrol were 39.4 ± 2.8% and 26.3 ± 1.5 %, respectively. Meanwhile, 

the FPF of spray dried budesonide (45.7 ± 1.4%) was 2-fold higher than spray dried 

resveratrol (25.8 ± 4.1%) when the flow rate was set at 90 l/min. Furthermore, spray dried 

resveratrol had a higher throat deposition (11.5 ± 1.6% and 17.8 ± 0.9%) compared to 

spray dried budesonide with values of deposition of 3.6 ± 0.9% and 5.0 ± 0.3 % at 60 l/min 

and 90 l/min, respectively. This could be attributed to the adhesive/cohesive nature of 

resveratrol and high surface area of the microparticles, which promoted agglomerates; 

hence the poor dispersion at set flow rates (figure 44 E). 
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Figure 46: In vitro aerosol deposition of the single spray dried and co-spray dried powders 

at various concentrations (% w/w) of resveratrol using MSLI at flow rate of 60 l/min and 

90 l/min. Data represents mean ±SD (n=3). 

 

It was also observed that deposited doses of each component (resveratrol and budesonide) 

in the throat, devices and all stages of the MSLI had no significant differences, irrespective 

of the co-spray dried combinations. These results indicate that the co-spray dried particles 

were homogeneous in composition, rather than binary system containing individual 

components. Analysis of the deposition profiles of co-spray dried formulations showed an 

increase in aerosol performance proportional to resveratrol decreasing concentration. The 

FPF of resveratrol for co-spray dried formulations containing 25%, 50% and 75% of 

resveratrol were 42.5 ± 1.7%, 38.8 ± 2.9%, and 23.8 ± 3.7 %, respectively at 60 l/min 

(figure 46). Similarly, the FPF calculated for budesonide were 42.5 ± 1.6%, 38.5 ± 3.1%, 

and 23.0 ± 1.2%, respectively (figure 46). At 90 l/min, the FPF of resveratrol for co-spray 

dried formulations containing 25%, 50% and 75% resveratrol were 46.7 ± 2.8%, 41.7 ± 

4.4%, and 25.9 ± 4.2 %, respectively (figure 46). Moreover the FPF of budesonide for co-

spray dried formulations containing 25%, 50% and 75% RES were 46.5 ± 2.8%, 41.2 ± 

4.3% and 26.4 ± 2.7% at 90 l/min.  
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7.2.3 In vitro activity of resveratrol and budesonide using alveolar macrophages  

 

7.2.3.1 Viability of alveolar macrophages cells to resveratrol and budesonide  

 

It is widely accepted that inflammation and oxidative stress is the central pathogenesis 

contributing to the development of chronic lung diseases such as asthma and COPD [176]. 

Budesonide is the treatment of choice to control inflammation but some COPD patients are 

unresponsive towards corticosteroids. Therefore, combining budesonide with resveratrol, 

which possesses strong anti-oxidant and anti-inflammatory properties, could be beneficial 

for COPD treatment. Prior to anti-inflammatory and anti-oxidant studies, any potential 

cytotoxicity effects of resveratrol and budesonide towards alveolar macrophage cells need 

to be evaluated. Different spray dried formulations, both as combination or single 

compounds, were added to alveolar macrophages with increasing concentrations (0.612 to 

50 µM) and evaluated using the MTS cytotoxicity assays. 

As shown in figure 47, alveolar macrophage cells demonstrated higher tolerance towards 

budesonide compared to resveratrol.  

These data implied that resveratrol induced higher cytotoxicity effect compared to 

budesonide. Therefore, it was noted that the decrease of budesonide concentration in co-

spray dried formulations resulted in enhanced cytotoxicity effect towards alveolar 

macrophages (figure 47).  

Many studies have reported that budesonide is relatively safe for lung cells even at 

micromolar concentration [177-178]. Cell viabilities of healthy alveolar macrophage 

remained approximately 90% after receiving 100 µM budesonide [179]. Although 

budesonide imparts negligible cytotoxicity to alveolar macrophages at concentrations up to 

100 µM, it was demonstrated that the phagocytosis functions of alveolar macrophages was 

impaired [179]. 
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Figure 47: Viabilities of alveolar macrophages cells evaluated using MTS cytotoxicity 

assay after 72 h of treatment with spray dried formulations. The percentages referred to the 

resveratrol concentration present in spray dried formulations. Data represents mean ±SD 

(n=3). 

 

This could indirectly explain the unresponsiveness of COPD patients towards 

corticosteroids during exacerbation as the inflammatory mediators (alveolar macrophages) 

are partially inhibited. Resveratrol was well-tolerated by airway lung cells, such as Calu-3 

and A549 cells, as 95% were viable at 160 µM and 100 µM, respectively. 

 

7.2.3.2 Anti-oxidant activities of co-spray dried formulations 

 

The anti-oxidant activity of resveratrol and budesonide were investigated by measuring 

their ability to scavenge free reactive radicals, using the DPPH assay. Lipoic acid and L-

NAME were used as negative controls while ascorbic acid, a potent free radical scavenger, 

was used as positive control in this study (figure 48). As expected, no scavenging activities 

were observed for lipoic acid and L-NAME even at high concentration (500 µM). Ascorbic 

acid demonstrated the highest anti-oxidant potential by reducing up to 80% DPPH free 

radicals at 40 µM. 
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As for budesonide, no detectable radical scavenging activities were found in the ranges of 

concentrations studied (25 to 500 µM). Meanwhile, it was observed that the anti-oxidant 

activities of resveratrol were dose-dependent. The increase of resveratrol from 2 to 500 µM 

led to significant reduction of free DPPH radicals, whereby only 87.8% and 25.2% of 

DPPH remained, respectively (figure 48). The dose-response curve of resveratrol showed a 

gradual increase in DPPH scavenging activity while dramatic elevation of anti-oxidant 

activity was observed for ascorbic acid. For instance, approximately 70% and 31% of 

DPPH free radicals remained after treatment with 3.9 and 7.8 µM ascorbic acid, 

respectively (figure 48). 

 

 

Figure 48: The DPPH free radical scavenging activities in the presence of lipoic acid, 

ascorbic acid, L-NAME, budesonide and resveratrol. Data represents mean ±SD (n=3). 

 

Oxidative damage in lung tissues caused by stimuli such as cigarette smoke is well known. 

The introduction of an anti-oxidant molecule such as resveratrol to existing therapies to 

potentially treat oxidative-stress related lung injury (i.e. COPD) could consequently be 

advantageous. In both smokers and COPD patients it was shown that the expression of 

GCL and GSH was reduced compared to healthy subjects, hence an indication of lung 

injury caused by oxidative stress [163,164], while resveratrol can stimulate lung repair by 

enhancing GCL and GSH productions [84]. Steroid resistance in COPD patients has been 

linked to nitrosative stress which is contributed by NO production and protein nitration in 

airway cells) [143].  
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In this study, the inhibitory effect of spray dried formulations on NO production was 

investigated using LPS-induced alveolar macrophage cells (figure 49). 

 

 

Figure 49: The effect on NO productions in alveolar macrophages. NO production (µM) 

in the presence (A) of L-NAME, budesonide and resveratrol  and (B) of combination spray 

dried formulations. The percentages referred to the resveratrol concentration present in 

spray dried formulations. Data represents mean ±SD (n=3).  

 

It has been demonstrated that LPS stimulated iNOS expression in macrophages cells, 

which in turn led to enhanced production of NO via conversion of L-arginine to L-

citrulline [163]. When high-output of NO levels is non-attenuated, it could facilitate 

synthesis of peroxynitrite intermediates, which react to form 3-nitrotyrosine that causes 

severe lung epithelial damage [180,181]. In a study by Peng et al, the increase of NO 

production was correlated to 3-nitrotyrosine concentration in lungs [180]. It is therefore 

likely that during COPD exacerbations caused by bacterial infection, activated alveolar 

macrophages result in elevated NO levels and inflammatory cytokines, which lead to lung 

injury and fibrosis. These unstable NO radicals are rapidly converted to NO2
-
 or NO3

-
.  

Therefore the amount of NO2
-
 measured using Griess reagent could indirectly determine 

NO production by alveolar macrophages. Results demonstrated that the inhibition of NO 

was dose-dependent, irrespective to the drugs used (figure 49 B). The concentration of NO 

decreased from 38.3 ± 2.5 µM (untreated control) to 23.8 ± 4.7 µM, 12.5 ± 1.1 µM and 

31.5 ± 3.1 µM when treated with 50 µM BD, RES and L-NAME, respectively. Resveratrol 

demonstrated the strongest activity, while NAME showed weak inhibitory effect across all 

concentrations assayed (p˂0.05). Only 25% inhibition of NO production could be observed 

even at high concentration (100 µM) of NAME used. Comparatively, at the same 

concentration, RES and BD inhibited 75% and 60% of NO production from alveolar 
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macrophages, respectively (figure 49). The combination of resveratrol and budesonide was 

also studied to evaluate possible additive/synergistic inhibitory effects of combination 

therapies towards NO productions in alveolar macrophage cells (figure 49). Interestingly, 

the reduction of NO was more pronounced when resveratrol and budesonide were used in 

combination. The reduction was directly correlated to the increase of resveratrol in the 

formulation. The amount of NO produced showed the following trend: 23.8 ± 4.7 µM (0% 

RES or 100% BD) > 14.6 ± 0.7 µM (25% RES + 75% BD) > 12.5 ± 1.1 µM (100% RES or 

0% BD) > 11.5 ± 1.1 µM (50% RES + 50% BD) > 9.9 ± 0.7 µM (75% RES + 25% BD) 

(figure 49).  

As mentioned, NO synthesis in alveolar macrophages is regulated by iNOS expression, 

which in turn is controlled by NF-κB. Inhibiting high-output of NO by down-regulating the 

iNOS expression at the transcription level, through inactivation of the NF-kB signalling 

pathway, could be a treatment strategy [182,183]. In work by Li et al, the inhibition of NO 

and iNOS was achieved in LPS-stimulated alveolar macrophages by pre-treating the cells 

with low concentrations of budesonide (10
-10 

M) [183]. In contrast, higher concentrations 

of budesonide or resveratrol were needed in order to inhibit iNOS expression, as well as 

translocating NF-kB compared to NO production in LPS-induced alveolar macrophages, 

consistent with our results [166]. In addition, resveratrol was not effective to totally inhibit 

NO productions once cells were stimulated with LPS. This suggests that both inhibition of 

iNOS protein transcription and NF-kB inactivation is not the primary resveratrol target 

towards NO regulation. Cho et al. hypothesized that resveratrol interferes with LPS-

induced expression of genes responsible for NO expression, independent of the NF-kB 

signalling pathway [182]. 

 

7.2.3.3 Anti-inflammatory activity 

 

The anti-inflammatory properties of resveratrol and budesonide have been widely 

documented. Results showed that resveratrol and budesonide alone inhibited cytokine 

expressions (IL-6 and TNF-α) in LPS-stimulated alveolar macrophages as shown in figure 

50. These data are consistent with other findings using either resveratrol or budesonide to 

inhibit cytokine expressions in different pulmonary cells line such as RAW 264.7, A549 

and Calu-3 [81,170,184]. Based on these results, resveratrol is more effective than 

budesonide to reduce IL-6 and TNF-α (p<0.05). Approximately 60% and 20% of IL-6 was 
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inhibited after 72 h of treatment with resveratrol and budesonide alone, respectively (figure 

50).  

 

 
Figure 50: Cytokines expression in culture media of LPS pre-stimulated alveolar 

macrophage cells after treatment with spray dried formulations at different time points. (A) 

IL-6 and (B) TNF-α. The percentages referred to the resveratrol concentration present in 

spray dried formulations. Data represents mean ±SD (n=3). 
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A similar inhibitory profile was observed for TNF-α production in alveolar macrophages. 

After 72 h treatment with resveratrol and budesonide, only 45% and 32% of TNF-α 

markers remained, respectively (figure 50 B). Our data also demonstrated that budesonide 

preferentially inhibited the expression of TNF-α compared to IL-6 in LPS-stimulated 

alveolar macrophage cells. This was supported by earlier findings whereby budesonide 

almost completely inhibited TNF-α release, while only partially inhibited IL-6 expression 

from macrophages. These results clearly demonstrated the time-dependent response for 

both resveratrol and budesondie in inhibiting cytokines (figure 50). For budesonide, the 

percentages of TNF-α remained after 12 h, 24 h, 48 h and 72 h were 83 ± 4%, 76 ± 3%, 70 

± 2%, and 55 ± 4%, respectively. As for resveratrol, the amount of IL-6 remained after 12 

h, 24 h, 48 h and 72 h were 80.0 ± 1.9%, 62.0 ± 2.0%, 55.0 ± 2.2%, and 40.0 ± 1.8%, 

respectively (figure 50). Consistent with previous studies, TNF-α release was significantly 

inhibited irrespective to the sequence of steroid treatment addition (either prior, during and 

after stimuli incubation) [185,186]. 

 These results thus suggest the cytoplasm, but not nucleus, is the major site of action for 

budesonide and resveratrol via interaction with transcription factors, including NF-κB and 

AP-1, hence the rapid onset of action [186]. 

The effectiveness of corticosteroids in bacterial-induced COPD exacerbations remains 

debatable. In a study, IL-8, MMP-9 and MCP-1 expressions from LPS-stimulated alveolar 

macrophages were resistant to corticosteroids while IL-6 releases were effectively 

inhibited) [153]. 

The authors also demonstrated that the provision of resveratrol alone reduced IL-8, MMP-

9, IL-6 and MCP-1 expressions down to baseline readings in alveolar macrophage isolated 

from COPD patients. Therefore it was hypothesized that treatment of alveolar 

macrophages with inhalable formulations containing budesonide and resveratrol might 

enhance the anti-inflammatory effect in COPD. As shown in figure 50, cytokine releases 

from alveolar macrophages were significantly inhibited with the presence of resveratrol in 

the co-spray dried formulations. By increasing the ratio of resveratrol from 0% to 75%, a 

reduction of IL-6 expression from 75% to 52% after 72h of treatment was observed. 

Similarly, significant reductions of TNF-α production were observed by increasing 

resveratrol (figure 50). The exact reason underlying stronger attenuation effect of 

resveratrol towards cytokine compared to budesonide is still unclear, but could be due to 

the antioxidant properties of resveratrol in addition to its anti-inflammatory effect.  
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In addition, the lack of corticosteroid efficacy could be the result of increased steroid-

resistance in pulmonary macrophages. The disparities in steroid sensitivity towards 

inflammatory genes have been postulated to be attributable to impacts of corticosteroid-

sensitive and corticosteroid-resistant transcription mechanisms) [152,187]. In other words, 

the corticosteroids’ efficacy towards specific cytokine is highly dependent on the ratio of 

corticosteroid-sensitive and corticosteroid-resistant signalling genes for transcriptions of 

cytokine proteins. For instance, LPS-induced cytokine genes transcription in alveolar 

macrophages are dependent on NF-κB signalling and mitogen-activated protein kinases 

(MAPK)/AP-1 pathway, whereby the former is sensitive to corticosteroids while the latter 

is non-responsive to corticosteroids) [ 187]. In contrast, resveratrol is known to be effective 

against both NF-κB and MAPK signalling, which could explain the higher efficacy of 

resveratrol to reduce IL-6 from alveolar macrophages) [188]. 

Mechanistically, corticosteroid-resistance in COPD is also augmented by reduced HDAC 

activities in alveolar macrophages caused by oxidative and nitrosative stress. As resveratrol 

scavenges ROS and RNS radicals readily, resveratrol could restore HDAC functions. This 

could also be a contributing factor for the enhanced anti-inflammatory activity showed 

when combination of budesonide and resveratrol was administered. 

 

7.3 Conclusions 

 

In this study novel co-spray dried formulations of an anti-oxidant (resveratrol) and anti-

inflammatory (budesonide) compounds were produced. The spray dried powders showed 

appropriate morphologies and suitable aerosol properties for inhalation drug delivery. In 

vitro studies showed that alveolar macrophages could tolerate resveratrol and budesonide 

in the range of concentrations investigated. Moreover, resveratrol and budesonide showed 

to have anti-inflammatory activities due to their ability to reduce the levels of TNF-α and 

IL-6. The data presented provide preliminary evidence that these compounds if delivered 

in combination could be suitable for the treatment of chronic inflammatory lung diseases 

such asthma and COPD, where both inflammation and oxidative stress are present. 
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