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Abstract 

Chrysin is a flavonoid that can be used as a medication for asthma and chronic 

obstructive pulmonary disease due to its anti-inflammatory activities. However, 

no studies have investigated the effectiveness of an inhaled formulation of 

chrysin on its own or in combination with corticosteroids. Therefore, this study 

aimed to assess the aerosol performance of chrysin formulations as well as 

the performance of combined formulations of chrysin and budesonide. Dry 

powder inhaler formulations were used first, where chrysin was processed 

using three different techniques, namely ball-milling, sonocrystallisation, and 

spray drying, to obtain a suitable particle size for inhalation. The highest fine 

particle fraction was 27% when the sonocrystallised samples were used. As 

the lung deposition was relatively low, budesonide was not added to the 

formulations. 

Next, liquid formulations of chrysin and budesonide were prepared in two 

concentrations using limonene and oleic acid as the oil phase. In a comparison 

of low and high drug concentrations of the formulations, the FPF of the 

formulations prepared with limonene ranged from 45% to 53.3% and from 

49.3% to 53.9% for chrysin and budesonide, respectively; by contrast, the FPF 

of the formulations prepared with oleic acid oil ranged from 41% to 50.4% and 

from 46% to 53.3% for chrysin and budesonide, respectively. A genotoxicity 

study confirmed the safety of these combined formulations, and an anti-

inflammatory study confirmed the potential for chrysin to be used with 
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budesonide in a combined formulation; thus, chrysin’s anti-inflammatory 

efficacy can be improved and the required inhaled dose can be reduced.
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Chapter One: Introduction and literature review 

1.1. General background 

Asthma, a major noncommunicable disease, is a chronic lung condition 

characterised by the narrowing of the airways; it is caused by the inflammation 

and constriction of the tubes that deliver air into the lungs, which result in 

asthma symptoms such as shortness of breath, wheezing, and coughing 

(Mukherjee and Zhang 2011). Asthma symptoms can range from mild to 

severe, and they can occur on a daily basis or occasionally (Wenzel 2006). 

While asthma can affect people of all ages, it usually begins in childhood; 

however, it can also develop for the first time in adults. According to the British 

Lung Foundation, approximately 5 million people are receiving treatment for 

asthma in the UK, or approximately 1 in 12 adults and 1 in 11 children. The 

common treatment for asthma has many side effects; therefore, the use of 

flavonoids as a treatment for airway-related diseases has potential benefits. 

Like many flavonoids, chrysin has been reported to be an anti-inflammatory, 

antitumour, antioxidant, antiproliferative, and antiallergic agent (Brown et al., 

2007; Vishweshwaran et al. 2014). Many studies have examined chrysin’s 

effects on airway-related diseases. A study of BALB/c mice sensitised to and 

tested on ovalbumin (OVA) demonstrated that chrysin suppressed OVA-

induced airway hyperresponsiveness (AHR); furthermore, it reduced 

inflammatory cell counts, especially eosinophil, interleukin-4, and interleukin-

13 in bronchoalveolar lavage fluid (BALF) and the total immunoglobin E in 

serum (Rashid et al. 2013). On the other hand, chrysin interferes with the 

inflammation process and mucus production by attenuating allergen agents in 
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the airways. Moreover, by changing the response of an allergen to T-helper 

cells, chrysin suppresses the infiltration of inflammatory cells, the hypoplasia 

of goblet cells, and the expression of α-smooth muscle actin (α-SMA) around 

the bronchioles (Rashid et al. 2013; Yao et al. 2016). Another study discussed 

the antiasthmatic effect of chrysin in-vivo on OVA-induced AHR. The results 

indicated that chrysin reduced the total lung injury score by reducing both the 

NO concentration and lipid peroxidation (Wadibhasma et al., 2011). Although 

flavonoids such as chrysin have a good anti-inflammatory effect, they also 

have limited solubility, which results in their low oral bioavailability in serum; 

moreover, they have low pharmacological activity due to their limited 

absorption and rapid elimination (Gonzales et al. 2015). 

Research attention to pulmonary drug delivery has significantly increased. It 

focuses on the delivery of medication directly to the lungs for both local and 

systemic treatment. The pulmonary route has been used in the treatment of 

various respiratory diseases, such as asthma and chronic obstructive 

pulmonary disease (COPD). The devices used in pulmonary drug delivery are 

based on the following three platforms: metered-dose inhalers (MDIs), dry 

powder inhalers (DPIs), and nebulisers (Daniher and Zhu 2008; Ibrahim et al. 

2015). The use of DPIs has many advantages, such as them being propellant-

free and having a high dose capacity and drug stability; therefore, DPIs have 

been developed for use in treating respiratory diseases. However, the 

performance of DPIs depends on various elements, such as the drug particle 

size, device resistance, airflow generated by the patient, and physicochemical 

properties of both drug and carrier, which also play a critical role in the forces 

of adhesion and cohesion (Mishara and Singh 2020). Moreover, DPIs are 
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unsuitable for children and elderly patients, as they require an adequate 

inspiratory flow rate; thus, nebulised formulations are recommended.  

For pulmonary drug delivery, the particle size should be between 1 and 5 µm 

to have potential aerosolisation properties. Larger particles with a size >10 µm 

are usually deposited in the upper pulmonary system and retained in the 

oropharyngeal area. By contrast, particles <0.5 µm do not deposit and are 

expected to be exhaled from the pulmonary tract (Timsina et al., 1994). 

Therefore, the recommended inhalable drug particle size for achieving optimal 

lung deposition is in the range of 1-5 µm (Usmani et al. 2003; Telko and Hickey 

2005). DPIs can be generated using different techniques, such as milling, 

crystallisation, and spray drying. However, these methods have limitations due 

to poor control over the particles’ shape, size, and surface energy.  

The present study used the ball milling (BM) technique to obtain the desired 

particle size range of chrysin powders. In addition, crystallisation was used in 

the presence of ultrasound to produce chrysin powders for inhalation. In 

addition, the present study developed and evaluated liquid formulations for 

chrysin nebulisers using the microsuspension and nanoemulsion techniques. 

Budesonide liquid formulations were also evaluated as an individual 

formulation, and a combined formulation was added to the chrysin. 

1.2. Hypothesis 

Chrysin is a flavonoid that can be used as a medication for asthma and COPD. 

Due to its anti-inflammatory activities, chrysin directly affects proinflammatory 

enzymes, and it is effective in acute and chronic inflammations – both in vivo 

and in vitro. Chrysin is an antioxidant agent due to its ability to scavenge 
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different free radicals and inhibit their formation. It inhibits the pro-oxidant 

enzymes cyclo-oxygenase (COX-2) and lipo-oxygenase (LOX), which reduce 

the production of the following three inflammation mediators: prostaglandins, 

leukotrienes, and nitric oxide (NO). In addition, chrysin can suppress OVA-

induced AHR by reducing the inflammatory cell count and mucus production. 

It also exhibits a remarkable antiproliferative effect on activated macrophage 

colony-stimulating factor (M_CSF) due to its role as a tyrosine kinase inhibitor. 

Furthermore, it protects against cardiovascular diseases because of its ability 

to suppress oxidation stimulated by reactive nitrogen species (Brown et al., 

2007; Khoo et al., 2010; Li et al., 2014). 

Although flavonoids in general, and chrysin in particular, have a good anti-

inflammatory effect, they also have poor solubility and low oral bioavailability 

in serum due to their limited absorption and rapid elimination (Gonzales et al. 

2015). Therefore, formulating inhalational chrysin – as a DPI or liquid-based 

formulation – may enhance its bioavailability, thereby helping to provide an 

elevated concentration of the drug supplied locally to the alveoli. The alveoli 

are the site of action in the lungs due to the absence of first-pass metabolism.  

Inhaled corticosteroids (ICs) are the most effective asthma controllers; they 

suppress the inflammation process and reduce AHR by switching off multiple 

activated inflammatory genes (Barnes 2010). However, long-term IC use can 

cause serious side effects, including adrenal insufficiency, vision problems 

(i.e., glaucoma and cataracts), infections, metabolic disorders, osteoporosis, 

ulcers, obesity, and severe hypertension (Yasir et al. 2021). To the best of our 

knowledge, no studies have assessed the effectiveness of a combination of 

chrysin with budesonide for asthma and COPD treatment. Therefore, using 
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nanoemulsion formulations of chrysin and budesonide may reveal the 

potential of chrysin to be used in a combined formulation with budesonide to 

improve and enhance its anti-inflammatory efficacy, thereby reducing the 

required duration of the inhaled dose. 

1.3. Aims and objectives 

The aims of the precent research were as follows: 

- To formulate and evaluate a chrysin DPI using three different techniques – 

namely BM, sonocrystallisation, and spray drying; 

- To formulate and assess a liquid formulation using nanoemulsion and 

microsuspension formulations for chrysin, budesonide, or a combination of 

both drugs; 

- To investigate the synergistic anti-inflammatory effects of chrysin in 

combination with budesonide.  

The objectives of the present research were as follows: 

- To develop and validate a high-performance liquid chromatography 

(HPLC) method for the assay of chrysin; 

- To use the BM, sonocrystallisation, and spray drying techniques to 

micronise chrysin particles to the optimal size for pulmonary drug delivery; 

- To prepare DPI formulations of chrysin with different carriers at different 

ratios, and then to assess the aerodynamic performance of the formulation 

in vitro using a Next Generation Impactor (NGI); 

- To prepare liquid formulations of chrysin, budesonide, or a combination of 

both drugs using nanoemulsion and microsuspension formulations, and 
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then to evaluate the in vitro aerodynamic behaviour of the formulations 

using an NGI; 

- To evaluate the genotoxicity of the nanoemulsion formulations using the 

comet assay method; 

- To evaluate the anti-inflammatory activity of chrysin, budesonide, or a 

combination of both drugs using the BSA protein denaturation method 

against ibuprofen.  

1.4. Thesis structure 

This thesis comprises seven chapters, which are described as follows: 

Chapter one presents the general background, hypothesis, aims, objectives, 

an introduction to asthma, flavonoids in general, chrysin in particular, and 

pulmonary drug delivery. 

Chapter two presents the methods and materials. 

Chapter three describes the development and validation of the HPLC method. 

Chapter four presents the development and evaluation of DPI formulations of 

chrysin for asthma and COPD by assessing the product characterisation and 

DPI formulation’s performance. The following three different micronising 

techniques are used: ball milling, sonocrystallisation, and spray drying. 

Chapter five presents the development of nanoemulsion and microsuspension 

chrysin and budesonide formulations; the evaluation of the aerosol 

performance of these formulations for asthma and COPD using an NGI; and 

the evaluation of these formulations’ genotoxicity using the comet assay 

method. 
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Chapter six presents an evaluation of chrysin and budesonide’s anti-

inflammatory activity against ibuprofen for asthma and COPD using a heat-

induced bovine serum albumin denaturation assay. 

Lastly, Chapter seven provides a general conclusion to the research as well 

as recommendations for future studies. 

1.5. Asthma 

Asthma is an inflammatory disease of the airways, caused by swelling and 

restricted airflow in and out of the lungs. People with asthma usually do not 

have enough air, which leads to wheezing (Mukherjee and Zhang 2011). There 

are two types of asthma – namely allergic and nonallergic asthma. In allergic 

asthma, the reaction is caused by an inhaled irritant, whereas nonallergic 

asthma is usually triggered by other factors, such as viruses, stress, or smoke 

(Ehrlich 2015). Asthma is related to the T helper cell type 2 (Th2) immune 

response. Allergic and nonallergic triggers can lead to airway inflammation by 

releasing specific cytokines, such as the interleukins IL-4, IL-5, IL-9, and IL-

13. Interleukins instigate eosinophilic inflammation and the production of 

immunoglobulin E (IgE) by mast cells; IgE works to release inflammatory 

chemicals, such as histamine and leukotrienes, which are responsible for 

bronchospasm, oedema, and mucus hypersecretion – all symptoms of an 

asthma attack (Lloyd and Hessel 2010). The disease can be diagnosed by 

medical history, physical examination, and objective measurements of lung 

functions. While no cure for asthma exists, treatments can help to monitor and 

control the symptoms. Usually, minor to acute asthma symptoms can be 

controlled by conventional medications (Kim and Mazza 2011). Asthma is 

classified as mild intermittent, mild, moderate, or severe persistent (Wenzel 
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2006). Asthma attacks can be prevented by avoiding irritants, managing the 

attack as fast as possible, and exercising to help maintain a proper weight and 

strengthen the lungs (Kaufman 2011). 

1.5.1. Asthma treatment 

Medications are used to control an attack (asthma relievers), which are 

bronchodilators. They can help to open the airways in minutes and include 

short-acting beta-adrenergic agonists (SABAs) that control the attack 

immediately, such as terbutaline. Sometimes, SABAs can be used as a 

combination treatment with anticholinergic drugs, such as ipratropium 

bromide. By contrast, long-term medications (asthma preventers) reduce 

inflammation, such as ICs (beclomethasone, budesonide, and fluticasone), or 

reduce the production of inflammation mediators called leukotrienes, which 

include montelukast and zafirlukast (Kaufman 2011). 

1.5.1.1. Budesonide 

Budesonide is a corticosteroid medicine used for treating different conditions, 

such as asthma, by reducing inflammation. It has been used since 1981 under 

several brand names (Tashkin et al. 2019). Budesonide is a daily asthma-

controlling drug. The long-term use of budesonide causes severe side effects, 

including adrenal insufficiency, vision problems (glaucoma and cataracts), 

infections, metabolic disorders, osteoporosis, ulcers, obesity, and severe 

hypertension (Yasir et al. 2021). 
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1.6. Flavonoids 

Flavonoids are among the most prominent polyphenolic compounds, which 

have important properties in plants; for example, they attract pollinating 

insects, combat microbial infections, and regulate cell growth. Since 1990, 

many studies have investigated flavonoids’ benefits for human health through 

fruit- and vegetable-rich diets, as their chemical structure significantly 

influences bioavailability and biological activities (Kumar and Pandey 2013). 

There are 12 significant subclasses of flavonoids, which are classified based 

on their chemical structures. Five of these subclasses are anthocyanidins, 

flavan-3-ols, flavones, flavanones, and isoflavones. Most flavonoids found in 

the diet are glycosylated flavonols, which bind to at least one sugar molecule 

(Xiao et al., 2013). Flavonoids are found in most plants as a β-glycoside 

binding to one or more sugar molecule. After cooking and food processing, 

most glycoside flavonoids reach the small intestine (Gonzales et al., 2015). 

However, only aglycone flavonoids and some glycosides can be absorbed 

from the small intestine. Glycosides can be absorbed in two ways: first, they 

can penetrate the mucus layer before being deglycosylated on the cell surface 

and absorbed later; and second, they can be hydrolysed by intestinal bacteria 

in the colon and then absorbed (Williamson 2002; Monagas et al. 2010). 

According to the National Health and Nutrition Examination Survey 

(NHANES), the daily flavonoid intake for adults ranges between 200 and 250 

mg in the United States. The primary sources of flavonoids are tea, citrus fruit, 

berries, and apples (Manach et al., 2004; Kim et al., 2016). In general, there 

are no serious side effects for any kind of flavonoids due to their poor 

bioavailability; however, their safety has not been determined during 
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pregnancy and lactation (Clementi et al., 2003). Flavonoids can inhibit ABC 

drug transporters; a study found that the consumption of flavonoids can reduce 

the drug toxicity of ρ-glycoprotein substrates, such as digoxin. Moreover, 

flavonoids curb the platelet aggregation (Li and Paxton 2013). A high intake of 

flavonoids can lead to bleeding risk if taken with anticoagulant drugs such as 

warfarin. Furthermore, flavonoids can inhibit the cytochrome p450 enzyme, 

which is involved in the metabolism of more than 85 drugs. This may reduce 

the bioavailability of these drugs and likely become more toxic. Some of these 

drugs include anticancer drugs, statins, cardioactive drugs, and antihistamines 

(Bailey et al. 2013). 

1.6.1. Flavonoids’ bioavailability 

After being absorbed through the intestine, flavonoids are metabolised rapidly 

in intestinal and liver cells. These metabolites can be found in the bloodstream 

and urine, but they do not have the same biological benefits as the parent 

compounds. Flavonoids interact strongly with food proteins, carbohydrates, 

and fats due to their chemical structure. Milk protein can bind with flavonoids 

and reduce their antioxidant activity in vitro. Hence, adding milk to tea can 

reduce the vascular benefits of the flavonoids in the tea in a healthy volunteer. 

Carbohydrates in food can raise the deglycosylation of flavonoids, increasing 

their absorption by accelerating gastrointestinal motility, mucosal blood flow, 

and colonic fermentation. Therefore, flavonoids have poor bioavailability 

through impaired absorption, massive metabolism, and fast excretion 

(Gonzales et al., 2015). 



 

11 
 

1.6.2. Flavonoids’ biological activities 

Flavonoids have antioxidant activity in vitro. However, they have a very low 

concentration in plasma, regardless of a high intake, compared with other 

antioxidants such as vitamin C. Therefore, they can easily bind with metal ions 

due to their antioxidant ability (Heijnen et al. 2001; Mira et al. 2002). Moreover, 

flavonoids can prevent cardiovascular diseases, diabetes, and cancer. Many 

studies have demonstrated that flavonoids have a direct effect on reducing 

inflammation through the following activities: 

 

➢ Flavonoids inhibit pro-inflammatory enzymes, such as cyclooxygenase-2 

lipoxygenase, and promote nitric oxide (NO) synthase; however, the 

exaction mechanism of inhibition for each flavonoid remains unclear 

(Prado et al. 2014). 

➢ Flavonoids also inhibit NK-kB and activator protein-1 (AP1). 

➢ Flavonoids activate phase 2 antioxidant cleansing enzymes, such as 

mitogen-activated protein kinase, protein kinase-C, and nuclear factor 

erythroid-2-related factor 2 (Serafini et al. 2010). 

➢ Flavonoids prevent the activation of mast cells and basophils by inhibiting 

histamine release and other granule-associated mediators (Shaheen et al. 

2001). 

➢ Flavonoids protect against airway diseases related to oxidative stress, 

such as asthma, through interfering with lipid oxidation and other molecules 

(Han et al., 2010). 
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1.6.2.1. Flavonoids used for asthma 

➢ Baicalein 

A study have found that baicalein reduces the AHR and inflammation caused 

by intranasal interleukin-4 or interleukin-3 when administered in mice 

(Mabalirajan et al. 2013). 

➢ Genistein 

A study have found a therapeutic potential of genistein for allergic AHR and 

pulmonary eosinophil infiltration, as observed in vivo models (Duan et al., 

2003). 

 

➢ Luteolin, fisetin, and apigenin 

These three compounds have the strongest inhibitory activity against 

interleukin-4 and interleukin-13 production by basophils; however, they do not 

disturb leukotriene C4 synthesis, while at elevated concentrations they inhibit 

interleukin-4 production by T-cells (Hirano et al. 2004). A different study on 

luteolin and apigenin found that they were able to inhibit NO production 

(Serafini et al. 2010). 

 

➢ Quercetin and kaempferol 

Studies on quercetin have found that it is can inhibit interleukin-4 production 

by activating the basophils, reducing histamine release, and inhibiting mast 
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cells' inflammatory mediators and cytokine production. On the other hand, 

another study tested the allergic inflammatory reaction in the airways of a 

murine model challenged with OVA; the study found that 10 mg/kg of quercetin 

reduced eosinophils in the serum, BALF, and pulmonary parenchyma. Almost 

the same results have been found in studies that have used different 

administration routes for quercetin, which also reduces AHR, bronchial 

hyperactivity, and mucus production. Other studies on quercetin have found 

that this compound can inhibit NO production, TNFα, and IL-1β, enhancing the 

discharge of IL-10. Furthermore, a study on quercetin demonstrated its ability 

to inhibit MAPK and AP-1 DNA binding, impacting inducible NO-synthase and 

TNFα expression from LPS-induced RAW cells. Moreover, quercetin and 

kaempferol have been found to inhibit cyclooxygenase-2 in rat peritoneal 

macrophages; furthermore, for the lipoxygenase enzyme, studies have found 

that flavanols such as quercetin and kaempferol are superior inhibitors to 

flavones, while flavanones such as naringenin are ineffective (Fortunato et al. 

2012; Prado et al. 2014). 

➢ Catechin 

Catechin can inhibit cyclooxygenase-2 but only when used at a very high 

concentration. Furthermore, catechin and flavanones cannot inhibit nitric oxide 

production when used at a concentration under 100 µg. On the other hand, 

catechin can promote the release of IL-10 by inhibiting TNFα and IL-1β 

(Serafini et al. 2010). 
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1.7. Chrysin 

Chrysin (5,7-dihydroxyflavone), which has the IUPAC name 5,7-dihydroxy-2-

phynel-4H-chromen-4-one, is found at elevated concentrations in honey, 

propolis, blue passion flowers, and mushrooms. It is abundant in the fruit of 

Oroxylum indicum, which is found in Thailand and other east Asian countries, 

where people usually use it as food or herbal medicine (Cho et al., 2004; 

Anandhi et al. 2013; Raghu et al. 2013; Kaidama and Gacche 2015). 

1.7.1. Physicochemical properties 

2D structure 

 

 

 

 

 

Figure 0.1: Chrysin’s 2D structure. 

Table 0.1: Physicochemical properties of chrysin 
Physical state Solid 

Molecular Formula C15H10O4 

Molecular Weight (MW) 254.241 g/mol 
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Solubility Pyridine; DMSO; and slightly in 

ethanol, acetone, and chloroform 

Melting point 284–286°C 

Boiling point 491.9°C, at 760 mmHg 

Density 1.4 g/cm3 

 

Chrysin’s crystal properties 

Chrysin is a polyphenolic molecule with two fused rings (A and C) and a third 

phenyl ring (B) attached to ring (C) at the second position. It has a double bond 

between C-2 and C-3, and ring (B) is coplanar with rings (A) and (C) due to 

conjugation. Chrysin has two hydroxyl groups located on ring (A) at positions 

5 and 7, one carbonyl group on ring (C) at position 4, and no hydroxyl group 

at position 3. With this structure, chrysin is classified as a flavone. Unlike other 

flavonoids, chrysin does not share any oxygenation in ring (B). Chrysin’s 

biological activities are associated with its structure; for example, the absence 

of oxygenation in rings (B) and (C) is related to its anti-inflammatory and 

antitoxic effects. On the other hand, chrysin’s antioxidant activity is linked to 

the presence of the carbonyl group at position 4 with the double bond between 

C2 and C3 (Chadha et al. 2017; Naz et al. 2019). 
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1.7.2. Chrysin’s biological activities 

Chrysin is an antilipidemic and antiapoptotic agent with hepatoprotective, 

nephroprotective, and chemoprotective activities; it can also protect against 

hypertension and diabetes (Vishweshwaran et al. 2014). Moreover, various 

studies have claimed that chrysin has anti-inflammatory activity and is an 

antitumour, antioxidant, antiproliferative, and antiallergic agent (Brown et al., 

2007). Moreover, various studies have examined chrysin’s effects on airway-

related diseases. One study investigated BALB/c mice that had been 

sensitised to and tested with OVA, revealing that chrysin suppressed OVA-

induced AHR as well as reduced the inflammatory cells count, especially 

eosinophil, interleukin-4, and interleukin-3 in BALF and immunoglobin E in 

serum (Villar et al. 2002; Ahad et al. 2014; Li et al. 2014). On the other hand, 

chrysin interferes with the inflammation process and mucus production by 

attenuating the allergic agents in the airways, in addition to changing the 

response of the allergens to T-helper cells by adjusting the transcription factors 

T-bet and GATA-3 in allergic mice. In addition, chrysin can reduce interferon-

ƴ (IFN-ƴ) levels in BALF and reduce AKT and extracellular signal-regulated 

kinase (ERK). Chrysin can also suppress the infiltration of inflammatory cells, 

the hypoplasia of goblet cells, and α-smooth muscle actin (α-SMA) expression 

around bronchioles (Sathiavelu et al. 2009; Du et al. 2012; Rashid et al. 2013; 

Yao et al. 2016). 

Another study discussed the antiasthmatic activity of chrysin in-vivo on OVA-

induced AHR (two SC 1 mL injections of 20 µg of OVA were used). Chrysin 

was administered at three different doses (3, 10, and 30 mg/kg) orally, and the 
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outcomes indicated chrysin’s effect on reducing NO concentration and lipid 

peroxidation. Moreover, chrysin decreased alkaline phosphatase, lactate 

dehydrogenase, and total protein. The study's results also indicated that 

chrysin reduced the total lung injury score depending on the dose. The authors 

monitored the status of every part of the respiratory system, secretions caused 

by the inflammation, and cellular injury parameters, and they found that chrysin 

decreased various cellular injury parameters, such as alkaline phosphatase, 

lactate dehydrogenase, and total protein. Furthermore, chrysin reduced NO 

concentration and lipid peroxidation. Chrysin exhibited potential antiasthmatic 

activity, most likely due to the modification of Th1/Th2 polarisation through 

inhibiting the inducible NO synthase, necrotic factor-kβ, and activation protein 

(Wadibhasma et al. 2011). Furthermore, chrysin inhibited the platelet-derived 

growth factor (PDGF)-induced proliferation of human airway smooth muscle 

cells (HASMCs) through reducing the phosphorylation of ERK1/2 (Yao et al., 

2015). Chrysin can also induce the apoptosis of cultured cancer cells without 

harming normal ones. Additionally, chrysin can inhibit hypoxia-inducible factor 

1α, which makes it an anticancer agent. All of the aforementioned studies 

suggest that chrysin could be an effective anti-inflammatory agent for asthma 

and COPD (Woo et al., 2004; Fu et al., 2007). On the other hand, chrysin has 

an antimicrobial activity due to its effect on the microbial cell wall and cell 

membrane, which releases the intracellular elements of the microbial cell 

(Orhan et al., 2010). 

Another research paper revealed that chrysin has steroidogenic effects in 

mouse Leydig cells. The study used MA-10 mice Leydig tumour cells insulated 

from the testes, and chrysin boosted cyclic-AMP (cAMP)-induced 
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steroidogenesis dramatically. Further studies revealed that chrysin did not 

increase steroidogenesis because of the absence of cAMP. Chrysin’s 

steroidogenic effect is not accompanied by a rise in P450 side-chain cleavage 

enzyme expression (this enzyme is required for cholesterol–pregnenolone 

conversion). Moreover, no considerable increase in steroid hormone was 

found to be caused by chrysin when 22(R) hydroxyl-cholesterol was used as 

a substrate. This means that the increase of the substrate cholesterol was the 

reason for the observed rise in steroidogenesis. In addition, chrysin induced a 

significant rise in steroidogenic acute regulatory protein (stAR), which controls 

mitochondrial cholesterol transfer. Moreover, there was a marked increase in 

stAR promoter activity and stAR mRNA level due to chrysin. All of these results 

suggest that chrysin significantly increases the sensitivity of Leydig cells to 

cAMP stimulation, even though chrysin cannot induce stAR gene expression 

and steroidogenesis by itself (Jana et al. 2008). 

Although chrysin has all of these benefits (as do flavonoids in general), its poor 

aqueous solubility limits its use in medical treatment for several diseases. The 

low solubility of the drug leads to low bioavailability due to the reduction of 

drug absorption. Chrysin has a very low bioavailability because of its poor 

solubility and rapid metabolism, which occurs rapidly without reaching the 

circulation (Rashid et al., 2013). Therefore, two different studies have 

attempted to enhance chrysin’s water solubility for use in pharmaceutical and 

medical applications. The first study aimed to enhance chrysin’s bioavailability 

by encapsulating it in chitosan nanoparticles. The study demonstrated that the 

percentage of the polymer used impacted the percentage entrapment 

effectiveness and particle size. The other study developed chrysin-loaded 
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poloxamer micelles. The authors used two different kinds of poloxamers, 

namely Pluronic F-68 and Pluronic F127, and found that the chrysin-loaded 

poloxamer micelles increased the water solubility of chrysin (Sassa-deepaeng 

et al. 2016; Sangeetha et al. 2017). However, few studies have reported the 

toxicity of nanoparticles to cells due to the direct interaction between the cells’ 

DNA and nanoparticles (Chan 2006; Barnes et al. 2008). Furthermore, due to 

the poor water solubility of chrysin, some studies have investigated chrysin 

derivatives to find their properties and possible pharmaceutical and medical 

applications, as researchers believe that any kind of modifications to chrysin’s 

core structure can lead to changes in its function. Many studies have 

mentioned a promising new drug from chrysin derivatives; as a result, 

researchers believe that chrysin can be modified successfully by using 

chemical synthesis methods, thus making it more active pharmacologically 

and more selective as well as ensuring fewer adverse reactions (Liu et al. 

2014). 

1.8. Mode of aerosol drug delivery 

Aerosols are mechanisms used to deliver medication in respiratory disorder 

treatments, such as asthma and COPD. While various types of aerosol 

delivery systems are used, the most popular models are DPIs, MDIs, and 

nebulisers. The benefits of aerosol drug delivery are as follows: a rapid 

pharmacological action compared with other types of drug delivery; delivery of 

the drug directly to the site in need of the therapeutic effect; and reduction of 

any potential adverse effects of the drug due to low systemic bioavailability. 
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Any drugs that can be converted into an aerosol form can be used in the form 

of an inhaler (Agertoft and Pedersen 1994; Dolovich et al. 2005). 

1.8.1. Metered dose inhalers 

An MDI is a pressurised metal canister placed in a plastic container with a 

mouthpiece to deliver the powder. The canister includes the therapeutic drug 

in suspension or solution form, a surfactant, a propellant, and a metering valve. 

Actuation generates a finely atomised spray of approximately 100–200 

milliseconds to deliver the drug to the lungs (Newman 2005; Lewis 2007). 

Asthma drug brands formulated as MDIs from the drug market include 

preventers (Alevesco, Clenil, and Qvar) and relievers (Ventolin and Atrovent). 

1.8.1.1. MDIs’ advantages and disadvantages 

Table 1.2 presents the advantages and disadvantages of MDIs (Newman 

2005): 

Table 0.2: MDIs’ advantages and disadvantages 

Advantages Disadvantages 

MDIs are portable. MDI use requires coordination from 

patients with the correct actuation. 

They have a multidose delivery 

capability. 

Precipitation of the drug can occur in 

the oropharynx. 

There is a lower risk of bacterial 

contamination. 
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1.8.2. Dry powder inhalers 

A DPI is a breath-activated inhaler used to deliver a powdered medication 

contained in a capsule or blister, which must be punctured before use, or in a 

reservoir. DPIs were developed due to the desire to find an alternative to MDIs 

to decrease the production of greenhouse gases used as propellants (Zhu et 

al. 2006). DPIs are not recommended as reliever drugs for asthma attacks as 

they require an adequate inspiratory flow rate, since there is no propellant like 

in MDIs, which remain a better choice for reliever inhalers (Kamps et al. 2004; 

Zhu et al. 2006). Different versions of DPIs exist, including Accuhaler 

(Flixotide, Seretide), Clickhaler (Asmabec), Turbohaler (Pulmicort), Easyhaler, 

and Handihaler (Spiriva). 

1.8.2.1. DPIs’ general requirements 

(1) Particle size: The active compound particle size should be between 1 

and 5 µm. To obtain the desired fine particles, three different processes 

can be applied: drug micronisation, drug precipitation from a solvent, or 

drug spray drying (Keller and Walz 2011; Kadu et al. 2016). 

(2) Drug content uniformity: Every capsule should have the exact amount 

of the drug mixture in a single-dose system, while the reservoir must 

discharge a similar amount of medication consistently in the multi-dose 

system (Keller and Walz 2011; Kadu et al. 2016). 

(3) Drug stability against humidity and temperature: The drug should be 

stored in the correct packaging to protect it against the undesirable 

combination of temperature and relative humidity, thus protecting 
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carriers such as lactose, “which is the major ingredient of DPIs in most 

cases”, against particle size growth (Kadu et al. 2016). 

(4) Flowability: A good flow is supplied most of the time by the carrier 

because almost all active ingredients in DPIs have poor flowability 

(Kadu et al., 2016). 

1.8.2.2. DPIs’ advantages and disadvantages 

Table 1.3 presents the advantages and disadvantages of DPIs (Malcolmson 

and Embleton 1988; Ashurst et al. 2000; Kamps et al. 2004; Zhu et al. 2006): 

Table 0.3: DPIs’ advantages and disadvantages 

Advantages Disadvantages 

The patient’s inspiratory airflow can 

stimulate DPIs with slight or no 

synchronisation of actuation and 

inhalation. 

DPIs require adequate inspiratory 

flow rate for medication delivery. 

Formulation constancy: DPIs are 

created as one-phase; thus, a 

constant formulation is preferred. 

Precipitation of drug can occur in the 

oropharynx. 

DPIs are environmentally friendly as 

they do not include propellants. 

Humidity may cause powder 

clumping, reducing the dispersal of 

the fine particle mass. 

DPIs can carry a high drug dose of 

10–20 mg. 
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The drug has minimal 

extrapulmonary loss due to low 

oropharyngeal deposition, device 

retention, and exhaled loss. 

 

There is no need for a spacer.  

DPIs are portable.  

1.8.2.3. DPI formulation 

1.8.2.3.1. Active ingredient production 

For a DPI, the powder particle size should be in the range of 1–5 µm. A 

separate operation should be performed initially to reduce the particle size to 

the desired one. Different operations can be used to decrease the particle size 

to less than 5 µg, such as pin milling, jet milling, spray drying, and 

crystallisation (Kadu et al. 2016). 

1.8.2.3.2. Carriers used in DPIs 

DPI formulation is often conducted with a drug–carrier ratio of 1:67.5 w/w%, 

as in commercial Ventolin® and Rotacaps® (Aloum et al. 2020). The fine drug 

particles attach to the carrier surface. The physicochemical characteristics of 

the interacting particles are the main cause of the interactions between the 

carrier and the drug, which include the particle size, shape, surface 

morphology, and contact area of the drug and carrier particles. Particle size 

affects the surface energy (Vollath et al. 2018), influencing the adhesive forces 

between the drug and the carrier. Moreover, the particle size can affect the 

flowability of the formulations, thereby affecting drug deposition and DPI 

performance. Studies that have investigated the influence of particle 
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morphology on the aerodynamic behaviour of a drug have found that surface 

morphology can influence the contact area, and that variations in the contact 

area will result in different aerosolisation performances (Zeng et al. 2000; 

Young et al. 2002). For example, flake-shaped particles have a greater total 

contact area (Everard et al. 1996). On the other hand, a study revealed that 

pollen-shaped particles have superior flowability, aerosolisation, and 

deposition properties compared with other particle shapes (Hassan and Lau 

2010). 

The most common carrier in DPI formulations is lactose, but others such as 

mannitol, sucrose, and sorbitol can also be used. The carrier should improve 

the drug stability in vivo, in addition to the transport and proportion for reaching 

the required sites in the lungs (Saint-Lorant et al., 2007; Saleem et al., 2008). 

The carrier should not react with the drug or the device, and it should be 

compatible with the drug. 

1.8.2.3.3. Carrier and drug blending 

The drug and the carrier can be combined in the blending process after they 

are brought to their desired form individually. Every drug has different mixing 

requirements. A few parameters can affect the mixing homogeneity, such as 

the mixer selection, capacity, rotation speed, mixing time, and fill level. Once 

the formulation has been mixed, it can be loaded into capsules, multidose 

blisters, or reservoirs (Telko and Hickey 2005; Mahavir B. Chougule 2007; 

Kadu et al. 2016). 
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1.8.3. Nebulisers 

Nebulisers are devices used to transform the drug form from a solution or 

suspension to aerosols in drug delivery for respiratory disorders, such as 

corticosteroids, bronchodilators, and anticholinergic agents. Nebulisers are 

usually used by the elderly, children, or very sick patients who cannot use 

other inhalers. There are two types of nebulisers: ultrasonic nebulisers and 

pneumatic jet nebulisers (Hess 2000).  

1.8.3.1. Nebulisers’ advantages and disadvantages 

Table 1.4 presents the advantages and disadvantages of nebulisers (Hess 

2000): 

Table 0.4: Nebulisers’ advantages and disadvantages 

Advantages Disadvantages 

They can be used by patients who 

cannot use other types of inhalers. 

They have reduced portability. 

Large doses of the drug can be 

administered. 

A longer time is required to be set 

before using it. 

They do not require coordination 

from the patient. 

They cost more. 

They do not release CFCs. They may need a source of air or 

oxygen (compressed). 

 

1.9. Pulmonary drug delivery 

Pulmonary drug delivery has been employed to treat respiratory diseases, 

such as asthma, COPD, and lung cancer for decades. This is because of high 
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absorption due to the large surface area, extensive vascularisation, and thin 

blood–alveolar barrier. Pulmonary drug delivery has also been exploited for 

systemic treatments. Local lung delivery can help to reduce the required dose; 

it also helps to reduce side effects caused by avoiding the first-pass 

metabolism (Harris et al., 2013). 

1.9.1. Factors affecting drug deposition 

Various mechanisms control particle distribution in the lungs: 

I. Inertial impaction: This refers to inertial particle distribution onto the lung 

surface, which occurs in the large airways near bifurcations (Suarez 

and Hickey 2000; Dal Negro 2015). 

II. Gravitational precipitation: This appears in the small conducting 

airways when the particles are below 5 µm in size and the air velocity 

is low (Shaikh et al., 2010; Carvalho et al. 2011). 

III. Diffusion: This arises in small airways and alveoli when particles are 

less than 0.5 µm and subject to Brownian motion, and when the airflow 

is very low (Zeng et al. 2001). 

IV. Interception: This is crucial for fibres and aggregates. For crystals, 

when a particle contacts an airway wall, drug deposition may occur, 

even if its mass centre remains on a fluid streamline. 

V. Electrostatic attraction: Electrostatic forces can improve the particle 

distribution profile by increasing the attractive airway forces (Kadu et 

al., 2016).  
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The performance of the pulmonary administration route can be affected by 

several factors, such as the inhaler device, drug particle size, patient 

compatibility, and inhaler technique (Mishara and Singh 2020). 

1.9.1.1. Particle size 

One of the most essential factors affecting drug distribution in the lungs is 

particle size. The aerodynamic diameter defines the aerosol particle size, 

which “is the diameter of a spherical particle with a unit density has the same 

velocity” (Chen 2014). 

According to pulmonary drug delivery, the particle size should be between 1 

and 5 µm to have potential aerosolisation properties. Larger particles >10 µm 

usually deposit in the upper pulmonary system and are retained in the 

oropharyngeal area. By contrast, particles <0.5 µm will not deposit and are 

expected to be exhaled from the pulmonary tract (Timsina et al., 1994). 

Therefore, the recommended inhalable drug particle size is in the range of 1–

5 µm to achieve optimal lung deposition (Usmani et al. 2003; Telko and Hickey 

2005).  

1.9.1.2. DPI devices 

DPIs are one of the most critical elements that can affect drug deposition 

performance, as a device with high resistance requires high inspiratory force 

from the patient to accomplish the required airflow, which is difficult to achieve 

for patients with asthma or COPD diseases (Kadu et al. 2016). The device’s 

geometry, design, and size are the main criteria that determine the device 

resistance (Selvam et al., 2010).  
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1.9.2. Inhalable particle production techniques 

The particle size of the therapeutic drug is one of the most critical factors 

affecting the drug distribution in the lungs. The inhalable particle size should 

be between 1 and 5 µm to achieve optimal drug deposition in the lungs. 

Several techniques can be used to micronise drug particles, such as jet milling, 

pin milling, crystallisation, and spray drying.  

1.9.2.1. Ball milling 

Milling is a micronising technique widely used to produce inhalable particles. 

BM is one of the most common pin milling techniques. The material is dry-

ground through mechanical impact from both particle–particle and particle–

solid collisions, which generate smaller particles. A ball mill consists of a 

rotating cylinder that is loaded with material powder along with balls that 

pulverise the drug as they move inside the jars (Gou et al., 2012). Several 

factors affect the produced particle size, such as the loaded material weight, 

processing time, and machine frequency (Shojaei et al. 2019). Overall, BM is 

a simple procedure with no extra costs (Chen 2006). 

1.9.2.2. Crystallisation 

Crystallisation converts a chemical from a liquid solution into a solid crystal. It 

is widely used in industry since it can be used as a separation and purification 

method (Brito and Giulietti 2007). The crystallisation process can occur 

through two major events, namely nucleation and crystal growth. 

Supersaturation is the most common driving force behind crystal formation 

(Bund and Pandit 2007) and can be achieved through various techniques, 

namely solvent evaporation, slow cooling, and antisolvent methods. A 
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supersaturated solution is an unstable solution that contains dissolved solutes, 

which precipitate to allow the solution to return to a stable saturation level. The 

precipitation starts when the elevated super-saturation level is reached to 

stimulate nucleation (Mullin and ProQuest 2001; Aulton 2009). Nucleation 

decides the crystal structure. It refers to the agglomeration of molecules into 

clusters, which must be stable to reach the critical cluster size or redissolve. 

Then, crystal growth occurs when the crystal achieves the critical cluster size 

and starts to increase in size (Aulton 2009). The supersaturation level can 

affect the final crystal size; at lower saturation levels, crystals grow more 

quickly than they nucleate, resulting in a larger size; while nucleation 

dominates the crystal growth at a high level, supersaturation leads to small 

crystals (Nyvlt 1968).  

The antisolvent crystallisation method can be used to manufacture 

hydrophobic inhalable drug particles. The main concept of this approach is to 

apply fast modifications in the solvent structure through speed-adding of the 

antisolvent in the presence of a stabilising agent (Steckel et al., 2003). 

Particles obtained using this technique have the tendency to form large 

crystals. Therefore, the mixing methodology between the antisolvent and the 

drug solution should be optimised to obtain the desired particles (Rasenack 

and Muller 2004). 

Sonocrystallisation refers to the application of ultrasound to control nucleation 

and crystal growth in the process. This technique is not considered a 

micronising method because of the difficulty of controlling dispersion in the 

nucleation rate and crystal growth. The presence of ultrasonic radiation 
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produces acoustic microstreaming in liquids, which boost the temperature and 

pressure in the solution. This increases the main nucleation rate, enabling 

more crystals to be created through increasing the local concentration of the 

solute; reducing the agglomeration by reducing the crystal contact time caused 

by cavitation shockwaves; and manipulating the crystal size distribution, as 

continuous insonation produces smaller crystals (Guo et al. 2005). Eventually, 

the number of primary nuclei is increased, and the quantity of solute on every 

primary nucleus is reduced, resulting in a reduction in the crystal size (Louhi-

Kultanen et al. 2006; Luque de Castro and Priego-Capote 2007). The 

crystallisation rate can be related to ultrasound amplitude and processing time 

(Nishida et al., 2004). 

1.9.2.3. Spray drying 

Spray drying is a micronising technique used to produce a dry powder from a 

liquid or slurry using the drying process. After dissolving the drug in water or 

any other solvent, it is sprayed as a fine mist into a preheated cavity. The 

droplets leave small drug particles, which are collected once dry (Voon et al. 

2020). Changing the parameters of the spray drying process, such as the inlet 

temperature, feeding rate, and spray air pressure, can affect the produced 

particle shape, size, and specific surface area (Yildiz and Soydan 2019). Spray 

drying is a common method used in the production of DPI formulations due to 

its ability to modify particle shape, size, and surface morphology (Shetty et al. 

2021).  
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1.10. Nanotechnology 

1.10.1. Nanoparticles and nanocapsules 

Nanoparticles are solid colloidal particles with an increased surface area with 

great advantages. Nanoparticles are used widely in targeted drug/gene 

delivery systems because of their ease of functionalisation. They are used in 

the treatment of cancers, inflammatory diseases, diabetes, Parkinson’s 

disease, and Alzheimer’s disease. Nanoparticles release the drug from their 

interior in the desired time frame. They ensure that the active ingredients are 

delivered to the targeted tissues while controlling the drug's release. 

Nanoparticles are used widely in cosmetics to protect sensitive active 

ingredients, reduce undesirable odours, and eliminate incompatibility between 

the formulation components (Kotsuchiashi et al. 2016; Syama and Mohanan 

2018). A nanocapsule is a polymeric shell and a cavity for the drug to be placed 

inside. They can be made in specific shapes and sizes. They are 

functionalised by inserting molecules with a particular property onto the shell 

of the capsule. Nanocapsules filled with a drug release their contents in 

response to a specific biomolecule; these molecules could be antibodies or 

cell surface receptors, the triggering mechanism in a targeted drug delivery 

system. Nanoparticles and nanocapsules are also widely used in 

pharmacology; for example, they are used to produce smart drugs with a 

specific chemical receptor to help treat many diseases (Mehta and Subramani 

2012; Yusoff and Salimi 2018). 

Various studies have investigated the suitability of nanoparticles for inhaled 

drug delivery (i.e., DPIs) to be used for diseases such as cancer and 
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tuberculosis. However, more detailed investigations are required into their 

successful use in humans (Sung et al., 2007; Muralidharan et al., 2015). 

Different nano-based drugs have been prepared and assessed, such as 

vancomycin, clarithromycin, ciprofloxacin, tranilast, cyclosporine A, paclitaxel, 

and doxorubicin. 

1.10.2. Nanoemulsions 

Nanoemulsions are used in the treatment of many diseases, such as HIV and 

cancer, as well as in cosmetics. A nanoemulsion usually comprises an 

aqueous phase dispersed in an oily one or an oily phase dispersed in an 

aqueous one, in the presence of surfactant and cosurfactant agents. The 

diameter of the emulsion droplets is usually between 100 and 500 nm. A 

nanoemulsion is preferred over a microemulsion when high loading amounts 

of lipophilic drugs are required, which are useful in some applications. Using 

a nanoemulsion as a drug delivery carrier can enhance the drug’s solubility 

and bioavailability as well as increase drug loading (Patravale et al. 2012; 

Simonazzi et al. 2018, Choudhury et al. 2019). 

1.10.2.1. Oil 

Different oils can be used in nanoemulsion formulations, such as natural or 

synthetic oils. The maximum amount of oil used in a nanoemulsion formulation 

is characterised by the saturation concentration, which is the number of oil 

grams that can be solubilised in every gram of the surfactant under determined 

experimental conditions. Thus, if the amount of oil is lower than the saturation 

value, then all of its molecules will be solubilised and the nanoemulsion will be 

formed; by contrast, if the amount of oil is higher than the saturation value, 



 

33 
 

then some of the oil droplets will not be solubilised, and the additionally added 

oil droplets will remain intact (Anton and Vandamme 2009). 

1.10.2.2. Surfactants 

Surfactants are usually used in nanoemulsion formulations to reduce the 

interfacial tension between the oil and water phases (Anton and Vandamme 

2009). Various types of surfactants are used in nanoemulsion formulations; 

the choice of the surfactant in any formulation depends on the hydrophilic–

lipophilic balance (HLB). High HLB values are preferable when the continuous 

phase is water, as a high HLB indicates a hydrophilic surfactant (Tween 80), 

whereas a low HLB indicates a lipophilic surfactant (Span 80) (Mason et al. 

2006). 

1.10.2.3. Cosurfactants 

Cosurfactants are usually added to the nanoemulsion formulation to decrease 

the interfacial tension between the oil and water phases; thus, a stable 

nanoemulsion formulation can be maintained during the shelf life. 

Cosurfactants are not added to regular emulsions. Those used in 

nanoemulsion formulations include any short- to medium-chain-length 

alcohols, such as ethanol, propanol, and isopropanol. Alcohols can increase 

the surfactant’s nonpolar tail mobility to allow greater oil penetration (Anton 

and Vandamme 2009).  

1.11. Next Generation Impactor 

The Next Generation Impactor (NGI) is a high-performance cascade impactor 

designed to classify drug particles into size fractions to test the aerodynamic 

performance of inhalers. The NGI cascade consists of seven stages and can 
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be used with any air flow rate between 30 and 100 L/min for DPIs and 15 L/min 

for nebulisers. The cut-off size D50 at an airflow rate of 15 L/min is presented 

in Table 1.5 below, as produced by Copley scientific, and the drug particle 

deposition in the lungs according to their size is presented in Figure 1.2.  

Table 0.5: Corresponding cut-off size of the NGI at a flow rate of 15 L/min 

NGI Stages Cut-off diameter (µm) 

S1 14.10 

S2 8.61 

S3 5.39 

S4 3.30 

S5 2.08 

S6 1.36 

S7 0.98 

MOC 0.7 

 

 

 



 

35 
 

 

Figure 0.2: Deposition of aerosol droplets in different areas of the respiratory 
system depending on their size at a flow rate of 15 L/min (modified from Carter 
and Piug-Sellart, 2016)
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Chapter Two: Materials and methods 

2.1. Materials 

Chrysin “5,7-Dihydroxyflavone, 98%” (Alfa Aesar®, Morecambe, UK); 

Dimethyl sulfoxide (DMSO; Alfa Aesar®, Morecambe, UK); 

Pyridine (Alfa Aesar®, Morecambe, UK); 

Polysorbate 80 (Tween 80®; Alfa Aesar®, Morecambe, UK); 

Glycerol 99+% (Alfa Aesar®, Morecambe, UK); 

Ethanol, HPLC-grade (Sigma Aldrich®, Gillingham, UK); 

D-Mannitol, ACS reagents, 99% (Sigma Aldrich®, Gillingham, UK); 

Brij® L23 (Sigma Aldrich®, Gillingham, UK); 

Methanol, HPLC-grade 99.8% (Sigma Aldrich®, Gillingham, UK); 

Sodium phosphate monobasic (Sigma Aldrich®, Gillingham, UK); 

Oleic acid oil, 99% (Sigma Aldrich®, Gillingham, UK); 

Limonene oil, 97% (Sigma Aldrich®, Gillingham, UK); 

Heptane, HPLC-grade (Sigma Aldrich®, Gillingham, UK); 

Hexane, HPLC-grade (Sigma Aldrich®, Gillingham, UK); 

Octane, HPLC-grade (Sigma Aldrich®, Gillingham, UK); 

Nonane, HPLC-grade (Sigma Aldrich®, Gillingham, UK); 

Sodium chloride (Sigma Aldrich®, Gillingham, UK); 

Sodium hydroxide (Sigma Aldrich®, Gillingham, UK); 

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA; Sigma 
Aldrich®, Gillingham, UK); 

Trizma® Base (Sigma Aldrich®, Gillingham, UK); 

Triton® X 100 (Sigma Aldrich®, Gillingham, UK); 

Ethidium bromide (Sigma Aldrich®, Gillingham, UK); 

RPMI 1640 medium (Sigma Aldrich®, Gillingham, UK); 

Bovine serum albumin (BSA) powder (Sigma Aldrich®, Gillingham, UK); 

Ibuprofen (Sigma Aldrich®, Gillingham, UK); 

Tris-buffered saline (TBS; Sigma Aldrich®, Gillingham, UK); 

Acetic acid glacial, ReagentPlus®, ≥99% (Sigma Aldrich®, Gillingham, UK); 

Acetone, HPLC-grade (Fisher Scientific®, Cheshire, UK); 
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Isopropanol, HPLC-grade (Fisher Scientific®, Cheshire, UK); 

Acetonitrile, HPLC-grade (Fisher Scientific®, Cheshire, UK); 

Orthophosphoric acid (Fisher Scientific®, Cheshire, UK); 

Chloroform, HPLC-grade (Fisher Scientific®, Cheshire, UK); 

Ethyl acetate, HPLC-grade (Fisher Scientific®, Cheshire, UK); 

Agarose, normal melting point (NMPA; Hi-media Labs®, London, UK); 

Phosphate-buffered saline (PBS; Hi-media Labs®, London, UK); 

Alpha-lactose monohydrate (Lactohale® 200; DFE Pharma®, Nörten-
Hardenberg, Germany). 

 

2.2. Instruments and apparatus 

2.2.1. For particle size reduction 

Ball milling 

Mixer Mill MM200 (Retsch®, Haan, Germany); 

Sonocrystallisation 

Sonics Vibra-cell vcx500 (Sonics®, Newtown, USA); 

Spray drying 

Büchi B-191 Spray Dryer (Büchi®, Flawil, Switzerland). 

2.2.2. For particle characterisation and analysis 

• Laser diffraction particle size analyser, Sympatec HELOS/BR (H2419) & 

RODOS/M (Sympatec Instruments®, Bury, UK); 

• Scanning electron microscope (SEM Quanta 400), Serial No XTE 235/D 

7875, (FEI, Cambridge, UK); 

• Differential scanning calorimetry (DSC Q2000; TA Instruments®, West 

Sussex, UK); 
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• Inverse gas chromatography (IGC; Surface measurement system Ltd, 

London, UK). 

2.2.3. For the preparation of DPI formulations 

• Cyclone vortex mixer (Clifton®, Kent, UK); 

• TURBULA® (Willy A. Bachofen AG [WAB®], Basel, Switzerland). 

2.2.4. For the characterisation and analysis of liquid formulations 

• Viscometer SV-10 (Malvern Analytical Ltd, Malvern, UK); 

• 3320 Micro-Osmometer (model 3320; Advanced Instruments®, London, 

UK); 

• Dynamic light scattering (DLS), Zetasizer Nano ZS (Malvern Analytical Ltd, 

Malvern, UK); 

• pH meter (METTLER-TOLEDO®, Ohio, USA). 

2.2.5. For testing the DPI and liquid formulations 

• HPLC system (Agilent 1100®; Hewlett Packard®, California, USA); 

• NGI system (Copley®, Nottingham, UK); 

• Aerolizer (RS01®; Novartis Pharma®, Basel, Switzerland); 

• Handihaler (Spiriva®; Boehringer Ingelheim International®, Ingelheim, 

Germany); 

• Jet nebuliser (Sidestream®). 

2.2.6. Other apparatus 

• Manual Blaine air permeability apparatus (Testing®, Berlin, Germany); 

• Incubator, Gen-lab® General Purpose Incubator; 

• Water bath sonicator (Decon Laboratories, Hove, UK); 
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• Centrifuging machine.  

2.3. Methods 

COSHH forms were filled as appropriate and the experiments were approved 

by the health and safety department of the university; see Appendix B.  

2.3.1. Chrysin preparation using ball milling 

A known amount of raw chrysin was placed in BM cylinders along with the 

grinding media (i.e., balls). The time and frequency were set, and the machine 

was then started. The sample was allowed to rest for 3 days in a vial away 

from light before the formulation was prepared. The particle size of the 

processed chrysin samples was measured using the Sympatec® instrument.  

For the inhalers, the particle size of the powder was required to be no more 

than 5 µm (Timsina et al., 1994). 

2.3.2. Chrysin preparation using antisolvent precipitation 

Without ultrasound: Chrysin particles were precipitated by mechanical 

stirring for 1 min using an overhead agitator; 10 mL of chrysin solution in 

DMSO (20 mg/mL) was introduced to 100 mL of water. 

With ultrasound: Chrysin was dissolved in DMSO (solvent) at 20 mg/mL; 10 

mL of the chrysin solution was immediately added to 100 mL of antisolvent 

(water), which was maintained at a constant temperature of +5°C in the 

presence of ultrasound. An ultrasound horn was immersed in the antisolvent 

to 1 cm below the surface to allow the dispersion of the solvent/antisolvent 

mixture solution through the ultrasound vibrations. The time and amplitude 

were set as required, and the ultrasound was turned on while chrysin was 
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added to the solvent (DMSO). The drug particles were collected by filtration 

and dried for 24 hours at room temperature (22 ± 2°C). Similar experiments 

were conducted to demonstrate the impact of different parameters on the 

crystals’ particle size. The following parameters were used: solvent (DMSO, 

acetone, ethanol, isopropanol, or pyridine), chrysin concentration (20 mg/mL 

or 5 mg/mL), solvent/antisolvent ratio v/v% (1:10 or 1:20), ultrasound 

amplitude (50, 75, or 100), and processing time (30 sec, 1 min, 3 min, or 5 

min). The particle size was measured after preparation and filtration. 

2.3.3. Chrysin preparation using spray drying 

The Büchi B-191 Spray Dryer was used to dry the chrysin solution in acetone. 

The apparatus was turned on, and the main compressed air was opened. The 

air follow was adjusted, and the inlet temperature and aspirator were also set. 

The heater was turned on, and the instrument was left to warm up. As soon 

as the desired condition was reached, the pump was turned on and the spray 

process began. After all of the solution had been sprayed, the instrument was 

turned off and the drug particles were collected from the glass vessel with light 

tapping.  



 

41 
 

 

Figure 0.1: Schematic diagram of the Büchi B-191 Spray Dryer (modified from 
Büchi B-191 Spray dryer manual). 

 

2.3.4. Particle size analysis 

Laser light scattering is the most common method for analysing particle size. 

When small particles pass through the laser beam, it scatters the light at large 

angles, while large particles scatter the laser at small angles. The main system 

for particle size analysis using laser diffraction involves two steps: first, the 

scattered light angle caused by the particles is determined; and second, the 

rays are focused through a lens into a detector, and the data are transformed 

into particle size distribution (Rawal and Patel 2018).  
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Figure 0.2: Schematic diagram of laser diffraction. 

 

Particle size analysis procedure using the Sympatec® instrument: A 

sample tube was filled with a few micrograms of chrysin powder. Once filled 

with the sample (approx. 20 mg), the tube was placed in the ASPIROS. The 

dispersion conditions were adjusted using the provided software. The 

pressure was set at 4 bars; the speed was set to 40 mm/sec; and the trigger 

conditions were set to 5 seconds at a starting concentration of ≥1% and 

stopping concentration of ≤2%. The sample was aspirated into the RODOS 

injector for analysis in a free aerosol jet when the system started. The 

experiment was repeated three times, and the mean for the D50 was 

calculated.  

Particle size analysis using DLS: The standard operating procedure was 

followed for the particle size analysis. A cuvette was filled with the sample and 

then inserted into the instrument. After waiting a few minutes for the 

temperature to stabilise, the start button was clicked in the software, and the 

results were displayed once the measurement was finished.  
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2.3.5. Thermal analysis using DSC 

DSC is a thermoanalytical process where the temperature variation between 

a sample and a reference is measured as a function of temperature. A DSC 

scan was performed on the processed chrysin samples to trace any changes 

in the polymorphic structure of the chrysin after pulverising using one of the 

three techniques – BM, sonocrystallisation, or spray drying – by measuring the 

chrysin melting point; if the sample’s physical state experienced an alteration 

during the pulverising procedure. For the sample to maintain its temperature 

at the same rate as the reference, a heat flow through the sample was 

required; DSC determined this difference in the heat flow among the sample 

and the reference to measure the phase transitions.  

 

Figure 0.3: Schematic diagram of differential scanning calorimetry. 

To assess the processed chrysin, samples weighing 1–3 mg were heated in 

standard aluminium pans at a scan rate of 10°C per minute, within a range of 

30–350°C. A reference was used as a function of the temperature. The 

temperature increase in the DSC was programmed to increase linearly as a 
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function of time. DSC calibration was conducted using a pure indium standard 

with a melting point of 156.6°C and approved by a zinc standard (melting point 

= 419.5°C). 

2.3.6. Chrysin particles’ morphology using SEM 

Scanning electron microscopy (SEM) is performed using a scanning electron 

microscope, which provides images of the sample surface by scanning it using 

a high-energy beam of electrons. The difference between SEM and light 

microscopes is that a scanning electron microscope uses electrons to create 

sample images instead of light waves. The electron beams produced by the 

electron gun (the electron source) pass through pairs of scanning coils and 

lenses vertically until they hit the sample, which is placed on a motorised 

stage, and interact with its atoms. The reflected electrons and X-rays 

generated when the beam hits the sample contain information about the 

sample’s morphology. The detector collects these reflections, and the 

microscope produces an image of the sample on a computer screen (Joshi 

and Bhattacharyya 2008).  
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Figure 0.4: Schematic diagram of scanning electron microscopy (Ali 2020). 

 

All of the processed chrysin samples were examined using SEM to determine 

the morphology of the particles. For the SEM (QUANTA 400, FEI, Cambridge, 

UK; 2 kV), before taking images of the samples, they were placed on a carbon 

tape and sputter-coated with approximately 27 nm of gold using a K550X 

sputter coater (Quorum Emitech, Kent, UK). 
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2.3.7. Chrysin surface energy analysis 

2.3.7.1. Brunauer–Emmett–Teller calculation 

To calculate the Brunauer–Emmett–Teller (BET) surface area of the samples, 

this study investigated the correlation between the BET surface area and the 

Blaine surface area. 

2.3.7.1.1. Measuring the Blaine surface area 

After filling the apparatus with the provided manometer liquid, a certain weight 

of the sample was added to a measuring cylinder (powder bed). The weight of 

the sample was calculated using the following equation (Arvaniti et al. 2014): 

M0= (1 – e) X ρ X V [g] 

where M0 is the weight of the sample; e is the porosity; ρ is the density of the 

reference material; and V is the volume of the reference bed.  

Once the cylinder was filled with the sample, a plunger was used to compact 

the sample powder in the cylinder. The cylinder was then inserted into a 

concealed socket on top of the apparatus and closed with a plug. The stopcock 

was opened, the liquid was raised until the top mark, and then the stopcock 

was closed again. Then, the plug was removed, and the time required for the 

liquid to reach the end point from the starting point was recorded. Three 

measurements of the time were performed, and then the mean was calculated. 

The temperature was also recorded. Next, the Blaine surface area was 

calculated using the following equation (Arvaniti et al. 2014): 

𝑺 =  
𝑲
𝛒

𝑿 
√𝒆𝟑

(𝟏 − 𝒆)
 𝑿 

√𝒕

√𝟏𝟎𝜼
 [𝒄𝒎𝟐/𝒈] 
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where K is the apparatus constant; e is the porosity; ρ is the sample density; 

η is the air viscosity at 20°C; and t is the recorded flowtime (sec).  

 

Figure 0.5: Blaine air permeability apparatus parts (modified from testing 
website). 

 

2.3.7.1.2. BET–Blaine surface area correlation 

After measuring the Blaine surface area for five different samples, their BET 

surface area was determined using the gas adsorption technique with the 

TriStar instrument (Micromeritics®, Georgia, USA). TriStar is a surface area 

and porosity analyser with very high accuracy, which efficiently delivers high-

quality data. 



 

48 
 

The graph in Figure 2.6 presents the correlation between the two surface 

areas of the five samples: 

 

Figure 0.6: The correlation between the Blaine and BET surface areas. 

 

The usual method for surface area determination is to measure the BET 

surface area. However, BET measurement is usually quite expensive as it 

requires specific instruments that are not available in every laboratory, such 

as the TriStar. Cheaper apparatuses for permeability measurement are more 

convenient to purchase and available to use at any laboratory. Moreover, BET 

measurements take more time to perform than Blaine surface area 

measurement. However, as the BET value is required for any surface energy 

determination, a correlation between the BET and Blaine surface areas was 

found to help determine the BET value without the need for expensive and 

time-consuming instruments.  

The previous graph (Figure 2.6) was later used to determine the BET surface 

areas of the samples using the Blaine surface area values.  
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2.3.7.2. Surface energy calculations 

IGC was used to measure the total surface energy of the raw and processed 

chrysin. A series of n-alkanes (hexane, heptane, octane, and nonane) and 

another two polar probes (ethyl acetate and chloroform) were injected into the 

sample. The sample was packed in a glass column, and IGC software 

recorded the elution time (tr) of the probes.  

The total free surface energy is the energy required to increase the surface 

area. It is the sum of the polar and nonpolar energies (Grimsey et al. 2002; 

Mohammad 2013), as presented in the following equation: 

𝒔
𝒕𝒐𝒕𝒂𝒍 =  𝒔

𝒅 + 𝒔
𝒔𝒑 

where 𝒔
𝒕𝒐𝒕𝒂𝒍 is the total free surface energy; 𝒔

𝒅 is the dispersive energy; and 

𝒔
𝒔𝒑 is the nondispersive energy. 

The surface energy of the chrysin was calculated using the method reported 

by Mohammad (Mohammad 2013; Mohammad 2015). The surface energy 

was calculated by measuring the dispersive retention time as well as the 

electron acceptor and donor retention factors using a series of equations. The 

dispersive and nondispersive energies were calculated using the following two 

equations: 

𝜸𝒔
𝒅 =  

𝟎. 𝟒𝟕𝟕 (𝑻 𝐥𝐧 𝑲𝑪𝑯𝟐
𝒂  )𝟐

(𝜶𝑪𝑯𝟐)𝟐 𝜸𝑪𝑯𝟐
 

𝜸𝒔
𝒔𝒑 = 𝟐(𝜸𝒔

− . 𝜸𝒔
+)𝟎.𝟓 
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where 𝜸𝒔
𝒅 is the dispersive energy; 𝑲𝑪𝑯𝟐

𝒂  is the sample dispersive retention 

factor; 𝑻 is the sample column temperature in kelvin; 𝜶𝑪𝑯𝟐 is the cross-

sectional area; 𝜸𝑪𝑯𝟐 is methylene group's dispersive energy; 𝜸𝒔
𝒔𝒑

 is the 

nondispersive energy; 𝜸𝒔
− is the electron donor; and 𝜸𝒔

+ is the electron 

acceptor.  

The work of cohesion between the chrysin particles and the work of adhesion 

between the chrysin and the carrier were calculated using the following two 

equations:  

𝑾𝒄 =  𝟐𝒕𝒐𝒕𝒂𝒍 

𝑾𝒂 = 𝟒 [
𝟏

𝒅. 𝟐
𝒅

𝟏
𝒅 + 𝟐

𝒅  +  
𝟏

𝒔𝒑. 𝟐
𝒔𝒑

𝟏
𝒔𝒑 + 𝟐

𝒔𝒑 ] 

where 𝑾𝒄 is the work of cohesion; 𝑾𝒂 is the work of adhesion; 𝒕𝒐𝒕𝒂𝒍 is the 

total surface energy; 𝟏
𝒅 is the dispersive energy of the chrysin; 𝟐

𝒅 is the 

dispersive energy of the carrier; 𝟏
𝒔𝒑

 is the nondispersive energy of the chrysin; 

and 𝟐
𝒔𝒑

 is the nondispersive energy of the carrier.  

2.3.8. DPI formulation preparation 

Kenny et al. (1990) found that chrysin was effective when used on murine 

peritoneal exudate neutrophils at a concentration of 1 µM. Therefore, the 

nominal dose was calculated to be 5 µM (equivalent to 1.271 mg) considering 

that only approximately 20% of the dose reaches the lungs when inhalers are 
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used (Chrystyn 2001). The mixing was conducted at two different drug–carrier 

ratios (1:10 and 1:67.5 w/w%). Young et al. (2011) revealed that the 

concentration of the drug in the carriers has an influence on the fine particle 

fraction (FPF) and drug deposition. Therefore, the 1:67.5 w/w% drug–carrier 

ratio was used in accordance with the ratio used in commercial Ventolin® and 

Rotacaps®. On the other hand, the 1:10 w/w% drug–carrier ratio was used to 

increase the drug concentration in the carrier to assess its impact. Using a 

suitable carrier system enhances drug aerosolisation properties. The carrier 

particles are mainly employed to enhance the inhalation performance by 

improving drug particles’ flowability and supplying bulk volume. Thus, two 

different carriers were used, namely lactose and mannitol. The Turbula® and 

Vortex® apparatuses were used for the mixing. The Vortex® was used for 

different times between 1 and 10 min, while the Turbula® was used for 15 to 

90 min. After allowing the mixture to rest for three days, the homogeneity was 

tested; 10 samples were collected from different levels of the mixture (each of 

the sample’s weight was similar to that for filling the capsules). Each sample 

was dissolved in 10 mL of the HPLC prepared mobile phase (MeOH/water 

60/40 v/v%) and analysed using HPLC. The relative standard deviation (RSD) 

for the peak area of the 10 samples was then calculated. The mixing method 

was approved when the RSD was less than 5 (Yin et al. 2009). The 

formulations were tested using two different inhaler devices (RS01® and 

Spiriva®).  

2.3.9. Capsule filling for the DPI 

For the 1:67.5 w/w% drug–carrier ratio, each capsule was filled with 86 ± 2 mg 

and 87 ± 2 mg when lactose and mannitol were used as the carrier, 
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respectively. For the 1:10 w/w% drug–carrier ratio, each capsule was filled 

with 13 ± 2 mg and 14 ± 2 mg when lactose and mannitol was used as the 

carrier, respectively. 

2.3.10. Testing the DPI formulation using the NGI 

The Next Generation Impactor (NGI) is a high-performance cascade impactor 

designed to classify drug particles into size fractions to test the aerodynamic 

performance of inhalers. The NGI cascade consists of seven stages and can 

be used with any air flow rate between 30 and 100 L/min for DPIs and 15 L/min 

for nebulisers. 

 

 

Figure 0.7: Next Generation Impactor components (European Pharmacopoeia 
8th edition). 

 

Two inhalers were used to test the capsules, namely an Aerolizer (RS01®) and 

a Handihaler (Spiriva®). According to the USP (2004), DPIs’ aerodynamic 

features of the total emitted dose should be analysed at a fixed flow equivalent 

to a 4 Kpa pressure drop through the inhaler and an inhalation volume of 4 L. 
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After measuring the flow rate for each device using an electronic flow meter, 

the inhalation time was calculated using the following equation:  

𝑇 = (60 sec 𝑥 𝑉)/𝑄 

where T is the inhalation time to withdraw 4 L of air through the inhaler; Q is 

the flow rate that produces a 4 Kpa pressure drop; and V is the inhalation 

volume of 4 L. 

Therefore, a 100 L/min flow rate was applied for the RS01® for 2.4 sec, and a 

57 L/min flow rate was applied for the Spiriva® for 4.2 sec. The NGI plates for 

the eight stages were coated with a mixture prepared from 5 g of Brij P35 

dissolved in 5 mL of ethanol using a shaker or a sonicator, and the solution 

was poured into 100 g of glycerol. The plates were swirled using a cotton pad 

to confirm that all surfaces were coated equally. Next, the NGI was closed 

securely, and 15 mL of the HPLC mobile phase was added to the central cup 

of the preseparator. According to the USP, a preseparator is recommended 

when testing DPIs to entrain the drug attached to the larger carrier particles 

(USP 2004). Afterwards, a vacuum tube was used to connect a Copley TPK 

flow controller to the NGI’s induction port. A flow meter connected to the throat 

was used to indicate the flow rate, which was modified using a control valve 

fastened to the vacuum pump to the predetermined flow rate. A timer was set 

as required. A moulded mouth-piece adapter was used to attach the inhaler 

device to the NGI throat to produce an airtight seal between them. Once one 

of the capsules was inserted into the inhaler, the powder was discharged out 

of the device, the timer activated, and the machine started. Later, the inhaler 

was detached, and the capsule with the mouth-piece adapter was rinsed with 
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the HPLC mobile phase (MeOH/water 60/40 v/v%) into a 5 mL volumetric 

flask; 20 mL was used for the throat; 25 mL for the preseparator (including the 

15 mL added before); and 10 mL for each stage of the cascade. Furthermore, 

2 mL was taken from each flask and filtered through 0.22 µm membrane 

syringe filters into HPLC vials for analysis. For each sample, three runs were 

conducted.  

2.3.11. HPLC conditions 

Methanol:phosphate buffer (80/20% v/v) was used as a mobile phase, and the 

LC-18-T HPLC Column was used (SUPELCOSIL®; 5 µm particle size, L x I.D. 

15 cm × 4.6 mm). The column temperature was set at 25°C and the flow rate 

at 1 mL/min. A UV detector (HP 1100 series) was used, and the wavelength 

was 265 nm for chrysin. The injection volume was 100 µL, while the 

experiment run time was 5 min. 

2.3.12. Nanoemulsion preparation for chrysin nebulisation 

Nanoemulsion formulations were prepared by first dissolving the appropriate 

amount of the drugs (chrysin/budesonide) in the oil phase (oleic acid or 

limonene oil) .Tween 80 was used as the surfactant and ethanol was used as 

the cosurfactant. A clear solution was created by adding distilled water.  

2.3.13. Viscosity measurement for the nanoemulsion formulation  

The sample was poured into a cup until its surface reached between the level 

gauges (35 and 45 mL). Then, the cup was attached to the stand using the 

guides, and the table was moved up to adjust the sample surface to the centre 

of the narrow part of the sensor plates. The viscosity and the temperature 

figures were displayed after pressing start.  
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2.3.14. Osmolality measurement for the nanoemulsion formulation 

A new sample tip was snapped into place on the sampler; the sampler was 

tipped in the nanoemulsion formulation to 6 mm below the surface after the 

sampler plunger was depressed. The plunger was then released gently to load 

20 µL of the sample. A paper tissue was used to blot the sides of the loaded 

sample cell to remove any clinging droplets. Then, the sampler was held by 

the barrel to let the sample tip into the sample port following the guide groove, 

and then rested within the operating cradle and beneath the cradle top. Later, 

the entire cradle was pushed down to start the test until it reached a positive 

stop. After 1 minute, the osmolality was displayed on the screen. A standard 

solution was used for the calibration. 

2.3.15. Microsuspension preparation for nebulisation 

The microsuspension was initiated by preparing a saline solution of sodium 

chloride in distilled water (0.9%). Then, a predetermined quantity of the 

processed chrysin powder was suspended in 0.2% (w/w) Tween 80®. 

Afterwards, the suspension was diluted 10 times with the prepared saline to 

obtain a microsuspension with 200 µg/mL of chrysin. 

2.3.16. Aerodynamic characteristics and aerosol output 

measurements of liquid formulations  

2.3.16.1. Aerosol output 

The aerosol output was conducted for all formulations using the European 

standard methodology (Boe et al. 2001). The chamber of the jet side-stream 

nebuliser was filled with 5 mL of the formulation. A breathing simulation 

machine (Pari Respiratory Equipment, Inc., Germany) was used and 
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connected to the nebuliser chamber using a T-piece. Two filter holders were 

used, each containing a filter. The first filter holder was placed between the 

breathing machine and the nebuliser chamber, while the second was attached 

to a vacuum pump and placed on the opposite side of the chamber. The pump 

was set at 25 L/min and located 4 cm away from the chamber. Next, the breath 

simulator was set up at a sinus flow of 15 breathes/min and a tidal volume of 

500 mL with an inspiration–expiration ratio of 1:1 (Boe et al. 2001). The side-

stream nebuliser was run once the pump and the breathing machine had been 

switched on and the timer started. Later, the nebuliser was turned off after a 

sputtering sound was heard, and then the pump and breathing machine were 

switched off. After every run, the inhaled and exhaled filters were moved to 

beakers and washed with 20 mL of HPLC mobile phase to collect the drug 

particles of each formulation. The nebuliser chamber and T-piece were also 

washed with 20 mL of the mobile phase; later, 2 mL was taken and filtered 

through 0.22 µm membrane syringe filters into HPLC vials for analysis. Three 

runs were conducted for each sample, and the time was reported for every 

run. The inhaled, exhaled, and chamber remaining drug percentages were 

calculated. 

2.3.16.2. Aerodynamic particle size distribution 

The NGI was used to perform particle distribution measurements of the 

nanoemulsion and microsuspension formulations. The NGI setup for the 

nebulisation formulations was similar to that explained in Section 3.3.11, 

except a colder system at 5°C was used to incubate the NGI for 30 mins before 

nebulisation to avoid aerosol evaporation. The NGI plates for the eight stages 

were covered with a coating mixture using a cotton pad. Next, the NGI was 
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closed securely, and a Copley TPK flow controller was connected to the NGI’s 

induction port using a vacuum tub. A flow meter was attached to the throat 

inlet to measure the flow rate, which was adjusted to a predetermined rate (15 

L/min) as recommended by the USP (2012). A T-piece was used to attach the 

side-stream device to the NGI’s throat. The nebuliser chamber was filled with 

a 5-mL nanoemulsion formulation. The nebuliser was run and the time 

monitored. Later, the nebuliser was turned off after a sputtering sound was 

heard and before the pump off was switched off. The chamber with the T-piece 

was rinsed with the HPLC mobile phase (MeOH/water 60/40 v/v%) into a 5 mL 

volumetric flask; 10 mL was used to rinse and collect the drug deposited in the 

throat and on each stage of the NGI, ready for the HPLC analysis. Three NGI 

runs were conducted for each sample. 

2.3.17. Calibration curve 

Chrysin calibration curve: A stock solution of 10 mg/100 mL was prepared 

by dissolving 100 mg of chrysin in 1 L of the mobile phase. The stock solution 

was then used to produce dilations of different strengths (2.5, 5, 10, 15, 20, 

and 25 µg/mL). 

Budesonide calibration curve: The same procedure was followed to prepare 

a series of standard solutions at concentrations of 2.5, 5, 10, 15, 30, 50, and 

100 µg/mL.  

2.3.18. Data analysis for calculating the FPF, MMAD, and GSD 

The chrysin calibration curve was used to determine the amount of chrysin 

deposited on the NGI stages. Copley data analysis software (Copley®, 

Nottingham, UK) was used to calculate the total delivered dose, fine particle 
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dose (FPD; i.e., amount of the drug with an aerodynamic diameter ≤5µm), FPF 

(i.e., percentage of the drug with an aerodynamic diameter <5 µm), geometric 

standard deviation (GSD), and mass median aerodynamic diameter (MMAD; 

i.e., average size of the dose particles). The mean and SD were calculated 

from three runs. 
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Chapter Three: HPLC method validation 

3.1. Introduction 

High-performance liquid chromatography (HPLC) is a common separation 

technique widely used in several areas, such as in the pharmaceutical 

sciences. HPLC consists of two phases: the stationary phase, which refers to 

the silica-based particles in the column, and the mobile phase, which carries 

the analytes through the stationary phase. Every solute leaves the column at 

a specific time, called the retention time, according to its affinity towards the 

stationary phase. Each analyte has its own retention time, which is used for 

identification purposes.  

HPLC techniques include reversed-phase chromatography (RP-HPLC), 

normal phase chromatography, ion-exchange chromatography, and size-

exclusion chromatography. RP-HPLC is the most common HPLC separation 

technique among them. In RP-HPLC, a polar mobile phase and a nonpolar 

stationary phase are used to separate samples according to their affinity 

towards each phase. The analytes are retained by a nonpolar stationary 

phase, and by reducing the analyte polarity, the analyte-stationary phase 

adsorption increases, in turn increasing the retention time. 

Several HPLC methods have been reported to determine and separate 

chrysin. Most of these methods have disadvantages, such as the complicated 

preparation of the mobile phase (Bruschi et al. 2003; Cao et al. 2007; Gharari 

et al. 2020), long retention time (Ferreres et al. 1994; Kim et al. 2002), or 

complicated separation procedure when a gradual programme is used (Sha et 

al. 2009; Ramirez-Cisneros et al. 2016).  
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Kamble (2016) developed an HPLC method to separate and determine the 

following 10 flavonoids: rutin, myricetin, kaempferol, quercetin, galangin, 

apigenin, chrysin, acacetin, pinocembrin, and CAPE in propolis. However, this 

method had an unsatisfactory separation time, as the retention time of chrysin 

was approximately 52 min. Although the method was used to separate 10 

flavonoids, chrysin was the only studied material in this research.  

In this chapter, an HPLC method is developed and validated to determine 

chrysin, using rutin as an internal standard, with good outcomes and an 

improved retention time and flow rate. This method was used to determine the 

quantity of chrysin in every stage of the NGI. 

3.2. Method 

3.2.1. HPLC conditions 

The optimised HPLC method was as follows: 

The mobile phase was methanol/ 5 mM sodium phosphate monobasic buffer 

of 80/20% v/v. 

Stationary phase (column): SUPELCOSIL ® LC-18-T HPLC Column, 5 µm 

particle size, L × ID 15 cm × 4.6 mm. 

Internal standard: 20 µg/mL of rutin. 

Temperature: room temperature (25°C). 

Wavelength: 265 nm. 

Flow rate: 1 mL/min. 

Injection volume: 100 µL. 
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Run time: 5 min. 

Preparation of the buffer 

First, 10 mM buffer was made by dissolving 1199 ± 2 mg of sodium phosphate 

in water using a 1 L flask. The water was added until a few mm before the 

finish line. The solution was poured into a beaker, and the pH was adjusted to 

3 using orthophosphoric acid. Then, the solution was returned to the flask and 

water was added until the finish line. To prepare the 5 mM buffer, 50mL from 

the 10 mM solution was diluted by water in a 100 mL volumetric flask. 

Afterwards, using a 0.45 µm filter, the buffer solution was filtered and then 

degassed using sonication under a vacuum for 30 min and mixed with the 

methanol (also filtered and degassed in the same way) at a ratio of 20/80% 

v/v buffer/MeOH. 

 

Preparation of standard solutions 

A series of standard solutions were prepared by diluting 2.5, 5, 10, 15, 20, and 

25 mL of stock solution using a solution of internal standard (rutin in MeOH) in 

a 100 mL volumetric flask, thus preparing standard solutions of 2.5, 5, 10, 15, 

20, and 25 mcg/mL, respectively, and 20 µg/mL for rutin, as presented in Table 

3.1. A stock solution of 10 mg/100 mL was prepared by dissolving 100 mg of 

chrysin in 1 L of methanol. All of the prepared solutions were kept in the fridge 

using light-resistant containers. Then, 2 mL of each solution was filtered into 

HPLC vials using a 0.22 µm membrane syringe filter.  
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Table 0.1: Chrysin standard solutions prepared using the stock solution at a 
concentration of 10 µg/mL 

Sample Stock solution 

volume (mL) 

Final volume using 

internal standard 

(mL) 

Standard solution 

concentration 

(µg/mL) 

Sample 1 2.5 100 2.5 

Sample 2 5 100 5 

Sample 3 10 100 10 

Sample 4 15 100 15 

Sample 5 20 100 20 

Sample 6 25 100 25 

 

3.3. Method development 

Following Kamble (2016), the optimised HPLC method conditions were as 

follows: 

Mobile phase: methanol/phosphate buffer (pH 3) of 50/50% v/v. 

Stationary phase (column): Phenomenex Sphereclone (C18, 250 mm × 4.6 

mm × 5 µm) HPLC column. 

Wavelength: 265 nm. 

Flow rate: 1 mL/min. 

Injection volume: 20 µL. 

Run time: 75 min. 
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Using a mobile phase of 50/50% v/v MeOH/phosphate buffer (pH 3) provided 

the optimal separation results with a proper resolution when used to separate 

the 10 flavonoids. However, the experiment run time was up to 75 min, and 

the retention time of the chrysin was 52.5 min. 

To improve the peak shape of the chrysin, the injection volume was increased 

from 20 to 100 µL. Using a high buffer concentration can interfere with the 

peaks. Moreover, the buffer concentration can also affect the separation. 

When Kamble (2016) used a buffer concentration higher than 5 mM to 

separate the flavonoids, the peaks overlapped; therefore, the present study 

used a buffer concentration of 5 mM. Furthermore, to reduce the total run time, 

as chrysin was the only studied flavonoid, some trials were performed using a 

range of methanol/5mM phosphate buffer pH 3 at 50/50%, 60/40%, 70/30%, 

80/20%, and all v/v%. The chrysin retention time was also decreased by 

reducing the buffer percentage in the mobile phase.  

A gradual decrease was found in the retention time from 21.3 to 3.42 min when 

the buffer percentage was reduced from 50% to 20%. This could have been 

caused by the organic modifier, which can modify the mobile phase's elution 

strength and reduce the separation time. 

In chromatography, the use of an internal standard is necessary for 

determining the concentration of an analyte. The chosen internal standard 

should be similar to the analyte with a different retention time (Skoog et al., 

1998). Therefore, 20 µg/mL of rutin was used as an internal standard to correct 

for the loss of chrysin concentration by calculating a response factor (chrysin 
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peak area/rutin peak area). Rutin is another flavonoid with similar chemical 

properties but different retention times.  

Based on previous results, the determination of chrysin with the internal 

standard (rutin) was conducted using a ratio of 80/20 v/v % MeOH/phosphate 

buffer. The retention time for chrysin and rutin (IS) was 3.42 min and 1.49 min, 

respectively, and the resolution between their peaks was approximately 2, as 

indicated in Figure 3.1. 

 

Figure 0.1: Chromatograms of chrysin and rutin using a mobile phase of 
methanol/5mM sodium phosphate monobasic buffer (pH 3) 80/20% v/v, 
injection volume of 100 µL, flow rate of 1 mL/min, and wavelength of 265 nm. 

 

3.4. Method validation 

Analytical validation comprises a series of procedures that collectively ensure 

that the analytical method will produce results that comply with predetermined 

characteristics (e.g., accuracy, precision, linearity, the limit of detection [LOD], 

and the limit of quantitation [LOQ] for a given analyte in a specific sample 

matrix). The procedures were conducted according to the ICH guidelines (ICH 

1996), determining the method's linearity, sensitivity, precision, and accuracy. 

The validated method was used to determine the chrysin in methanol.  
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3.4.1. Linearity 

“Linearity is the ability of the method (within a given range) to obtain test 

results, which are directly proportional to the concentration (amount) of analyte 

in the sample” (ICH 1996).  

To determine the linearity of this method, five groups of standard solutions 

were prepared, each consisting of six different concentrations of chrysin (2.5, 

5, 10, 15, 20, and 25 µg/mL). All of the samples contained rutin (20 µg/mL) as 

an internal standard. The diagram of the outcomes illustrated a linear 

relationship between the concentrations and the mean of the peak area ratio 

of chrysin and IS, as indicated in Figure 3.2. The means of the regression 

coefficient R2, intercept, and slope for chrysin are presented in Table 3.2.  

 

Figure 0.2: Calibration curve of chrysin, using rutin as the internal standard. 
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Table 0.2: Mean (n = 5) chrysin R2, intercept, and slope. For chromatographic 
conditions, see Figure 4.2. 

R2 Intercept Slope 

0.9978 0.0623 0.2021 

 

3.4.2. Sensitivity 

Sensitivity is represented by the LOD and the LOQ, which are defined as 

follows: 

LOD: “The lowest amount of analyte in a sample that can be detected, but not 

necessarily quantitated” (ICH 1996). 

LOQ: “The lowest amount of analyte in a sample that can be quantitated with 

suitable precision and accuracy” (ICH 1996). 

The LOD and the LOQ can be expressed as follows: 

𝐿𝑂𝐷 = 3.3 𝜎/ 𝑆 

𝐿𝑂𝑄 = 10 𝜎/ 𝑆  

where 𝜎 is the standard deviation of the Y-intercept and S is the mean of the 

slopes of the five calibration curves: 

𝜎 = 0.048323266 

𝑆 = 0.20414 

Thus, the LOD and LOQ of chrysin were as follows: 

 𝐿𝑂𝐷 = 0.781163792 µg/mL 
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𝐿𝑂𝑄 = 2.367163007 µg/mL 

3.4.3. Precision 

 “Precision is defined as the spread of results from a replicate set of 

measurements” (ICH 1996). It is usually expressed as the RSD of a series of 

measurements. 

The RSD of the samples with three chrysin concentrations (5, 15, and 25 

µg/mL) was determined. The peak area of the three samples was determined 

six times for each and repeated for five days. The RSD is a quantitative 

measure of precision for any analytical method; when the RSD decreases, the 

precision becomes better. Both inter-day and intra-day RSD values were 

defined, and they are presented in Table 3.3: 

Table 0.3: Inter-day and intra-day precision results. 

Sample concentration Inter-day RSD % Intra-day RSD % 

5 µg/mL 0.692960023 0.56352855 

15 µg/mL 0.290535814 0.158913632 

25 µg/mL 0.640591437 0.216741562 

 

3.4.4. Accuracy 

The “accuracy of an analytical procedure expresses the closeness of 

agreement between the true value or an accepted reference value and the 

measured value” (ICH 1996). The difference between actual and mean 

measured values is called bias. Accuracy can be calculated using the relative 

error equation, which is as follows: 
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where MO is the measured value, and MT is the actual value.  

In this test, three different concentrations (5, 15, and 25 µg/mL) were analysed 

six times each. The accuracy results of this method are presented in Table 

3.4: 

 

Table 0.4: Accuracy results of the method. 

TRUE MEASURED BIAS ACCURACY 

5 µg/mL 5.08744229 1.748845799 98.2511542 

15 µg/mL 14.66518929 −2.232071407 102.2320714 

25 µg/mL 25.04312096 0.172483841 99.82751616 

 

3.5. Conclusion 

The optimum conditions for the determination of chrysin were as follows: 

methanol/sodium phosphate buffer (5 mM, pH 3), 80/20% v/v with internal 

standard (rutin), a flow rate of 1 mL/min, and an injection volume of100 µL. 

The experiment run time was 5 min, and the HPLC method was successfully 

validated for linearity, sensitivity, accuracy, and precision.
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Chapter Four: Development and evaluation of dry 

powder inhaler formulations of chrysin for asthma and 

COPD using three micronising techniques: Ball 

milling, sonocrystallisation, and spray drying 

3.6. Introduction 

For DPI formulations, many factors can influence the efficiency of therapeutic 

drugs, such as the particle size, carriers, inhaler devices, and drug–carrier 

mixture ratio. Understanding the relationships between these factors and the 

inhaler’s performance assists in ensuring an inhaler’s optimum performance. 

The drug’s particle size is a critical factor affecting its distribution in the lungs. 

Effective lung deposition requires the formulation of a small chrysin inhaler (<5 

µm). Several techniques, such as jet milling, pin milling, crystallisation, and 

spray drying, can be used to micronise the drug’s particle size. 

BM is one of the most popular grinding techniques for pulverising particles into 

a fine powder. It is broadly applied in pharmaceuticals and scientific 

laboratories. The collision between small hard balls and the sample powder in 

concealed jars micronises the drug particles. Several factors, such as the 

processing time, apparatus speed, amount of drug powder loaded into the jars, 

and size of the jars and balls, impact the quality of dispersion (Gou et al., 

2012). The most crucial factor that affects particle size is the processing time; 

furthermore, using no balls in the jars would generate the lowest mixing 

amount, leading to the lowest level of micronisation (Shojaei et al. 2019) (Chen 

2006). 
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According to Leonelli and Mason (2010), (“ultrasound is sound waves with 

frequencies higher than the upper audible limit of human hearing; other than 

that, it has the same physical properties as the normal sound.”) Ultrasound 

has been used in various fields, such as object detection and distance 

measurement. Ultrasound is also used to stimulate various modifications in 

materials (Leonelli and Mason 2010). 

However, this technique is not considered a reducible method due to the 

difficulty of controlling the nucleation rate and crystal growth dispersion. The 

presence of ultrasonic radiation produces acoustic microstreaming, boosting 

the temperature and pressure in the solution, enhancing the main nucleation, 

inhibiting agglomeration, and manipulating the crystal size distribution. The 

number of primary nuclei eventually increases, and the number of solutes on 

every primary nucleus decreases, thus reducing the crystal size (Guo et al., 

2005; Louhi-Kultanen et al., 2006). The crystallisation rate may be related to 

ultrasound amplitude and processing time (Nishida 2014). One study 

demonstrated that the particles produced by ultrasound are suitable for 

inhalation and have favourable aerodynamic behaviour (Abbas et al., 2007). 

Sonocrystallisation’s suitability for the inhalation route is related to the 

smoothness of the particles’ surface, hence decreasing the work of cohesion 

and adhesion (Dhumal et al., 2009). 

Spray drying is one of the technologies used to prepare drug and carrier 

particles for DPI formulations. It allows the user to change the shape of the 

particles by changing the experimental conditions (Maas et al., 2011). Spray 

drying is now widely used in pharmaceutical formulations that require specific 

characteristics (e.g., particle size or morphology). The spray drying process 
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begins by decomposing a suspension or solution into fine droplets; drying 

follows, resulting in solid particles. This technology facilitates the production of 

fine powders or agglomerated particles, depending on the experimental 

conditions (Tewa-Tagne et al. 2007). Spray drying has become widely used in 

DPI formulations due to its simplicity and capability to produce powders with 

the desirable particle size with suitable control (Wan et al. 2020). 

However, no data on using chrysin DPI formulations for asthma seem to exist. 

Therefore, this study prepared and examined DPI formulations of chrysin. 

Inhaled chrysin particles were produced using BM, sonocrystallisation, and 

spray drying, and their aerodynamic behaviour was determined. Different 

numbers of chrysin samples were prepared using the aforementioned three 

techniques, with different particle sizes obtained through changing the 

experimental conditions. The processed chrysin’s particle size was measured 

using the Sympatec instrument. DSC was used to determine any changes in 

the chrysin’s polymorphism by measuring the chrysin melting point, whereas 

SEM was used to determine the processed chrysin particles’ morphology, 

which was compared with that of the raw material. Moreover, IGC was used 

to measure the chrysin’s free surface energy to connect these results with its 

aerodynamic performance. Finally, the developed DPI’s aerodynamic 

characteristics were assessed using the NGI. 

This study aimed to produce inhalable chrysin particles using the 

aforementioned three techniques, and then to evaluate the experimental 

parameters’ impact on particle size and morphology. It also aimed to evaluate 

the impacts of particle size, carrier, drug–carrier mixing ratio, and the inhaler 

device used, thus testing the DPI formulations and comparing the 
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aerodynamic performances of the formulations prepared using the three 

processed chrysin samples. 

3.7. Methods 

3.7.1. Chrysin preparation using ball milling 

Chrysin was ground using BM, as described in Section 2.3.1. In summary, raw 

chrysin was placed in the BM jars with balls; the time and frequency were set 

as required before starting the machine. The processed chrysin particles were 

collected in a vial and stored away from light in an amber cascade with a low-

humidity atmosphere at room temperature for three days before being used in 

a formulation. The experiment was repeated several times; the conditions 

were changed each time to obtain powders with different particle sizes. In 

pulmonary drug delivery, the particle size should be 1–5 µm for potential 

aerosolisation properties (Timsina et al. 1994). Particle sizes of 2.5 and 3.5 

µm were thus chosen for the DPI formulations. Different feed weights of the 

samples (300, 400, and 500 mg) were used with different processing times 

(10, 15, and 20 min). The frequency was set at 25 for every run, as indicated 

in Table 4.1. 

3.7.2. Chrysin preparation using sonocrystallisation 

Chrysin was also processed using sonocrystallisation, as described in Section 

2.3.2. In summary, a 20 mg/mL chrysin solution in DMSO was introduced into 

water, and the temperature was maintained at a constant 5°C in the presence 

of ultrasound. Similar experiments were conducted to determine the impacts 

of different parameters on the crystals’ particle size. The following parameters 

were used in the analysis: the solvent (DMSO, acetone, ethanol, isopropanol, 
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or pyridine), chrysin/solvent concentration (20 or 5 mg/mL), solvent/antisolvent 

ratio v/v% (1:10 or 1:20), ultrasound amplitude (50, 75, or 100), and processing 

time (30 sec, 1 min, 3 min, or 5 min). The particle size was measured after 

preparation and filtration. 

3.7.3. Chrysin preparation using spray drying 

Finally, chrysin was processed using spray drying, as described in Section 

2.3.3. In summary, a 0.5% w/v chrysin in acetone solution was dried at 100°C 

using the B-191 spray dryer (Büchi, Flawil, Switzerland). Acetone was used 

instead of DMSO (which is a superior solvent for chrysin) due to DMSO’s high 

boiling point (189°C), which makes it difficult to dry at 100°C. Acetone is the 

most common solvent for use with spray drying due to its relatively low boiling 

point (56°C). The inlet temperature was set at 100°C, the aspirator was kept 

at 3, and the feed rate was 6. After the solvent was dried, the chrysin powder 

was collected, stored in vials, and left in an amber desiccator with a low-

humidity atmosphere at room temperature (22°C ± 2). 

3.7.4. Chrysin particle size measurement 

The particle size of the chrysin processed using the different techniques was 

measured using the Sympatec instrument (HELOS/BR, RODOS/L, ASPIROS, 

Sympatec instruments, UK), as described in Section 2.3.4. The particle size 

measurement was conducted three times for each sample, and the mean of 

the D50 was calculated. 
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3.7.5. Chrysin thermal analysis 

DSC (TA Instruments, West Sussex, UK) was used to confirm any changes to 

the processed chrysin’s polymorphism by measuring the melting point, as 

described in Section 2.3.6. 

3.7.6. Chrysin morphology determination 

SEM (FEI, Cambridge, UK) was used to determine the processed chrysin 

particles’ morphology and compare it with that of raw chrysin (Section 2.3.7). 

3.7.7. Chrysin surface energy analysis 

IGC (SMS, UK) was used to measure the chrysin’s surface energy. As 

mentioned in Section 2.3.8, each sample’s dispersive, nondispersive, and total 

free surface energies were calculated using the two approaches of 

Mohammad (2013; 2015). 

3.7.8. DPI formulations 

Kenny et al. (1990) concluded that chrysin was effective when a 1 µM dose 

was used on murine peritoneal exudate neutrophils. Hence, this study used a 

5 µM dose equivalent to 1.271 mg to deliver a sufficient and effective amount 

of chrysin to the lungs. Chrystyn (2001) revealed that only 20% of the dose 

reached the lungs, while the rest was swallowed; thus, 1 µM was multiplied by 

five to become 5 µM. Next, different DPI formulations were prepared by mixing 

the processed chrysin particles with two different carriers – namely lactose 

and mannitol; lactose is the most commonly used carrier in DPIs, but due to 

its drawbacks, especially for diabetic patients, mannitol was also assessed as 

a carrier. The mixing was conducted at two different ratios (1:10 and 1:67.5 

w/w%), as Young et al. (2011) confirmed that the drug concentration in the 
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carrier influences the FPF and drug deposition. The 1:67.5 w/w% ratio was 

used according to the ratio used in commercial Ventolin and Rotacaps. 

Furthermore, the 1:10 w/w% ratio was used to increase the drug 

concentrations to assess the drug concentration-to-carrier impact and 

compare the two ratios’ results. Turbula and Vortex apparatuses were used 

for mixing for between 1 and 10 min using the Vortex and between 15 and 90 

min for the Turbula. The mixture’s homogeneity was assessed, and the mixing 

method was approved when the RSD was <5 (Yin et al. 2009); capsules were 

then filled with the formulations. 

3.7.9. DPI formulations’ aerodynamic characterisation using the NGI 

Two inhalers, namely an Aerolizer (RS01) and a Handihaler (Spiriva), were 

used. This is because each of these DPI devices has a different resistance, 

which allocates the inhaler airflow and the forces required for the fluidisation 

of the powder and drug particle deaggregation (Newman and Busse 2002; Lee 

et al. 2009). All prepared formulations were tested in triplicate using the NGI 

(Copley, UK). A 100 L/min flow rate was applied for 2.4 sec for the Aerolizer 

and one of 57 L/min for 4.2 sec was applied for the Handihaler. The chrysin 

calibration curve was then used to determine the chrysin concentration in 

every stage of the NGI; the quantity of chrysin in each stage was calculated 

according to the concentrations and volume of the mobile phase used, as 

described in Section 2.3.11. 

The Copley data analysis software was used to calculate the total delivered 

dose (FPD, FPF, GSD, and MMAD). 
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3.8. Ball milling sample results and discussion 

3.8.1. Chrysin preparation and particle size measurement 

The Design Expert 11 software package (factorial design) was used for data 

optimisation in several experiments. The general factorial (multilevel 

categoric) design was used. Nine samples were performed at different time 

points and sample weights. The frequency was constant at 25 for all runs, and 

the output results are presented in Table 4.1. 

Table 0.1: Ball milling samples’ particle size (µm) from changing the time (min) 
and weight (mg). Particle size was measured in triplicate, and averages and 
standard deviations are provided. 

Sample Time (min) Weight (mg) Particle size D50 

(µm) ± SD 

BM1 10 300  3.2 ± 0.14 

BM2 10 400 3.4 ± 0.17 

BM3 10 500 3.5 ± 0.11 

BM4 15 300 2.9 ± 0.21 

BM5 15 400 2.8 ± 0.15 

BM6 15 500 2.3 ± 0.12 

BM7 20 300 2.59 ± 0.24 

BM8 20 400 2.48 ± 0.14 

BM9 20 500 1.9 ± 0.16 

 

These results demonstrate that particle size is inversely proportional to the 

milling time and sample weight. The 300 mg chrysin sample had the smallest 

particle size when milled for only 10 min. However, when the time increased, 

the particle size of the 300 mg sample became the largest (Figure 5.1) 

compared with the 400 and 500 mg samples. In pulmonary drug delivery, the 

particle size should be 1–5 µm to have potential aerosolisation properties. 
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While particles >10 µm usually deposit in the upper pulmonary system, 

particles <0.5 µm should be exhaled from the pulmonary tract (Timsina et al., 

1994). 

 

 

Figure 0.1: Interaction between time and weight regarding particle size as a 
response using Design Expert 11. 
 

Two factors can affect the particle size of any sample: the crystals’ grinding 

time and the feed sample weight. Figure 4.1 indicates that the particle size can 

be decreased by increasing the time and feed sample weight. A previous study 

reported a gradual decrease in particle size with increasing milling time, 

R1: Particle 

size µm 
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indicating the powder being pulverised during mechanical grinding (Zheng et 

al. 2018). This indicates the ability of the BM process to decrease chrysin’s 

raw material particle size of 17 µm to D50 <5 µm. 

3.8.2. Chrysin thermal analysis 

DSC (TA Instruments, UK) was used to determine variations in the melting 

point of chrysin particles obtained through BM and the raw material to 

investigate any solid phase changes. The unprocessed chrysin (raw material) 

particles exhibited an endothermic peak at 284–286°C, which represented 

chrysin’s melting point. The DSC scan for the BM chrysin samples revealed a 

sharp single peak, which corresponded to chrysin’s melting point (284–

286°C), confirming no formation of any new solid phase. 

 

Figure 0.2: Thermal analysis for the raw material and ball milling-processed 
chrysin samples using DSC. A is before the ball milling; B is after the ball 
milling with a particle size of 3.5 µm; and C is after ball milling with a particle 
size of 2.5 µm. 
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3.8.3. Chrysin particles’ morphologies using SEM 

Drug particles’ morphologies and total number of contact regions significantly 

influence the drug dispersion profile. Studies that have investigated particle 

morphology’s influence on a drug’s aerodynamic behaviour have found that 

surface morphology can influence the contact area, that variations in the 

contact area result in different aerosolisation performances (Zeng et al. 2000; 

Young et al. 2002), and that DPI inhalation performance is improved by 

modifying the surface morphology (Chan et al. 2003). For example, flake-

shaped particles have a large total contact area (Everard et al. 1996). 

Conversely, one study revealed that pollen-shaped particles have better 

flowability, aerosolisation, and deposition properties than other particle shapes 

(Hassan and Lau 2010). The morphologies of the processed chrysin particles 

were examined using SEM (FEI, UK). In Figure 4.3, the particles are compared 

with those of the raw material: 

Figure (A)

 

Figure (B) 

 

Figure (C) 

 

 

Figure 0.3: Chrysin particle morphology before and after the ball milling 
process. A is raw chrysin, and B and C are processed chrysin. 
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The figure illustrates that the BM-processed chrysin particles (B and C) had a 

flattened shape, similar to the unprocessed material (A). Studies have 

suggested that different particle sizes and morphologies can be achieved by 

changing the experimental conditions, especially the milling ball diameter (Tao 

et al. 2004; Bor et al. 2021). This study changed only the sample weight and 

experiment time, not the milling balls, as mentioned in Section 4.3.1, affecting 

the chrysin particles’ size but not their shape. 

3.8.4. Chrysin surface energy analysis 

The chrysin’s surface energy was assessed using IGC (SMS, UK), as 

described in Section 4.2.5. The total free surface energy, dispersive energy 

and nondispersive energy were calculated, and they are presented in Figure 

5.4. 

 

Figure 0.4: Processed chrysin surface energy. Raw = raw chrysin, BM 3.5 = 
3.5 µm of processed chrysin, and BM 2.5 = 2.5 µm of processed chrysin (n = 
3, and SD). 
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The surface energies of the carriers (lactose and mannitol) were also 

determined (Figure 4.5.) to calculate the formulations’ cohesion and adhesion.

 

Figure 0.5: Lactose and mannitol surface energies. Lac = lactose and Man = 
mannitol (n = 3, and SD). 
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towards these sites and prevented the polar probes interacting with them (Al 

Ayoub 2017). 

Furthermore, Figure 4.5 reveals that lactose’s total free surface energy was 

lower than that of mannitol (p < 0.002). This result could have been due to the 

particle size difference between the two carriers, as the lactose particle size is 

D50 50–100 µm, whereas the mannitol particle size is D50 170–200 µm. A 

previous study indicated that increasing the particle diameter increases the 

surface energy (Vollath et al. 2018). 

The surface energies of chrysin and the two carriers were used to calculate 

cohesion and adhesion work for the formulations (Figure 4.6). 

 

Figure 0.6: Processed chrysin’s work of cohesion and work of adhesion with 
carriers. BM 3.5 = 3.5 µm of processed chrysin; BM 2.5 = 2.5 µm of processed 
chrysin (n = 3, SD). 
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surface energy between the two samples (p < 0.002), as depicted in Figure 

4.4. As mentioned in Section 4.3.7.2, the work of cohesion and work of 

adhesion were calculated using the sample’s surface energy figure; as the 2.5 

µm D50 sample had a higher surface energy (p < 0.002), its work of cohesion 

and work of adhesion were higher than those of the 3.5 µm D50 sample. In 

addition, both samples’ work of adhesion with lactose was lower than that with 

mannitol. This finding could be related to lactose’s surface energy being lower 

than that of mannitol (p < 0.002), resulting in lower adhesion work with the 

chrysin samples. 

3.8.5. Preparation of DPI formulations 

DPI formulations were prepared by blending the processed chrysin at two 

different particle sizes (2.5 µm D50 and 3.5 µm D50) with two different carriers 

(lactose and mannitol) at two different ratios (1:10 and 1:67.5 w/w%). The 

formulations were blended using two apparatuses, namely the Vortex and the 

Turbula. Because of the electrostatic energy that the agglomerated particles 

of the mixture gained due to the additional reduction in particle size of chrysin 

and the interaction between the chrysin and carrier particles during mixing, the 

mixture was left in a cascade to rest for three days (Taylor et al. 1999). Ten 

samples were collected from the mixture (each sample’s weight was similar to 

a capsule filling), which were dissolved in 10 mL of mobile phase 

(MeOH/Water 60/40 v/v%) and analysed using HPLC. The RSD was then 

calculated for the samples’ peak areas, which were required to be <5% to 

approve the mixing method (Yin et al. 2009). Tables 4.2 and 4.3 and Figure 

54.10 present the accepted and unaccepted mixing methods. 
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Table 0.2: Mixing results from calculating the RSD by changing the device and 
mixing time when mannitol was used as a carrier (n = 3). 

Mixing machine Mixing time (min) RSD 

Turbula® 30 13.95 

Turbula® 45 10.34 

Turbula® 60 9.84 

Vortex® 3 8.27 

Vortex® 5 2.89 

Vortex® 10 4.37 

RSD = relative standard deviation.  
 

Table 0.3: Mixing results from calculating the RSD by changing the device and 
mixing time when lactose was used as a carrier (n = 3). 

Mixing machine Mixing time (min) RSD % 

Vortex® 3 7 

Vortex® 5 5.5 

Vortex® 10 3.48 

Turbula® 30 22.26 

Turbula® 45 20.58 

Turbula® 60 18.23 

Turbula® 90 14.28 

RSD = relative standard deviation.  
 

Obtaining a uniform, stable powder mixture generally requires the adhesive 

forces to exceed the cohesive forces, which implies that mixing becomes more 

effective as the adhesive forces increase (Zeng et al. 2000). The powder 
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mixture’s content uniformity is a reliable indicator of its degree of homogeneity. 

Furthermore, several parameters can affect the mixing quality. The powder 

specifications (e.g., particle size, shape and surface properties, and particle 

density) are vital for validating the mixture’s tendency to separate (Mendez et 

al. 2010). According to Table 4.2, a noticeable reduction in the RSD value was 

recorded after the time for using the Turbula to mix chrysin with mannitol was 

increased; however, the RSD was still around 10 after 60 min of blending. 

Conversely, when the Vortex was used, the lowest RSD value was for the 

sample mixed for 5 min. Before and after 5 min, the RSD was higher, which 

suggests that the drug and mannitol were not appropriately mixed and 

segregated after 5 min of blending. Chrysin’s particles differ from those of both 

carriers in terms of size and density. These differences lead to the particles 

segregating when the chrysin is mixed with the carrier for so long, where the 

heavier substances sink in the mixture (Scheibelhofer et al. 2012). Moreover, 

the RSD value of the chrysin–lactose mixture decreased with time for both 

apparatuses. For the Turbula, a reduction in RSD value was recorded with 

time, but the RSD was still >10 after 90 min; by contrast, for the Vortex, the 

optimal mixing time was 10 min (Table 4.3). 
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Figure 0.7: RSD results for mixing samples for different carriers, mixing 
blenders, and mixing times. 
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Table 4.4: NGI results (FPD, FPF%, MMAD and GSD) of chrysin samples formulations, showing the sample, carrier, and device used, with the mixing  

Formulation 

ID 

Particle size 

(µm) 

Carrier Ratio 

w/w% 

Device FPD (µg) FPF MMAD (µm) GSD 

F1 3.5 Mannitol 1/67.5 RS01® 96.036 ± 13 8.816 ± 1.2 3.7 ± 0.13 1.96 

F2 3.5 Lactose 1/67.5 RS01® 78.73 ± 12 10.33 ± 0.48 3.9 ± 0.28 1.63 

F3 3.5 Mannitol 1/67.5 Spiriva® 72.755 ± 2.5 6.2 ± 0.6 5 ± 0.03 1.5 

F4 3.5 Lactose 1/67.5 Spiriva® 73.625 ± 9 7.4 ± 0.9 4.23 ± 0.19 1.1 

F5 3.5 Mannitol 1/10 RS01® 74.445 ± 19 7.2 ± 1 4.5 ± 0.2 1.73 

F6 3.5 Lactose 1/10 RS01® 61.216 ± 0.28 7.766 ± 1 4 ± 0.08 1.8 

F7 3.5 Mannitol 1/10 Spiriva® 36.8 ± 2.7 6.1 ± 0.3 4.9 ± 0.3 1.83 

F8 3.5 Lactose 1/10 Spiriva® 31.4 ± 10 6 ± 0.9 4.5 ± 0.26 1.8 

F9 2.5 Mannitol 1/67.5 RS01® 38.63 ± 24 4.2 ± 0.3 5 ± 0.25 1.63 

F10 2.5 Lactose 1/67.5 RS01® 49.446 ± 9 6 ± 1.1 4.4 ± 0.05 1.66 

F11 2.5 Mannitol 1/67.5 Spiriva® 22.884 ± 11 2.737 ± 0.1 4 ± 0.47 0.966 

F12 2.5 Lactose 1/67.5 Spiriva® 61.187 ± 7.5 6.595 ± 0.9 4.8 ± 0.05 1.13 

FPD = fine particle dose, FPF = fine particle fraction, MMAD = mass median aerodynamic diameter, and GSD = geometric standard deviation.  

Table 0.4: NGI results (FPD, FPF, MMAD, and GSD) of chrysin sample formulations indicating the samples, carriers, devices, and mixing ratios used (n 
= 3, SD) 
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In pulmonary drug delivery, the particle size should be 1–5 µm to have 

potential aerosolisation properties. While particles >10 µm usually deposit in 

the upper pulmonary system, particles <0.5 µm are exhaled from the 

pulmonary tract (Timsina et al., 1994). Therefore, two different particle sizes 

in the accepted range (3.5 and 2.5 µm) were chosen for formulations F1–F12 

to assess the effect of particle size on the formulations’ aerodynamic 

performance. Studies have revealed that the carrier’s particle size and 

morphology significantly impact the DPI distribution profile, and also that the 

FPF increases due to the reduction in carrier particle size (Hassan and Lou 

2009; Young et al. 2011). Hassan and Lou (2009) reported that the FPF 

significantly changed (p < 0.002) when the morphology of particles changed, 

with an aerodynamic diameter ranging from 4 to 5.9 µm. When it ranged from 

1.4 to 2.7 µm, the change in the FPF was not as significant (p < 0.08). Two 

carriers (mannitol and lactose) were thus used to assess the carrier properties’ 

effects on the formulation performance. Other studies have reported that the 

concentrations of the drug in the carrier influence the FPF and drug deposition 

in the lungs, as lower concentrations allow the drug to disperse more on the 

carrier surface (Steckel and Muller 1997; Harjunen et al. 2003). Therefore, two 

mixing ratios (1:67.5 and 1:10 w/w%) were used. All formulations were tested 

using the NGI and two different capsule-based inhalers with different flow 

rates: the Aerolizer (RS01) with a high flow rate and the Handihaler (Spiriva) 

with a low flow rate. DPI devices are designed to generate turbulent air flows 

to optimise deaggregation efficiency. Three factors determine device 

resistance: the device’s geometry, dimension, and design. Each DPI has a 

different resistance related to the flow rate and pressure drop. High-resistance 
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devices can generate more significant turbulence, which means that better 

drug deposition is expected at a certain flow rate; nevertheless, the higher 

resistance means that the patient will need to exert more respiratory effort to 

achieve the required flow rate. Therefore, testing the formulations using 

different DPIs is critical (Newman and Busse 2002; Lee et al. 2009). 

 

  

Figure 0.8: Mass distribution of F1, where 3.5 µm of processed chrysin was 
mixed with mannitol at a ratio of 1:67.5 w/w% (n = 3, SD). 
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Figure 0.9: Mass distribution of F2, where 3.5 µm of processed chrysin was 
mixed with lactose at a ratio of 1:67.5 w/w% (n = 3, SD). 
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segregated to reach deep into the lungs (Byron et al. 1990; Jones et al. 2008). 

This explains why the chrysin–mannitol formulation’s highest mass was in 

Stage 1, while the chrysin–lactose formulation reached deep into the lungs 

and was delivered to Stages 3–6. 

Table 0.5: Comparison between the 1:10% and 1:67.5% mixing ratio 
formulations regarding the FPF and MMAD µm results when the chrysin 
sample particle size was 3.5 µm (n = 3). 

Carrier Device 1:10 w/w% 1:67.5 w/w% 

FPF MMAD (µm) FPF MMAD (µm) 

Mannitol RS01® 7.4 ± 0.9 4.23 ± 0.19 8.816 ± 1.2 3.7 ± 0.13 

Mannitol Spiriva® 6.1 ± 0.3 4.9 ± 0.3 6.2 ± 0.6 5 ± 0.03 

Lactose RS01® 7.766 ± 1 4 ± 0.08 10.33 ± 0.48 3.9 ± 0.28 

Lactose Spiriva® 6 ± 0.9 4.5 ± 0.26 7.2 ± 1 4.5 ± 0.2 

  

 

Figure 0.10: Comparison between the two chrysin particle sizes regarding the 
FPF results with the same formulation parameters as the inhalers (RS01 and 
Spiriva), mixing ratio (1:67.5 w/w%), and carriers (mannitol and lactose). FPF 
= fine particle fraction (n = 3, SD). 
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Figure 0.11: Comparison between the two chrysin particle sizes regarding the 
MMAD results with the same formulation parameters as the inhalers (RS01 
and Spiriva), mixing ratio (1:67.5 w/w%), and carriers (mannitol and lactose). 
MMAD = mass median aerodynamic diameter (n = 3, SD). 
 

 

Figure 0.12: Comparison between the two carriers (mannitol and lactose) 
regarding the FPF results with the same formulation parameters. Drug–carrier 
mixing ratios = 1:67.5 and 1:10 w/w% and inhalers = RS01 and Spiriva. FPF% 
= fine particle fraction (n = 3, SD). 
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Figure 0.13: Comparison between the two carriers (mannitol and lactose) 
regarding the MMAD results with the same formulation parameters. Drug–
carrier mixing ratios = 1:67.5 and 1:10 w/w% and inhalers = RS01 and Spiriva. 
MMAD = mass median aerodynamic diameter (n = 3, SD). 
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effect on the formulation’s performance. Furthermore, Table 4.5 confirms that 

the increasing flow rate when the RS01 was used was negatively associated 

with the amount of chrysin in the preseparator. In other words, when the flow 

rate was higher, the chrysin deposition and distribution were better (p < 0.006), 

as increasing the flow rate increased the turbulence generated, which 

influenced the drug–carrier detachment (Pedersen 1986). Another study that 

assessed the effect of flow rate on the performance of different DPIs revealed 

that increasing the flow rate increased the FPF (Buttini et al. 2016). The 

formulation results indicated that the high carrier concentration (1:67.5 w/w%) 

improved the FPF and MMAD values, as indicated in Table 4.5 (p < 0.0001). 

This improvement in the drug–carrier ratio (1:67.5 w/w%) in the DPI 

formulation could be due to the reduction in drug particle agglomeration, which 

increases the chance of the drug dispersing on the carrier surface (Steckel 

and Muller 1997). Similar studies have reported that budesonide and 

salbutamol DPI formulations had higher FPF results when a low drug 

concentration was used (Steckel and Muller 1997; Harjunen et al. 2003). In 

addition, these results verify Al Ayoub’s theory that when the work of adhesion 

is lower than the work of cohesion, the smaller the drug amount, the better the 

formulation performance; when the work of adhesion is higher, using more of 

the drug is better. Figure 5.6 demonstrates that the work of cohesion of the 3.5 

µm D50 processed chrysin sample was higher than the work of adhesion with 

lactose or mannitol; thus, the chrysin particles detached from the carrier before 

detaching from each other, which may be why the formulations with a 1:67.5 

w/w% ratio were better than those with a 1:10 w/w% ratio (Al Ayoub 2017). 

Moreover, the IGC data suggested that the work of cohesion of chrysin was 
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higher than that with both carriers (lactose and mannitol; Figure 4.6); therefore, 

the chrysin particles’ interaction was more pronounced than the chrysin–

carrier attachment, which makes the drug particles’ dispersal over the carrier’s 

surface difficult (Steckel and Muller 1997). 

Furthermore, the formulation data in Figures 4.12 and 4.13 illustrate that 

lactose was a superior carrier to mannitol (p < 0.002), which can be attributed 

to variations in particle size and surface energy. Indeed, lactose has a smaller 

particle size (D50 50–100 µm) than mannitol (D50 170–200 µm). In addition, 

studies have revealed that DPIs had higher dispersion when smaller carrier 

particle sizes were used in the formulation. This resulted in weaker carrier–

drug adhesion forces (Figure 4.6), as the work of adhesion of the chrysin 

particles with lactose (76.03 and 81.47 mJ/m2) was lower than that with 

mannitol (82.86 and 89.13 mJ/m2) for 3.5 µm by 8.5% and 2.5 µm by 9% of 

processed chrysin, respectively. Larger amounts of the drug were thus 

delivered deeper into the lungs (Kaialy et al., 2011). Another study revealed 

that decreasing the carrier particle size improved the FPF results of the 

formulation (Zeng et al. 1999). However, mannitol has a higher surface energy 

(42.6 mJ/m2) than lactose (36.43 mJ/m2; p < 0.002), as illustrated in Figure 

4.5; a lower surface energy might reduce the drug–carrier interaction, in turn 

promoting the carrier’s detachment (Byron et al. 1990; Jones et al. 2008). 
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3.9. Sonocrystallised sample results and discussion 

3.9.1. Chrysin preparation and particle size measurement 

The antisolvent precipitation method without the ultrasound was used first. The 

main limitation was that the particles tend to form large crystals. All the particle 

sizes obtained using this method were >5 µm. Therefore, the mixing procedure 

needed to be optimised to attain suitable inhalable particles. The particle size 

of the chrysin prepared using ultrasound during the precipitation 

(sonocrystallisation) was <5 µm (Table 4.6). 
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Table 0.6: Sonocrystallised samples’ particle sizes (µm) from changing the experiment conditions. Particle size was measured in 
triplicate, and averages and standard deviations are provided (n = 3, SD). 

Sample 

number 

Chrysin/solvent 

concentration 

(mg/mL) 

Solvent Antisolvent Solvent/Antisolv

ent ratio v/v% 

Amplitude 

(%) 

Processing 

time (min) 

Particle size 

D50 (µm) ± 

SD 

S1 20 mg/mL DMSO Water 1/10 100 0.5 4.52 ± 0.12 

S2 20 mg/mL DMSO Water 1/20 100 0.5 4.12 ± 0.17 

S3 20 mg/mL DMSO Water 1/10 100 1 3.48 ± 0.21 

S4 20 mg/mL DMSO Water 1/20 100 1 2.51 ± 0.18 

S5 20 mg/mL DMSO Water 1/10 100 3 3.44 ± 0.13 

S6 20 mg/mL DMSO Water 1/20 100 3 2.39 ± 0.09 

S7 20 mg/mL DMSO Water 1/10 100 5 3.45 ± 0.23 

S8 20 mg/mL DMSO Water 1/20 100 5 2.35 ± 0.07 

S9 20 mg/mL DMSO Water 1/10 75 1 3.53 ± 0.13 

S10 20 mg/mL DMSO Water 1/10 50 1 3.40 ± 0.12 
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S11 5 mg/mL DMSO Water 1/10 100 1 2.82 ± 0.17 

S12 5 mg/mL DMSO Water 1/10 100 3 2.77 ± 0.09 

S13 5 mg/mL DMSO Water 1/10 100 5 2.75 ± 0.11 

S14 5 mg/mL Isopropanol Water 1/10 100 1 3.31 ± 0.19 

S15 5 mg/mL Ethanol Water 1/10 100 1 3.23 ± 0.27 

S16 5 mg/mL Acetone Water 1/10 100 1 3.14 ± 0.21 

S17 20 mg/mL DMSO/Isopropa

nol 50/50 v/v% 

Water 1/10 100 1 3.47 ± 0.14 

S18 20 mg/mL DMSO/Isopropa

nol 50/50 v/v% 

Water 1/10 50 1 3.52 ± 0.03 

S19 20 mg/mL Pyridine Water 1/10 100 1 3.52 ± 0.16 

S20 20 mg/mL Pyridine Water 1/10 50 1 3.57 ± 0.18 
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Ultrasonic radiation generates acoustic microstreaming, which raises the 

temperature and pressure in the solution, eventually reducing the size of the 

drug particles (Louhi-Kultanen et al., 2006). Moreover, changing the solvent, 

solvent–antisolvent ratio, and processing time can impact the particle size. 

Thus, 20 samples were conducted to obtain particles within a size range of 1–

5 µm (Table 4.6). Chrysin has suitable solubility in DMSO and pyridine. DMSO 

was used with two different chrysin concentrations of 20 and 5 mg/mL. A 

minimal quantity of chrysin crystals were obtained with a low concentration, 

which was not practically feasible. The same issue has been reported when 

other solvents (e.g., 100% acetone, ethanol, or isopropanol) were used due to 

chrysin’s poor solubility in them. 

According to the particle size comparisons of S1 to S2, S3 to S4, S5 to S6, 

and S7 to S8 in Table 4.6, using a lower concentration of chrysin by using the 

1:20 solvent/antisolvent v/v% ratio reduced the chrysin particle size more than 

when the 1:10 solvent/antisolvent v/v% ratio was used. The results 

demonstrated that sonocrystallisation was more efficient during precipitation 

at a smaller drug concentration (Guo et al. 2005). Based on comparisons of 

S11 to S3, S12 to S5, and S13 to S7, sonocrystallisation was more efficient 

when the lower concentration of chrysin (5 mg/mL) was used. Different 

amplitudes (50%, 75%, and 100%) were applied during the 

sonocrystallisation. The results indicated that no changes in particle size 

occurred when the ultrasound amplitude was changed because the 

supersaturation level led above the sonication radiation and the cavitation 

operated as an effective blender. This extended the transference of the mass 

and the solvent–antisolvent diffusion, which led to homogenised and rapid 
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nucleation (Miyasaka et al. 2006). S3, S9, and S10 had almost the same 

particle size despite the different amplitudes. The results illustrated that a short 

sonication period is sufficient for obtaining a suitable particle size for 

inhalation. The particle size increased when sonocrystallisation was 

performed for only 30 sec, compared with sonication for 1, 3, or 5 min. 

By contrast, no changes in size from changing the processing time from 1 min 

to 3 or 5 min were recorded. At only 30 sec, quick nucleation occurred, 

followed by crystal growth and agglomeration, which led to a larger particle 

size. Therefore, sonication for 30 sec was insufficient for reducing the crystal 

growth and allowing complete liberation; sonication for at least 60 sec is 

required (Al Ayoub 2017). 

3.9.2. Chrysin thermal analysis 

DSC (TA Instruments, UK) was used to determine the variations in the melting 

point of chrysin particles obtained by sonocrystallisation and the raw material. 

The unprocessed chrysin (raw material) particles exhibited an endothermic 

peak at 284–286°C, representing chrysin’s melting point (Figure 4.14). The 

DSC scan for all sonocrystallised chrysin samples revealed a sharp single 

peak that corresponded to chrysin’s melting point (284–286°C), confirming no 

formation of any new solid phase even though the solvent was used in the 

experiment. 
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Figure 0.14: Thermal analysis for the raw material and sonocrystallisation-
processed chrysin samples using DSC. A is before sonocrystallisation 
processing; B is after sonocrystallisation using DMSO as the solvent; C is after 
sonocrystallisation using acetone as the solvent; D is after sonocrystallisation 
using ethanol as the solvent; E is after sonocrystallisation using isopropanol 
as the solvent; F is after sonocrystallisation using DMSO/isopropanol 50/50 as 
the solvent; and G is after sonocrystallisation using pyridine as the solvent. 
 

3.9.3. Chrysin particles’ morphologies using SEM 

Drug particles’ morphologies and the total number of contact regions 

significantly influence the drug dispersion profile. As mentioned in Section 

4.3.3, many studies have found the surface morphology to significantly 

influence the contact area, which in turn influences drug aerosolisation 

performance (Zeng et al. 2000; Young et al. 2002). A study also found that 

DPI inhalation performance can be improved by modifying the surface 

morphology (Chan et al. 2003). The morphologies of the sonocrystallised 

particles were examined using SEM (FEI, UK; please refer to Figure 4.15). 
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These particles were compared with the raw material particles (refer to A in 

Figure 4.3 for the raw material shape; for all SEM images, see Appendix A). 

Figure (A) DMSO was the solvent  Figure (B) Ethanol was the solvent  

Figure (C) Acetone was solvent  Figure (D) Isopropanol/DMSO 

50/50 v/v% was the solvent  

  

Figure (E) Pyridine was the solvent 

Figure 0.15: Chrysin particle shape. A represents S13, where DMSO was used 
as the solvent; B represents where ethanol was used as the solvent; C 
represents where acetone was used as the solvent; D represents S18, where 
DMSO/isopropanol 50/50 v/v% was used as the solvent; and E represents 
S19, where pyridine was used as the solvent. 
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The SEM images reveal that each chrysin particle’s shape was related to the 

solvent used during precipitation. The sonocrystallised samples prepared 

using DMSO as the solvent (S1–S13) had a flattened shape and were 

agglomerated in a dendritic shape. The particles also had a flattened shape 

when ethanol and acetone were used in S15 and S16, respectively. However, 

the particles of S15 and S16 exhibited more elongation than S1–S13, which 

indicated that the crystal growth was slower in S15 and S16 than in S1–S13; 

this result can be attributed to the lower chrysin concentration used in S15 and 

S16. By contrast, S17 and S18, where DMSO/isopropanol 50/50 v/v% was 

used as the solvent, exhibited a long, wide plate shape, which was different 

from S15 and S16, where acetone and ethanol were used, respectively. This 

result can be attributed to the slower crystal growth in S17 and S18 compared 

to S15 and S16, which could be related to the higher viscosity of the DMSO 

and isopropanol mixture compared with acetone and ethanol. Particles of S19 

and S20, where pyridine was used as the solvent, had a similar particle shape 

to S1–S13, where DMSO was used. 

According to the aerodynamic performance of the 2.5 µm D50 and 3.5 µm D50 

BM samples, the 2.5 µm D50 sample was not considered further, and the 3.5 

µm sample was chosen from among the sonocrystallised samples. Based on 

the abovementioned results, S3, S5, S7, S17, and S19 had a particle size of 

3.5 µm. S5 and S7 were excluded as both needed more time than S3, S17, 

and S19. Particle shape impacts the drug dispersion profile and, according to 

Kaialy et al. (2011), more elongated particles and a less rough surface mean 

worse inhalation properties. Another study revealed that wrinkled surface 

particles had better dispersion than smooth surface particles (Chew and Chan 
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2002); thus, S17 was excluded. S3 and S19 had the same particle shape; 

therefore, S3 was chosen because chrysin’s solubility was higher in DMSO 

than in pyridine, which means that the preparation of S3 was more practical 

than that of S19. In conclusion, the optimal experiment parameters for 

producing chrysin particles with a size of 3.5 µm for inhalation are 100% 

amplitude for 1 min using DMSO as a solvent and water as an antisolvent at 

a ratio of 1:10 solvent/antisolvent v/v%, which describes S3. 

3.9.4. Chrysin surface energy analysis 

Chrysin’s surface energy was determined using IGC (SMS, UK), as described 

in Section 4.2.7. Furthermore, its total free surface energy, dispersive energy, 

and nondispersive energy were calculated, and the results are presented in 

Figure 4.16. 

 

Figure 0.16: Processed chrysin surface energy. Raw = raw chrysin; Sono = 
3.5 µm of processed chrysin (n = 3, SD). 
 

The carriers’ surface energies were also calculated, as described in Section 
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4.5. The work of cohesion and work of adhesion of the processed chrysin were 

calculated with lactose and mannitol, and the results are presented in Figure 

4.17. 

Figure 4.16 illustrates that the sonocrystallised chrysin had a lower surface 

energy than the raw chrysin (p < 0.04), since the raw chrysin’s surface energy 

was 59.47 mJ/m2, whereas that of processed chrysin was 40.49 mJ/m2, which 

could be related to the particle size reduction. Vollath et al. (2018) revealed 

that surface energy is related to particle size, and that reducing the particle 

size can reduce the total surface energy. Moreover, the processed chrysin’s 

nondispersive energy (1.74 mJ/m2) was reduced compared with the raw 

chrysin’s nondispersive energy (10.49 mJ/m2), which could be attributed to the 

surface rearrangement of the chrysin particles that occurred during 

crystallisation (Al Ayoub 2017). 

Conversely, Figure 4.17 verifies that the work of adhesion of the 

sonocrystallised sample with lactose (73.68 mJ/m2) was lower than that with 

mannitol (79.67 mJ/m2). This result could be related to the surface energy of 

lactose being lower than that of mannitol (p <0.002), and this difference in the 

free surface energy between the two carriers affected the work of adhesion 

with the chrysin, as mentioned in Section 4.3.4. 



 

106 
 

 

Figure 0.17: Processed chrysin work of cohesion and work of adhesion with 
the carriers. Sono Lac = the 3.5 µm of processed chrysin with lactose; Sono 
Man = the 3.5 µm of processed chrysin with mannitol (n = 3, SD). 
 

3.9.5. Preparation of DPI formulations 

The processed chrysin was blended with two different carriers (lactose and 

mannitol) at two mixing ratios (1:10 and 1:67.5 w/w%) to prepare the DPI 

formulations. The formulations were mixed using the Vortex. See Section 

4.3.5. for the homogeneity study. 

3.9.6. Aerodynamic characterisation of chrysin formulations using the 

NGI 

The DPIs’ aerodynamic performance was assessed using the FPD, FPF, 

GSD, and MMAD. As mentioned in Section 4.4.5., two carriers (mannitol and 

lactose) and two mixing ratios (1:67.5 and 1:10 w/w%) were used. CITDAS 

was used to determine the aerodynamic parameters of the inhalers for each 

formulation using the chrysin amounts collected in each stage of the NGI. 

Three runs were conducted for each sample, and means were calculated. 
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The aerodynamic characterisation (FPF, MMAD, and GSD) of the DPI 

formulations of micronised chrysin using sonocrystallisation is presented in 

Table 4.7. The amount of chrysin in each NGI stage is provided in Figures 4.18 

and 4.19. 
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Formulation ID Particle size 

(µm) 

Carrier Ratio 

w/w% 

Device FPD (µg) FPF MMAD (µm) GSD 

F1 3.5 Mannitol 1/67.5 RS01® 142.137 ± 10 14.08 ± 0.44 2.6 ± 0.49 2.66 

F2 3.5 Lactose 1/67.5 RS01® 257 ± 23 27.175 ± 2 2.66 ± 0.06 2.26 

F3 3.5 Mannitol 1/67.5 Spiriva® 90.596 ± 20 9.23 ± 2 4.4 ± 0.55 2 

F4 3.5 Lactose 1/67.5 Spiriva® 85.999 ± 14 13.81 ± 2 3.53 ± 0.08 3.2 

F5 3.5 Mannitol 1/10 RS01® 183.675 ± 26 12.967 ± 1.3 2 ± 0.08 2.26 

F6 3.5 Lactose 1/10 RS01® 239.423 ± 17 24.5 ± 1 2 ± 0.11 2.26 

F7 3.5 Mannitol 1/10 Spiriva® 59.223 ± 5 9 ± 1.16 4.4 ± 0.72 2.3 

F8 3.5 Lactose 1/10 Spiriva® 83.094 ± 15 8.742 ± 1.25 4.13 ± 0.2 2.13 

FPD = fine particle dose, FPF = fine particle fraction, MMAD = mass median aerodynamic diameter, and GSD = geometric standard deviation. 

Table 0.7: NGI results (FPD, FPF, MMAD, and GSD) of chrysin sample formulations indicating the samples, carriers, devices, and mixing ratios used (n = 
3, SD). 
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Figure 0.18: Mass distribution of F1, where 3.5 µm of processed chrysin was 
mixed with mannitol at a ratio of 1:67.5 w/w% (n = 3, SD). 
 

 

Figure 0.19: Mass distribution of F2, where 3.5 µm of processed chrysin was 
mixed with lactose at a ratio of 1:67.5 w/w% (n = 3, SD). 
 

Figures 4.18 and 4.19 illustrate that the mass distribution for the F2 formulation 

was better than that of the F1 formulation (p < 0.05). For mannitol, the mass 
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increase occurred in Stage 3 (37 µg). Subsequently, a slight decrease 

occurred until Stage 5 (28.5 µg) and an acute one until Stage 7 (3.8 µg). 

However, for lactose, the highest percentage was in Stage 2 (74 µg), with a 

gradual decrease until Stage 5 (43.8 µg), before decreasing in Stages 6 and 

7 to 19.7 µg and 7.4 µg, respectively. This result could be related to mannitol 

having a higher surface energy (42.6 mJ/m2) than lactose (36.43 mJ/m2; p < 

0.002), as depicted in Figure 4.5; thus, the drug–carrier interaction was smaller 

between lactose and chrysin than that between mannitol and chrysin, as 

illustrated in Figure 4.17. Here, the work of adhesion of the chrysin particles 

with lactose can be seen to have been lower than that with mannitol, meaning 

that mannitol–chrysin particles require more energy to be segregated to reach 

deep into the lungs (Byron et al. 1990; Jones et al. 2008). As demonstrated in 

Figure 4.19, the chrysin–lactose formulation’s mass distribution reached Stage 

3 to MOC with 318 µg compared with only Stages 3–7 with 117 µg for the 

chrysin–mannitol formulation. This result indicates that the chrysin–lactose 

formulation was superior to the chrysin–mannitol formulation, which supports 

the results in Table 4.7. 
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Table 0.8: Comparison between the two DPI devices regarding the FPF and 
MMAD formulation results when the chrysin sample particle size was 3.5 µm 
(n = 3). 

Mixing ratio 

w/w% 

Device RS01® Spiriva® 

FPF MMAD 

(µm) 

FPF MMAD (µm) 

1/67.5 

w/w% 

Mannitol 14.08 ± 0.44 2.6 ± 0.49 9.23 ± 2 4.4 ± 0.55 

1/67.5 

w/w% 

Lactose 27.175 ± 2 2.66 ± 

0.06 

13.81 ± 2 3.53 ± 0.08 

1/10 w/w% Mannitol 12.967 ± 1.3 2 ± 0.08 9 ± 1.16 4.4 ± 0.72 

1/10 w/w% Lactose 24.5 ± 1 2 ± 0.11 8.742 ± 1.25 4.13 ± 0.2 

  

 

Figure 0.20: Comparison between the two carriers (mannitol and lactose) 
regarding the FPF results with the same formulation parameters. Drug–carrier 
mixing ratios = 1:67.5 and 1:10 w/w% and inhalers = RS01 and Spiriva. FPF 
= fine particle fraction (n = 3, SD). 
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Figure 0.21: Comparison between the two carriers (mannitol and lactose) 
regarding the MMAD results with the same formulation parameters. Drug–
carrier mixing ratios = 1:67.5 and 1:10 w/w% and inhalers = RS01 and Spiriva. 
MMAD = mass median aerodynamic diameter (n = 3, SD). 
 

Another study assessed the flow rate’s effect on the performance of different 

DPIs and revealed that increasing the flow rate increased the FPF (Buttini et 

al. 2016). The data in Table 5.7 illustrate that F2 had the highest FPF of 27% 

when lactose was used as the carrier, while F1 had the highest FPF of 14% 

when mannitol was used. In both formulations, an RS01 device was used, and 

the carrier was mixed with 3.5 µm of chrysin at a ratio of 1:67.5 w/w%. The 

MMAD of both formulations (F1 and F2) was <2.6 µm, which indicates that 

50% of the particles were <2.6 µm. In addition, Table 4.8 indicates that the 

increasing flow rate when the RS01 was used was negatively associated with 

the amount of chrysin in the preseparator, as mentioned in Section 4.3.6. In 

other words, when the flow rate is higher, the chrysin deposition and 

distribution are better (p < 0.003) since increasing the flow rate increases the 

turbulence generated, which influences the carrier’s detachment (Pedersen 

1986). 
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Table 4.8 confirms that the high carrier concentration (1:67.5 w/w%) improved 

the FPF and MMAD (p < 0.001); the same trend was observed with the BM 

formulations in Section 4.3.6. This improvement in the drug–carrier ratio 

(1:67.5 w/w%) in the DPI could be due to the drug particles’ agglomeration 

decreasing in the formulation, offering the drug a better chance of dispersing 

on the carrier surface (Steckel and Muller 1997). Again, these results support 

those of previous studies. 

Additionally, the sonocrystallised formulation results verified Al Ayoub’s 

theory, which was described in Section 4.3.6. Figure 4.17 indicates that the 

work of cohesion of the 3.5 µm D50 processed chrysin (80.98 mJ/m2) was 

higher than the work of adhesion with lactose (73.68 mJ/m2) by 9.4% or 

mannitol (79.67 mJ/m2) by 1.6%. These results clarify why the formulations 

with a 1:67.5 w/w% ratio were superior to those with a 1:10 w/w% ratio (Al 

Ayoub 2017). Furthermore, Figure 4.17 reveals that the work of cohesion was 

higher than the work of adhesion by approximately 5.5%. This would result in 

the particles’ agglomeration being more pronounced than the drug–carrier 

attachment; thus, the drug would not disperse over the carrier’s surface 

properly. 

In addition, the data regarding the formulation in Figures 4.20 and 4.21 reveal 

that lactose was a better carrier than mannitol (p < 0.01), as mentioned in 

Section 4.3.6, due to variances in the two carriers’ particle size and surface 

energy. Lactose has a smaller particle size (50–100 µm) than mannitol (170–

200 µm), and a previous study confirmed that DPIs had higher dispersion 

when smaller carrier particle sizes were used in the formulation, resulting in 

weaker carrier–drug adhesion forces. Larger amounts of the drug were thus 



 

114 
 

delivered deeper into the lungs (Kaialy et al., 2011). Another study revealed 

that decreasing the carrier particle size improved the FPF results of the 

formulation (Zeng et al. 1999). Again, mannitol’s surface energy (42.6 mJ/m2) 

is higher than that of lactose (36.43 mJ/m2; p < 0.002), as illustrated in Figure 

4.5, and lower surface energy might reduce the drug–carrier interaction, in turn 

promoting the carrier’s detachment (Byron et al. 1990; Jones et al. 2008); the 

work of adhesion with lactose (73.68 mJ/m2) was therefore lower than that with 

mannitol (79.67 mJ/m2) by 7.8%, as depicted in Figure 4.17. 

3.10. Spray-dried sample results and discussion 

3.10.1. Chrysin preparation and particle size measurement 

Chrysin’s solubility in acetone is 5 mg/mL; therefore, this study prepared a 

chrysin-in-acetone solution at a concentration of 5 mg/mL and a temperature 

of 50°C. A thermometer was used to monitor temperature changes to avoid 

oversaturation. Acetone’s boiling point is 56°C; acetone was thus chosen as a 

solvent instead of DMSO due to the latter’s high boiling point (189°C), which 

makes drying it at 100°C difficult. Moreover, chrysin’s solubility in acetone is 

higher than that in ethanol or methanol. The experiment was repeated, with 

the feed rate being increased from 5 to 6 mL/min to obtain larger crystals. The 

two samples’ particle sizes were evaluated using the Sympatec instrument 

(HELOS/BR, RODOS/L, ASPIROS, Sympatec instruments, UK), and they are 

presented in Table 4.9. 
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Table 0.9: Particle sizes of the chrysin processed using the spray drying 
technique (n = 3, SD). 

Solvent Chrysin 

concentration 

Aspirator Temperature Feed rate 

(mL/min) 

Particle size 

D50 (µm) ± 

SD 

Acetone 5 mg/mL 3 100°C 5 2.96 ± 0.05 

Acetone 5 mg/mL 3 100°C 6 3.5 ± 0.12 

 

3.10.2. Chrysin thermal analysis 

The DSC (TA instruments, west Sussex, UK) scan for the chrysin samples 

revealed a sharp single peak that corresponded to chrysin’s melting point 

(284–286°C). This confirmed that no change in polymorphism occurred and 

no new solid phase was formed. 

 

Figure 0.22: Thermal analysis for raw material and spray drying-processed 
chrysin samples using DSC. A is before and B is after spray drying. 
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3.10.3. Chrysin particles’ morphologies using SEM 

The SEM analysis of the processed chrysin indicated significant variations 

compared with raw chrysin. The droplets’ evaporation rate and the formation 

of the mixture usually determine the shape of the particles produced using 

spray drying (Tewa-Tagne et al., 2007). 

  

Figure 0.23: Chrysin particle morphology after the spray drying process. 
 

Figure 4.23 demonstrates that the chrysin processed using spray drying had 

a needle shape, which differs from the raw material’s flattened shape (please 

refer to A in Figure 4.3 for the raw material shape), as changes to the atomised 

spray occurred throughout the drying process. The preparation formation 

determines the characterisation of the evaporation; some droplets tend to 

expand, while others collapse or disintegrate, which leads to porous and 

irregular particle shapes. However, other particles may be spherical (Master 

1991). Regarding DPI formulations, studies have investigated the particle 

morphology’s influence on the drug’s aerodynamic behaviour; surface 

morphology can influence the contact area, and variations in the contact area 

result in different aerosolisation performances (Zeng et al. 2000; Young et al. 

2002). DPI inhalation performance was improved by modifying the surface 
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morphology (Chan et al. 2003). Furthermore, according to a study that 

assessed particle shape’s effects on DPI performance, needle-shaped 

particles had a lower FPF than plate-shaped particles in the same particle size 

range (Hassan and Lau 2009). 

3.10.4. Chrysin surface energy analysis 

Chrysin’s surface energy was assessed using IGC (Surface measurement 

system Ltd, UK), as mentioned in Section 4.2.7. The chrysin’s total free 

surface energy, dispersive energy, and nondispersive energy were calculated, 

and the results are presented in Figure 4.24. The surface energies of the 

carriers (lactose and mannitol) were also determined (Figure 4.5), as 

mentioned in Section 4.3.4. The work of cohesion and work of adhesion of the 

processed chrysin were calculated with lactose and mannitol, as illustrated in 

Figure 4.25. 

 

Figure 0.24: Processed chrysin surface energy. Raw = raw chrysin; SD = 3.5 
µm of processed chrysin (n = 3, SD). 
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The processed chrysin had a lower surface energy (45.13 mJ/m2) than the raw 

chrysin (59.47 mJ/m2; p < 0.01), as illustrated in Figure 4.24. Moreover, the 

processed chrysin had lower dispersive and nondispersive energies (39.31 

and 5.81 mJ/m2, respectively) than the raw chrysin (48.97 and 10.49 mJ/m2), 

which can be attributed to the particle size reduction of the processed chrysin; 

surface energy is related to the particle size, and reducing the particle size can 

reduce the total surface energy (Vollath et al. 2018). 

In addition, Figure 4.25 demonstrates that the work of adhesion of the spray-

dried sample with lactose (77.84 mJ/m2) was lower than that with mannitol 

(84.89 mJ/m2) by 8.6%. This result could be related to lactose’s surface energy 

being lower than that of mannitol (p < 0.002), and this difference in the free 

surface energy between the two carriers affected the work of adhesion with 

the chrysin, as described in Section 4.3.4. 

 

Figure 0.25: Processed chrysin’s work of cohesion and work of adhesion with 
the carriers. SD Lac = 3.5 µm of processed chrysin with lactose; SD Man = 3.5 
µm of processed chrysin with mannitol (n = 3, SD). 
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3.10.5. Preparation of DPI formulations 

The processed chrysin was mixed with two different carriers (lactose and 

mannitol) at a mixing ratio of 1:67.5 w/w%. The formulations were blended 

using the Vortex for 5 min for the mannitol formulation and 10 min for the 

lactose formulation. See Section 4.3.5. for the homogeneity study. 

3.10.6. Aerodynamic characterisation of chrysin formulations 

using the NGI 

Once again, the DPIs’ aerodynamic performance was assessed by calculating 

the FPD, FPF, GSD, and MMAD. As per Section 4.3.5, the effects of the two 

carriers (mannitol and lactose) were investigated. CITDAS was used to 

determine the inhalers’ aerodynamic parameters for each formulation using 

the chrysin amounts collected in each stage of the NGI. Three runs were 

conducted for each sample, and means were calculated. 

The aerodynamic characterisation (FPF, MMAD, and GSD) of the DPI 

formulations of micronised chrysin using spray drying is presented in Table 

4.10. The mass percentage of the chrysin in each NGI stage is provided in 

Figures 4.26 and 4.27. 

 

Table 0.10: NGI results (FPD, FPF, MMAD, and GSD) of spray-dried 
formulations. Mixing ratio = 1:67.5 w/w% and inhaler = RS01 (n = 3, SD). 

Formulation Carrier FPD (µg) FPF MMAD (µm) GSD 

F1 Mannitol 73.646 ± 18 8.8 ± 0.9 5.6 ± 0.08 1.7 

F2 Lactose 77.642 ± 21 9.399 ± 0.5 5.2 ± 0.04 2 
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Figure 0.26: Mass distribution of F1, where 3.5 µm of processed chrysin was 
mixed with mannitol at a ratio of 1:67.5 w/w% (n = 3, SD). 
 

 

Figure 0.27: Mass distribution of F2, where 3.5 µm of processed chrysin was 
mixed with lactose at a ratio of 1:67.5 w/w% (n = 3, SD). 
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Stages 1 and 2 (approx. 34 µg); the drug amount was then gradually reduced 

to <5 µg in Stage 5. The same trend was observed for the lactose formulation, 

where the drug amount was gradually reduced from Stage 1 (67 µg) to Stage 

5 (Figure 5.27). The difference in the total mass amount between the chrysin–

lactose and chrysin–mannitol formulations could be related to the difference in 

the work of adhesion between the formulations, as indicated in Figure 4.25. 

Because the work of adhesion between chrysin and mannitol was high, more 

energy was required for chrysin–mannitol detachment. 

Some studies have revealed that the carrier particle size should be decreased 

to enhance drug dispersion, which is related to the reduction in the work of 

cohesion and adhesion of larger particles (Byron et al., 1990). The data in 

Table 4.10 illustrate that lactose was a better carrier than mannitol (p < 0.009) 

(the same trend observed for the sonocrystallisation and BM formulations in 

Sections 4.3.6 and 4.4.6, respectively), which can be attributed to the particle 

size of lactose (50–100 µm) compared with mannitol (170–200 µm). In 

addition, Figure 4.5 confirms that lactose’s surface energy (36.43 mJ/m2) is 

lower than that of mannitol (42.6 mJ/m2; p < 0.002), resulting in a lower work 

of adhesion for the processed chrysin sample with lactose (77.84 mJ/m2) 

compared with mannitol (84.98 mJ/m2) by 8.6%. This result means that the 

chrysin–mannitol formulation needed more energy to detach the drug particles 

from the carrier, which explains the lactose formulations’ superior performance 

(Jones et al., 2008). However, the MMAD for both formulations was relatively 

high due to the needle-shaped particles’ poor flowability (Hassan and Lau 

2009), which, according to Aloum et al., can be attributed to these particles 

tending to interlock, which in turn generates more resistance to airflow (Aloum 
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et al. 2020), as well as to the higher work of cohesion of the spray drying-

processed chrysin sample. 

3.11. Comparison of formulations prepared using chrysin processed 

with ball milling, sonocrystallisation, and spray drying 

Data on the aerosolised performance (FPF and MMAD) of the chrysin DPI 

formulations produced using BM, sonocrystallisation, and spray drying are 

presented in Figures 4.28 and 4.29. F1 and F2 from the BM samples (see 

Table 4.4) were compared with F1 and F2 from the sonocrystallised samples 

(see Table 4.7) and F1 and F2 from the spray-dried samples (see Table 4.10). 

 

Figure 0.28: FPF results of formulations produced using ball milling, 
sonocrystallisation, and spray drying with the same formulation parameters. 
Particle size = 3.5 µm, mixing ratio = 1:67.5 w/w%, and carriers = mannitol and 
lactose. FPF = fine particle fraction, Sono = sonocrystallised formulations, BM 
= ball milling formulations, and SD = spray-dried formulations (n = 3, SD). 
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Figure 0.29: MMAD results of formulations produced using ball milling, 
sonocrystallisation, and spray drying with the same formulation parameters. 
Particle size = 3.5 µm, mixing ratio = 1:67.5 w/w%, and carriers = mannitol and 
lactose. MMAD = mass median aerodynamic diameter, Sono = 
sonocrystallised formulations, BM = ball milling formulations, and SD = spray-
dried formulations (n = 3, SD). 
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mJ/m2, respectively) by approximately 3.5% and that of the spray-dried 

samples (84.98 and 77.84 mJ/m2, respectively) by approximately 6%, as 

demonstrated in Figure 4.31. 

Conversely, the sonocrystallised sample formulation’s MMAD was 

approximately 2.6 µm smaller than that of the BM sample formulation (approx. 

3.8 µm) and that of the spray-dried sample formulation (approx. 5.5 µm). This 

result can also be attributed to the difference in the particle shape of chrysin 

produced using different techniques, since chrysin particles processed by 

sonocrystallisation or BM had a flattened shape, as illustrated in Figures 4.16 

and 4.3, while those processed by spray drying have a needle shape (Figure 

4.23). The needle-shaped particles had a Carr index >40, which led to poor 

flowability, as Hassan and Lau (2009) revealed. Particles with a high 

elongation ratio (e.g., a needle shape) also have poor flowability (Kailay et al. 

2011), and particles with poor flowability tend to interlock and generate more 

resistance to airflow (Aloum et al. 2020). Furthermore, the work of cohesion of 

the sonocrystallised sample (76.03 mJ/m2) was lower than those of the BM 

(82.86 mJ/m2) and spray drying (84.98 mJ/m2) samples, which explains the 

lower MMAD of the sonocrystallised sample formulation. The outcome of this 

work indicates that the particles produced through ultrasound compared with 

those obtained by BM or spray drying are more suitable for inhalation 

applications and exhibit more favourable aerodynamic behaviour. 
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Figure 0.30: Processed chrysin’s surface energy. Sono = chrysin processed 
using the sonocrystallisation; BM 3.5 = chrysin processed using ball milling; 
and SD = chrysin processed using spray drying (n = 3, SD). 
 

 

Figure 0.31: Processed chrysin’s work of cohesion and work of adhesion with 
the carriers. Sono = 3.5 µm of sonocrystallisation-processed chrysin; BM = 3.5 
µm of ball milling-processed chrysin; and SD = 3.5 µm of spray drying-
processed chrysin (n = 3, SD). 
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3.12. Conclusion 

Inhalable chrysin particles were prepared using three techniques, namely BM, 

sonocrystallisation, and spray drying. The thermal analysis confirmed no 

changes to the processed chrysin’s polymorphism. SEM images revealed the 

flattened shape of the sonocrystallised and BM samples and the needle shape 

of the spray-dried sample. The processed chrysin’s surface energy changed 

when the micronising technique was changed. The sonocrystallised sample 

had a lower surface energy than the BM and spray-dried samples, which 

resulted in lower cohesion and adhesion work with both carriers (mannitol and 

lactose). 

Moreover, the developed DPI formulations’ aerodynamics were assessed 

using the NGI. The average FPF values of the chrysin–lactose formulations 

were 10.33%, 27%, and 9.4% for the BM, sonocrystallised, and spray-dried 

samples, respectively. The average FPF values of the chrysin–mannitol 

formulations were 8.8%, 14%, and 8.8% for the BM, sonocrystallised, and 

spray-dried samples, respectively. The average MMAD was 3.8 µm for BM 

samples, 2.6 µm for sonocrystallised samples, and approximately 5.5 µm for 

spray-dried samples for chrysin–lactose and chrysin–mannitol samples. In 

addition, the formulations exhibited a higher FPF and lower MMAD when the 

lactose was used as a carrier and the RS01 device was used. Overall, the in 

vitro aerosolised performance of the chrysin DPI formulations formed using 

sonocrystallisation was superior to that of those formed using the BM and 

spray drying techniques. This was due to differences in particle shapes and 

the surface energies between the three different processed chrysin 

formulations as well as the work of adhesion with the carriers. The aerosolised 
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performance of these formulations could indicate the suitability of this 

preparation for use in future inhalation experiments. 

Although the aerosolisation performance for chrysin was improved using 

sonocrystallisation, lung deposition was relatively low; hence, another 

approach is explored in the next chapter using liquid nanoparticle formulations.
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Chapter Five: Development and evaluation of 

formulations of chrysin and budesonide for asthma 

and COPD diseases using nebulisers: Evaluation of 

the formulations’ genotoxicity using the comet assay 

method. 

5.1. Introduction 

Aerosol inhalation is the most preferable administration route to the lungs for 

pharmaceutical combinations for treating several diseases (Knoch and Keller 

2005). Nanoemulsions usually have aqueous and oily phases, and one is 

homogeneously dispersed in its counterpart. 

Nanoemulsions are preferable to microsuspensions when a high load of a 

lipophilic drug is required due to the earlier vast applications. However, no 

nanoemulsion has been approved for delivering inhaled lipophilic drugs, while 

several microsuspension formulations are marketed for the same purpose. 

Microsuspensions are generally used to improve drugs’ water solubility; 

microsuspension formulations commonly contain a stabilising agent to control 

the drug’s dispersibility (Fu et al., 2019). Thus, the approved nebulised 

formulation on the market is in the form of a suspension. Due to the reported 

disadvantages of microsuspensions, works on the nebulisation of 

microsuspensions remain limited (Rabinow 2004). 

Furthermore, microsuspensions possess several disadvantages, such as the 

considerable heterodispersity of drugs in aerosol droplets (Knoch and Keller 

2005), limited drug residence time in the lungs due to ciliary movements 

(Patravale et al. 2004), poor bioavailability of particles compared with 



 

129 
 

nanoparticles, and inconsistent drug distribution (Nikander et al. 1999). Given 

these challenges, the present research considered nanoemulsion formulations 

of chrysin and budesonide to fairly and critically compare microsuspension and 

nanoemulsion formulations. 

Nanoemulsion-based formulations have been used as oral, parenteral, and 

topical drug delivery systems. Nanoemulsions are commonly used to improve 

the bioavailability of drugs due to their ability to solubilise hydrophilic and 

hydrophobic compounds (Lawrence and Rees 2012). An oil-in-water (O/W) 

nanoemulsion system comprises oil droplets at a sub-micron scale distributed 

throughout a continuous water phase with the aid of surfactants. Surfactants 

create an interface film that separates each phase, thus preventing merging 

by reducing the system’s overall surface tension. Adding a cosurfactant further 

decreases the interfacial tension as it places itself at the oil–water interface; 

thus, it reduces the interfacial free energy, which prefers the formation of a 

stable nanoemulsion. Nanoemulsions have been used for oral drug delivery 

systems and, more recently, they have been investigated for lung delivery. 

Amani et al. (2010) studied a nanoemulsion formulation of budesonide with 

nebulisers in vitro and concluded that nanoemulsions are more advantageous 

than suspension formulations. Moreover, Al Ayoub et al. (2019) found that the 

nanoemulsion formulation of curcuminoids provided safer and superior 

aerosol performance compared with microsuspension curcuminoid 

formulations. 

In addition, Anari et al. (2015) loaded PLGA-PEG nanoparticles with chrysin 

to enhance the solubility of chrysin and hence its effect on two breast cancer 

cell lines (T47D and MCF7). They revealed that nanochrysin had a better 
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inhibitory effect on both cell lines than raw chrysin. To the best of our 

knowledge, no data on using a chrysin nanoemulsion formulation for asthma 

exist. Thus, in the present research, nanoemulsion formulations of chrysin and 

budesonide were prepared and examined individually and together (with the 

two drugs combined) to study budesonide’s aerodynamic behaviour. The goal 

was to reduce the standard dose of budesonide for the treatment of asthma. 

The formulations’ characterisations, including particle size, viscosity, 

osmolality, aerosol output, and aerodynamic performance, are reported. The 

comet assay method was used to analyse the in vitro genotoxicity of the 

chrysin and budesonide nanoemulsion formulations on human lymphocytes. 

This enabled an evaluation of the safety of chrysin and budesonide 

formulations when used as a combined formulation or alone. 

Furthermore, no studies have been conducted on chrysin microsuspensions 

for lung delivery. Therefore, three different chrysin microsuspension 

formulations were prepared in this research. The following three processed 

chrysin samples were used in the formulations: (1) a sample micronised using 

BM; (2) a sample processed using antiprecipitation sonocrystallisation; and (3) 

a sample processed using spray drying. The three formulations’ aerodynamic 

behaviour was tested using the NGI. In addition, DSC was used for the thermal 

analysis, while DLS was used to measure the microsuspension particle size. 

The microsuspension particles’ morphologies were determined using SEM. 
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5.2. Methods 

5.2.1. Nanoemulsion preparation for chrysin nebulisation 

The nanoemulsion formulations were prepared using the method developed 

by Al Ayoub et al. (2019). This study changed the amounts of the oil phase 

used to dissolve the required amounts of the drugs, allowing the 

nanoemulsions to form. Two oils were used in the nanoemulsion formulations, 

namely oleic acid and limonene oil. The surfactant was Tween 80, the 

cosurfactant was ethanol, and the continuous aqueous phase was distilled 

water. The formulations were prepared as follows: the oil phase consisted of 

one of the oils (oleic acid or limonene) mixed with Tween 80 and ethanol; the 

chrysin and budesonide were dissolved in the oil mixture, and a clear solution 

was created by adding distilled water. A water bath sonicator (Decon 

Laboratories, Hove, UK) was used for 10 min to ensure that the compounds 

were properly mixed. Overall, nine formulations were tested, which are 

detailed in Table 5.1: 
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Table 0.1: Visual appearances of the prepared nanoemulsion formulations (n 
= 3). 

NE Oleic acid 

(w/w) % 

Tween 80 

(w/w) % 

Ethanol 

(w/w) % 

Aqueous 

phase 

(w/w) % 

Visual 

appearance 

NE (A) 0.3 4.8 3.6 91.3 Nanoemulsion 

NE (B) 0.2 3.2 2.4 94.2 Nanoemulsion 

NE (C) 0.1 1.8 1 96.9 Nanoemulsion 

NE (D) 0.05 0.8 0.6 98.55 Nanoemulsion 

NE (E) 0.025 0.4 0.3 99.275 Nanoemulsion 

NE (F) 0.2 2 1.5 96.25 Turbid 

NE (G) 0.2 3.6 2 94.2 Nanoemulsion 

NE (H) 0.2 2.45 1.8 95.55 Nanoemulsion 

NE (I) 0.2 2.7 1.8 95.3 Nanoemulsion 

NE = nanoemulsion. 

 

5.2.2. Nanoemulsion particle size measurements 

The particle size of nanoemulsion droplets is a crucial attribute to examine due 

to its significant effect on the drug’s pharmacokinetics and lung deposition. A 

Malvern Zetasizer Nano ZS DLS was used to measure the nanoemulsion 

formulations’ particle size. The experiment was repeated three times, and the 

average was then calculated. 

5.2.3. Nanoemulsion viscosity measurements 

Viscosity is a critical parameter for liquid aerosol formulations and must be 

measured as it is a reflex for the flow resistance of any fluid (McCallion and 

Patel 1996). The nanoemulsion formulations’ viscosity was thus determined 

using a Viscometer SV-10 (Malvern Panalytical Ltd, UK). The values were 

recorded at 25°C three times and the average viscosity was determined. 
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5.2.4. Nanoemulsion osmolality measurements 

A 3320 Micro-Osmometer (Advanced Instruments, UK) was used to measure 

the nanoemulsion formulations’ osmolality by determining the freezing point. 

Measurements were repeated three times, and the mean and SD were then 

calculated. 

5.2.5. Nanoemulsion pH measurements 

The nanoemulsion formulations’ pH value was measured using a pH meter 

(METTLER-TOLEDO, USA). The measurement was conducted three times, 

and the mean was calculated. According to the USA Pharmacopoeia (USP), 

the pH of any nebulised formulation should be adjusted between 3 and 8.5; a 

pH lower or higher than this range could cause bronchoconstriction and 

coughing, which could expectorate the drug particles before their effects 

commence (Weber et al. 1997). Buffer solutions with a pH of 4 and 7 were 

used to calibrate the pH meter prior to the experiment.  

5.2.6. Nanoemulsion physical stability study 

A six-month stability study was conducted at room temperature (22°C ± 2). 

Formulation candidates were stored in tightly sealed vials in a dark place, and 

their physical appearance was assessed every other week. Any visual 

changes detected by naked eye, such as turbidity, separation, and 

sedimentation, were investigated and recorded. 
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5.2.7. Nanoemulsion formulations’ aerodynamic behaviour using the 

NGI and aerosol output measures 

Aerodynamic characterisation was conducted using the pharmacopeia 

standard methodology (USP 2012, Ph. Eur 2012). The NGI was used to 

measure the particle distribution of the formulations under chilled conditions 

(5°C) with the aid of a cooler system after 30 min of operation. The NGI was 

shut down securely, and the throat was attached securely. A T-piece was used 

to attach the side-stream device to the NGI’s throat. The nebuliser chamber 

was filled with 5 mL of nanoemulsion; the flow rate was predetermined as 15 

L/min, as recommended by the USP. Later, the nebulisation was stopped 

when a sputtering sound was heard, followed by shutting down the pump. The 

HPLC mobile phase (MeOH/water 60/40 v/v%) was used to rinse the chamber 

with the T-piece into a 5 mL volumetric flask, and 10 mL was used for the 

throat in each stage of the cascade. Three NGI runs were performed for each 

sample; 2 mL was taken from each stage of the cascade and filtered into HPLC 

vials through 0.22 µm membrane syringe filters for analysis, as described in 

Section 2.3.18. 
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Figure 0.1: The side-stream nebuliser attached to the NGI using a cooler 
system. 
 

The HPLC method was as follows: The mobile phase was changed to an 

acetonitrile/phosphate buffer of 50/50% v/v (Kamble 2016) to avoid any 

overlap between the chrysin and budesonide peaks in the nanoemulsion 

combined formulations. Two wavelengths were set: 265 nm for detecting 

chrysin and 240 nm for detecting budesonide. The experiment run time was 7 

min as the chrysin retention time was 4.9 min and the budesonide retention 

time 4 min. The rest of the HPLC conditions (injection volume, temperature, 

and flow rate) were the same as those described in Section 2.3.12. The Copley 

data analysis software was used to analyse every formulation’s FPF, GSD, 

and MMAD. 

An aerosol output was performed for each nanoemulsion formulation using the 

European standard methodology defined in Section 2.5.12. The percentages 

of the inhaled and exhaled drug and the drug remaining in the chamber were 

calculated. Three runs were conducted for each sample, and the time was 

reported for each run. 
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5.2.8. Chrysin preparation using ball milling 

A ball miller (Retsch Mixer Mill MM200, Germany) was used at a 25 Hz 

vibrational frequency for 10 min to reduce the size of 500 mg of raw chrysin, 

as mentioned in Section 4.3.1. Afterwards, the powder was collected, stored 

in vials, and left in an amber desiccator filled with silica gel with a low-humidity 

atmosphere at room temperature (22°C ± 2) for three days before being used 

in the formulation. 

5.2.9. Chrysin preparation using sonocrystallisation 

Chrysin solution (2% in DMSO) was 10-times diluted with cold water (5°C) and 

ultrasonicated using the Ultrasonic Processor VCX500 (Sonics, USA), as 

stated in Section 4.4.1. An ultrasound probe was immersed in antisolvent to 1 

cm below the surface to allow the dispersion of the solvent/antisolvent mixture 

through ultrasound vibrations; the ultrasound amplitude was set at 100%, and 

the processing time was 1 min. The system was then filtered, and the 

precipitated chrysin particles were collected and dried at room temperature 

(22°C ± 2) for 24 hr before particle size analysis was performed. 

5.2.10. Chrysin preparation using spray drying 

The chrysin solution (5 mg/mL in acetone) was dried at 100°C using the Büchi 

B-191 Spray Dryer (Büchi, Flawil, Switzerland). With its low boiling point 

(56°C), acetone is the most common solvent used with spray drying. The inlet 

temperature was set at 100°C, the aspirator was maintained at 3, and the feed 

rate was six, as mentioned in Section 4.5.1. When the entire solvent was dry, 

the chrysin powder was collected, stored in vials, and left in an amber 

desiccator with a low-humidity atmosphere at room temperature (22°C ± 2). 
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5.2.11. Microsuspension formulation for chrysin nebulisation 

Chrysin processed using the three different techniques, as described in 

Sections 5.2.8–5.2.10, was used in the microsuspension formulations. The 

microsuspension process was initiated by preparing a saline solution of 

sodium chloride in distilled water (0.9%). A predetermined quantity of the 

processed chrysin powder was then suspended in 0.2% (w/w) Tween 80. 

Afterwards, the suspension was 10-times diluted with the prepared saline to 

obtain a microsuspension with 200 µg/mL of chrysin. 

5.2.12. Chrysin microsuspension particles’ morphologies 

SEM (QUANTA 400, FEI, Cambridge, UK) was used to determine the 

morphologies of the processed chrysin and the microsuspension particles. 

5.2.13. Chrysin microsuspension particle size measurements 

The chrysin particle size was measured using the Sympatec instrument 

(HELOS/BR, RODOS/L, ASPIROS, Sympatec instruments, UK). For all 

samples, the particle size was 3.5 µm. The microsuspension’s particle size 

was determined using DLS (Malvern Zetasizer Nano ZS). The measurements 

were repeated three times, and the average was then calculated. 

5.2.14. Chrysin microsuspension formulations’ aerodynamic 

characterisation 

The NGI was used to measure the microsuspension formulations’ particle 

distribution. It was placed in a cooling system at 5°C for 30 min prior to 

nebulisation, as described in Section 5.2.7. 
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The HPLC method was as follows: mobile phase = a methanol/phosphate 

buffer of 80/20% v/v; column = SUPELCOSIL LC-18-T HPLC Column, 5 µm 

particle size, L × ID 15 cm × 4.6 mm; temperature = 25°C, wavelength = 265 

nm; flow rate = 1 mL/min; injection volume = 100 µL; and run time = 5 min. 

The Copley data analysis software was used to analyse the FPF, GSD, and 

MMAD. 

5.2.15. Genotoxicity study 

The comet assay is one of the most common methods for detecting single 

DNA strand breaks due to its simplicity and sensitivity (Singh et al. 1988). 

Some advantages of the method are that it allows more robust statistical 

analysis, greater sensitivity for detecting DNA damage, and the use of a small 

number of cells for every sample. 

Lymphocyte cells were used in this experiment because they are excellent 

surrogates for examining cell genomic sensitivity. This is due to the long life of 

their subpopulations and their ability to carry mutagen-induced genetic 

irregularities for more than four decades (Neel et al. 1989). 

The comet assay protocol was performed following Tice et al. (2000). Agarose-

coated slides were prepared by dipping slides into 1% NMP agarose and 

allowing them to dry for 24 hr. The following required solutions were prepared 

in advance: 

• Lysis solution: This consisted of 2.5 M NaCl, 100 mM Na2EDTA 2H2O, 

and 10 mM Trizma base in distilled water; the pH was adjusted to 10 using 

10 M NaOH, and 10% DMSO and 1% Triton-X-100 were added 

immediately before the solution was used. 
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• Alkaline electrophoresis buffer: This consisted of 300 mM NaOH and 1 

mM Na2EDTA 2H2O in cold distilled water (pH = 10). 

• Neutralisation buffer: This consisted of a 400 mM Trizma base in distilled 

water; the pH was adjusted to 7.5 using 1 N HCl. 

The samples were prepared in an Eppendorf tube; 890 µL of RPMI 1640 was 

mixed with 100 µL of whole blood from a healthy control sample; and 10 µL of 

the tested formulation was then added to the mixture. Later, the samples were 

incubated at 37°C for 30 min and then centrifuged at 3,000 rpm for 5 min; 900 

µL of the supernatant was removed, 100 µL of 0.5% LMP agarose (approx. 

40°C) was added to each sample, and the cell pellet was mixed thoroughly. A 

layer of 100 µL of the cell mix was distributed on precoated slides and covered 

with a coverslip. The slides were left on an ice tray for 5 min before the 

coverslip was removed; then, they were transferred to a black box filled with a 

freshly prepared cold lysis solution. The black box was left in a refrigerator at 

4°C overnight. Next, for DNA unwinding (electrophoresis), the slides were 

transferred to an electrophoresis tank, which was filled with alkaline buffer and 

incubated at 4°C for 30 min. Electrophoresis was then run at 4°C, at a constant 

25 V and 300 mA, for 30 min. After the electrophoresis, the slides were washed 

with neutralisation buffer three times for 5 min before being stained using 60 

µL of 20 µL/mL of ethidium bromide. They were then covered with a coverslip 

and left in a black box with a wet napkin until evaluation. The slides were 

assessed under a fluorescent microscope equipped with a CCD camera and 

computer system. The %OliveTailMoment was used for statistical analysis. 

The experiment was repeated three times, and 100 cells were counted. 



 

140 
 

5.3. Results and discussion 

5.3.1. Nanoemulsion preparation 

As mentioned in Section 5.2.1., nine nanoemulsion formulations were 

prepared, as illustrated in Table 5.1. The data indicated that all formulations 

were formed using different percentages of oils except for the NE (F) when the 

oil percentage was 0.2%; this was due to the reduction of the surfactant and 

cosurfactant percentages to 3.5% compared with NE (B) when their 

percentages were 6.6%. Table 5.1 indicates that formulations A–E were all 

formed; therefore, reducing the oil phase percentage from 0.3% to 0.025% did 

not affect the nanoemulsion formulations. This study aimed to prepare a 

nanoemulsion formulation using the smallest possible quantities of the oil 

phase; however, the oil phase percentage needed to be high enough to 

dissolve a sufficient amount of the drugs in the formulation. 

According to the U.S. Food and Drug Administration (FDA; 2016), in 

respiratory formulations, oleic acid should be added at a concentration of less 

than 0.28 w/w% and Tween 80 at a concentration of 0.02 w/w%. 

Previous studies revealed that limonene had no undesirable effects and 

caused no central nervous system problems in humans when inhaled. The 

results also confirmed that limonene could reduce airway inflammation in mice 

(Falk-Filipsson et al. 1993, Hirota et al. 2012). In addition, limonene was used 

as an alternative to oleic acid in nanoemulsion formulations. 

Limonene was used at the same concentration as oleic acid and mixed with 

the same concentrations of Tween 80 and ethanol. Based on visual 
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observation, all of the limonene nanoemulsion formulations were formed under 

the same condition as the oleic acid formulations. 

Moreover, budesonide was combined with chrysin in a nanoemulsion 

formulation to study its aerodynamic behaviour. 

The nanoemulsion loading capacities of chrysin and budesonide were 

determined later. The highest concentration of chrysin obtained in the 

formulations was 200 µg/mL with 50 µg/mL of budesonide when the NE (G) 

was used and 100 µg/mL with 25 µg/mL of budesonide when the NE (C) was 

used; the rest of the formulations were excluded as the oil, surfactant, and 

cosurfactant amounts were inadequate for dissolving the required amount of 

chrysin. The concentration of 100 µg/mL was also used with NE (G) to study 

the oil phase percentage’s influence on the formulation behaviour at the same 

drug concentration. 

Three batches of nanoemulsion formulations were prepared: the first batch 

used chrysin and budesonide (Table 5.2), the second used only chrysin (Table 

5.3), and the third used only budesonide (Table 5.4). 
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Table 0.2: Combined nanoemulsion formulations using different oil phase 
percentages and drug concentrations. 

NE Concentration 

of NE 

Oil % Tween % Ethanol % Water % 

NE1 200 µg/mL of 

chrysin + 50 

µg/mL of 

budesonide 

0.2 of oleic 

acid 

3.6 2 94.2 

NE2 100 µg/mL of 

chrysin + 25 

µg/mL of 

budesonide 

0.1 of oleic 

acid 

1.8 1 97.1 

NE3 100 µg/mL of 

chrysin + 25 

µg/mL of 

budesonide 

0.2 of oleic 

acid 

3.6 2 94.2 

NE4 200 µg/mL of 

chrysin + 50 

µg/mL of 

budesonide 

0.2 of 

limonene 

3.6 2 94.2 

NE5 100 µg/mL of 

chrysin + 25 

µg/mL of 

budesonide 

0.1 of 

limonene 

1.8 1 97.1 

NE = nanoemulsion.  
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Table 0.3: Chrysin nanoemulsion formulations using different oil phase 
percentages and drug concentrations. 

NE Concentration 

of NE 

Oil % Tween % Ethanol % Water % 

NE6 200 µg/mL of 

chrysin 

0.2 of oleic 

acid 

3.6 2 94.2 

NE7 100 µg/mL of 

chrysin 

0.1 of oleic 

acid 

1.8 1 97.1 

NE8 200 µg/mL of 

chrysin 

0.2 of 

limonene 

3.6 2 94.2 

NE9 100 µg/mL of 

chrysin 

0.1 of 

limonene 

1.8 1 97.1 

 

Table 0.4: Budesonide nanoemulsion formulations using different oil phase 
percentages and drug concentrations. 

NE Concentration 

of NE 

Oil % Tween % Ethanol % Water % 

NE10 50 µg/mL of 

budesonide 

0.2 of oleic 

acid 

3.6 2 94.2 

NE11 25 µg/mL of 

budesonide 

0.1 of oleic 

acid 

1.8 1 97.1 

NE12 50 µg/mL of 

budesonide 

0.2 of 

limonene 

3.6 2 94.2 

NE13 25 µg/mL of 

budesonide 

0.1 of 

limonene 

1.8 1 97.1 
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5.3.2. Nanoemulsion osmolality 

The osmolality of nebulised formulations influences the respiratory system 

through bronchoconstriction and coughing, eventually reducing drug delivery 

to the lungs. Therefore, the osmolality of any aerosol solution should be in the 

accepted range of 130–500 mOsm/kg (Weber et al. 1997). The present study 

measured the osmolality of the nanoemulsion formulations, and the results for 

chrysin, budesonide, and combined formulations are presented in Table 5.5. 

All formulations had an osmolality between 130 and 500 mOsm/Kg. 
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Table 0.5: Nanoemulsion formulations’ osmolality results (n = 3, SD). 

NE formulation NE concentration (µg/mL) Osmolality (mOsm/kg) ± 

SD 

NE1 200 µg/mL of chrysin + 50 µg/mL of 

budesonide 

462 ± 3 

NE2 100 µg/mL of chrysin + 25 µg/mL of 

budesonide 

265 ± 2 

NE3 100 µg/mL of chrysin + 25 µg/mL of 

budesonide 

402 ± 4 

NE4 200 µg/mL of chrysin + 50 µg/mL of 

budesonide 

373 ± 3 

NE5 100 µg/mL of chrysin + 25 µg/mL of 

budesonide 

205 ± 3 

NE6 200 µg/mL of chrysin 441 ± 2 

NE7 100 µg/mL of chrysin 249 ± 2 

NE8 200 µg/mL of chrysin 360 ± 2 

NE9 100 µg/mL of chrysin 189 ± 2 

NE10 50 µg/mL of budesonide 368 ± 3 

NE11 25 µg/mL of budesonide 190 ± 2 

NE12 50 µg/mL of budesonide 254 ± 4 

NE13 25 µg/mL of budesonide 171 ± 3 

For NE1, NE2, NE3, NE6, NE7, NE10, and NE11, oleic acid was used; for 
NE4, NE5, NE8, NE9, NE12, and NE13, limonene was used. NE = 
nanoemulsion.  
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5.3.3. Nanoemulsion viscosity 

For any aerosol formulation, viscosity is another important parameter that must 

be measured, as it is a reflex for the flow resistance of any fluid (McCallion 

and Patel 1996). The drug concentration and nanoemulsion components 

influence a preparation’s viscosity, which in turn influences the formulation’s 

aerodynamic behaviour (Weber et al. 1997). The formulations’ viscosity was 

measured, and the results indicated that increasing the drug concentration and 

the oil phase percentage increased the viscosity. The formulations prepared 

using limonene have a lower viscosity (p < 0.01) than those prepared using 

oleic acid, as depicted in Table 5.6. 
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Table 0.6: Nanoemulsion formulations’ viscosity results (n = 3, SD). 

NE formulation NE concentration (µg/mL) Viscosity (mPas)/25°C ± 

SD 

NE1 200 µg/mL of chrysin + 50 µg/mL of 

budesonide 

1.49 ± 0.005 

NE2 100 µg/mL of chrysin + 25 µg/mL of 

budesonide 

1.28 ± 0.015 

NE3 100 µg/mL of chrysin + 25 µg/mL of 

budesonide 

1.38 ± 0.02 

NE4 200 µg/mL of chrysin + 50 µg/mL of 

budesonide 

1.43 ± 0.012 

NE5 100 µg/mL of chrysin + 25 µg/mL of 

budesonide 

1.20 ± 0.02 

NE6 200 µg/mL of chrysin 1.46 ± 0.013 

NE7 100 µg/mL of chrysin 1.23 ± 0.01 

NE8 200 µg/mL of chrysin 1.39 ± 0.011 

NE9 100 µg/mL of chrysin 1.05 ± 0.005 

NE10 50 µg/mL of budesonide 1.28 ± 0.01 

NE11 25 µg/mL of budesonide 0.9 ± 0.012 

NE12 50 µg/mL of budesonide 0.99 ± 0.014 

NE13 25 µg/mL of budesonide 0.89 ± 0.014 

For NE1, NE2, NE3, NE6, NE7, NE10, and NE11, oleic acid was used; for 
NE4, NE5, NE8, NE9, NE12, and NE13, limonene was used. NE = 
nanoemulsion.  
 

5.3.4. Nanoemulsion particle size 

The formulations’ particle size results are presented in Table 5.7. The data 

demonstrate that the formulations for which limonene was used had a smaller 

particle size than those for which oleic acid was used. This outcome occurred 

in formulations that included both drugs as well as in those that included only 

one of them. The particle size of NE1, NE2, NE3, NE6, NE7, NE10, and NE11 
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was approximately 15 nm, while that of NE4, NE5, NE8, NE9, NE12, and NE13 

was approximately 12 nm. This result could be due to the variance in the 

viscosity of the two oils, as that of oleic acid is higher than that of limonene, 

which increases the resistance of the particles to deformation. Indeed, 

viscosity strongly affects an emulsion’s particle size, and increasing oil’s 

viscosity can increase the emulsion’s droplet size (Khatibi 2013). 

Furthermore, Table 5.7 reveals a minimal polydispersity index (PDI) value 

(0.1) for all formulations, indicating that their particle size was monodispersed. 
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Table 0.7: Nanoemulsion formulations’ particle size and polydisperse index 
(PDI) results (n = 3, SD). 

NE 

formulation 

NE concentration (µg/mL) Particle size (nm) ± 

SD 

PDI 

NE1 200 µg/mL of chrysin + 50 

µg/mL of budesonide 

16 ± 2 0.1 

NE2 100 µg/mL of chrysin + 25 

µg/mL of budesonide 

15 ± 2 .0.1 

NE3 100 µg/mL of chrysin + 25 

µg/mL of budesonide 

15 ± 2 0.1 

NE4 200 µg/mL of chrysin + 50 

µg/mL of budesonide 

13 ± 2 0.1 

NE5 100 µg/mL of chrysin + 25 

µg/mL of budesonide 

11 ± 1 0.1 

NE6 200 µg/mL of chrysin 15 ± 1 0.1 

NE7 100 µg/mL of chrysin 14 ± 2 0.1 

NE8 200 µg/mL of chrysin 13 ± 2 0.1 

NE9 100 µg/mL of chrysin 12 ± 1 0.1 

NE10 50 µg/mL of budesonide 14 ± 3 0.1 

NE11 25 µg/mL of budesonide 14 ± 3 0.1 

NE12 50 µg/mL of budesonide 11 ± 1 0.1 

NE13 25 µg/mL of budesonide 11 ± 2 0.1 

For NE1, NE2, NE3, NE6, NE7, NE10, and NE11, oleic acid was used; for 
NE4, NE5, NE8, NE9, NE12, and NE13, limonene was used. NE = 
nanoemulsion.  
 

5.3.5. Nanoemulsion pH 

Again, according to the USP (United States Pharmacopeial Convention 2004), 

the pH of any nebulised formulation should be adjusted between 3 and 8.5 as 

a lower or higher pH could cause bronchoconstriction and coughing, which in 

turn could expectorate the drug particles before their effects commence 
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(Weber et al. 1997). Table 5.8 provides the nanoemulsion formulations’ pH 

values, which confirm that every formulation had a suitable pH value according 

to the accepted range (3–8.5). 

Table 0.8: Nanoemulsion formulations’ pH results (n = 3, SD). 

NE formulation NE concentration (µg/mL) pH 

NE1 200 µg/mL of chrysin + 

50 µg/mL of budesonide 

6.53 ± 0.14 

NE2 100 µg/mL of chrysin + 

25 µg/mL of budesonide 

6.39 ± 0.17 

NE3 100 µg/mL of chrysin + 

25 µg/mL of budesonide 

6.46 ± 0.2 

NE4 200 µg/mL of chrysin + 

50 µg/mL of budesonide 

6.54 ± 0.09 

NE5 100 µg/mL of chrysin + 

25 µg/mL of budesonide 

6.38 ± 0.11 

NE6 200 µg/mL of chrysin 6.51 ± 0.09 

NE7 100 µg/mL of chrysin 6.37 ± 0.13 

NE8 200 µg/mL of chrysin 6.52 ± 0.12 

NE9 100 µg/mL of chrysin 6.35 ± 0.18 

NE10 50 µg/mL of budesonide 6.49 ± 0.18 

NE11 25 µg/mL of budesonide 6.34 ± 0.07 

NE12 50 µg/mL of budesonide 6.49 ± 0.11 

NE13 25 µg/mL of budesonide 6.34 ± 0.16 

For NE1, NE2, NE3, NE6, NE7, NE10, and NE11, oleic acid was used; for 
NE4, NE5, NE8, NE9, NE12, and NE13, limonene was used. NE = 
nanoemulsion. 
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5.3.6. Nanoemulsion physical stability 

Colloidal system physical instability involves various phenomena that can 

affect any ingredient of the nanoemulsion, such as flocculation, coalescence, 

and creaming or breaking. “Flocculation” means the aggregation of the 

dispersal phase, while “coalescence” means the fusing of aggregated droplets 

to produce larger droplets. Creaming or breaking means the separation 

between the two phases, where the dispersed system rises to the top of the 

continuous one. The formulation of any nanoemulsion should generally be 

clear with no turbidity (McClements 2012, Rahn-Chique et al. 2012). 

No formulations exhibited any separation throughout six months of storage at 

room temperature. Furthermore, all formulations (NE1–NE13) were clear with 

no turbidity during the storage period. 

5.3.7. Nanoemulsion aerodynamic characterisation using the NGI and 

aerosol output 

5.3.7.1. Aerosol output results 

A side-stream jet nebuliser was used to perform the aerosol output of the 

nanoemulsion formulations, which was determined for each drug in the 

combined and individual formulations. 

The aerosol output results, presented in Table 5.9, include the percentages of 

the drug that was inhaled, exhaled, and remained in the nebuliser chamber 

using different drugs (chrysin, budesonide, or both) and different 

concentrations (100 or 200 µg/mL of chrysin and 25 or 50 µg/mL of 

budesonide). In addition, Table 5.10 provides the nebulisation time for each 
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formulation with the inhalation and exhalation rates per minute of each drug 

for the combined and individual formulations. 
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Table 5.9: Chrysin and budesonide nebulised percentage of 5ml of the formulations 

NE Chrysin Budesonide 

Chamber % Inhaled % Exhaled % Chamber % Inhaled % Exhaled % 

NE1 20% 37% 43% 20% 40% 40% 

NE2 20% 34% 45% 21% 36% 43% 

NE3 26% 29% 45% 33% 35% 32% 

NE4 22% 42% 36% 23% 42% 35% 

NE5 21% 38% 41% 19% 38% 43% 

NE6 30% 33% 37% - - - 

NE7 32% 24% 44% - - - 

NE8 17% 38% 45% - - - 

NE9 27% 25% 48% - - - 

NE10 - - - 32% 38.5% 29.5% 

NE11 - - - 30.5% 27% 42.5% 

NE12 - - - 20% 41% 39% 

NE13 - - - 30% 30% 34% 

NE1, NE2, NE3, NE6, NE7, NE10, and NE11 contained oleic acid, while NE4, NE5, NE8, NE9, NE12, and NE13 contained limonene. NE1–NE5 

contained both drugs; NE6–NE9 contained only chrysin; and NE10–E13 contained only budesonide. NE = nanoemulsion. 

Table 0.9: Chrysin and budesonide nebulised percentage of 5 mL of the formulations (n = 3). 
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Table 5.10: Nebulisation time and Chrysin/budesonide inhalation and exhalation percentage per minute in the formulations 

NE Inhalation time (min) Chrysin Budesonide 

Inhalation rate Exhalation rate Inhalation rate Exhalation rate 

NE1 14.00 2.64 3.07 2.85 2.85 

NE2 14.00 2.42 3.21 2.57 3.07 

NE3 14.00 2.07 3.21 2.5 2.28 

NE4 14.50 2.89 2.48 2.89 2.41 

NE5 14.50 2.62 2.82 2.62 2.96 

NE6 14.00 2.36 2.64 - - 

NE7 14.00 1.71 3.14 - - 

NE8 14.50 2.62 3.1 - - 

NE9 14.50 1.72 3.31 - - 

NE10 14.00 - - 2.75 2.1 

NE11 14.00 - - 1.92 2.57 

NE12 14.50 - - 2.82 2.69 

NE13 14.50 - - 2.06 2.34 

NE1, NE2, NE3, NE6, NE7, NE10, and NE11 contained oleic acid, while NE4, NE5, NE8, NE9, NE12, and NE13 contained limonene. NE1–NE5 

contained both drugs; NE6–NE9 contained only chrysin; and NE10–E13 contained only budesonide. NE = nanoemulsion. 

 

Table 0.10: Nebulisation time and chrysin and budesonide inhalation and exhalation rates per minute of the formulations (n = 3). 
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Table 5.9 illustrates a difference in the drug percentages entrained in the 

exhalation and inhalation filters between the combined and individual 

formulations (p < 0.002). The chrysin percentage entrained in the inhalation 

filter ranged from 34% to 42% for the combined formulations and from 24% to 

38% for the individual ones. Conversely, the same budesonide percentage 

ranged from 36% to 42% for the combined formulations and from 27% to 41% 

for the individual ones. The results confirmed that the drug amount entrained 

in the inhalation filter in the combined formulations was approximately 3% 

higher than that in the individual formulations when a higher concentration was 

used, and approximately 8% higher when a lower drug concentration was used 

(p < 0.002). This result could be due to the increased number of drug particles, 

as the concentration of the combined formulations was higher than that of the 

individual ones; thus, the droplets produced by the nebuliser transported more 

drug particles (Al Ayoub et al. 2019). 

Furthermore, Table 5.9 indicates a difference in the drug percentages 

entrained in the inhalation filter between the limonene and oleic acid 

formulations (p < 0.0003). The amount was higher for the limonene 

formulations, since the chrysin percentage entrained in the inhalation filter 

ranged from 25% to 42% for the limonene formulations and from 24% to 37% 

for the oleic acid ones. By contrast, the same budesonide percentage ranged 

from 30% to 42% for the limonene formulations and from 27% to 40% for the 

oleic acid ones. This result could be related to the variance in the viscosities 

of the two oils, as limonene has a lower viscosity than oleic acid (p < 0.01), 

which could affect nanoemulsion formulations’ aerodynamic behaviour (Weber 

et al. 1997). 
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In addition, Table 5.10 reveals an improvement in the inhalation rate of the 

combined formulations (NE1–NE5) compared with the individual ones (NE6–

NE13; p < 0.002). This is demonstrated by the rate of inhalation being faster 

in the combined formulations, which could be related to variances in 

concentration; thus, there would be more drug particles for the nebuliser 

droplets to transport. Moreover, an improvement in the inhalation rate of the 

limonene formulations compared with the oleic acid ones was observed (p < 

0.004), which was related to the limonene formulations’ lower viscosity (p < 

0.01). 

5.3.7.2. Aerodynamic characterisation results 

The NGI was used to study the aerodynamic behaviour of the chrysin and 

budesonide nanoemulsions, as mentioned in Section 5.2.7. 

The means of the FPF, MMAD, and GSD were calculated using the Copley 

data analysis software for each formulation to assess the aerodynamic 

characteristic of each drug (chrysin and budesonide). The aerodynamic 

behaviour of all formulations is presented in Table 5.11. 
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Table 5.11: The aerodynamic behaviour results of the combination nanoemulsion formulations 

NE Chrysin Budesonide 

FPD (µg) FPF MMAD (µm) GSD FPD (µg) FPF MMAD (µm) GSD 

NE1 324 ± 27 50.4 ± 2 4.7 ± 0.2 2.6 106 ± 7 53.3 ± 1 3.9 ± 0.1 3.3 

NE2 162 ± 8 42.92 ± 0.6 6 ± 0.1 3 75 ± 5 48 ± 4 5 ± 1 3.3 

NE3 98 ± 2 37.7 ± 5 4.56 ± 1 3.2 65 ± 17 42.41 ± 0.8 5 ± 0.4 3.8 

NE4 427 ± 19 53.29 ± 4 3.8 ± 0.2 2.6 105 ± 11 53.9 ± 1.7 3.7 ± 0.2 3.4 

NE5 205 ± 32 47.288 ± 2 5.1 ± 0.3 3.5 75 ± 2 51.57 ± 2 4 ± 0.5 4.1 

NE6 266 ± 19 48.47 ± 3 5.1 ± 0.5 2.3 - - - - 

NE7 151 ± 7 41.064 ± 2 6.13 ± 0.4 2.6 - - - - 

NE8 404 ± 19 52.7 ± 0.3 4.4 ± 0.05 3 - - - - 

NE9 154 ± 12 45 ± 2.2 5.46 ± 0.3 2.56 - - - - 

NE10 - - - - 97 ± 3.5 52.23 ± 0.08 4.2 ± 0.09 3.3 

NE11 - - - - 69 ± 6.5 46.08 ± 1.1 4.7 ± 0.08 4.3 

NE12 - - - - 97 ± 3.75 52.93 ± 0.6 3.7 ± 0.1 3.5 

NE13 - - - - 71 ± 0.8 49.29 ± 2 4.6 ± 0.46 3.6 

NE1, NE2, NE3, NE6, NE7, NE10, and NE11 contained oleic acid, while NE4, NE5, NE8, NE9, NE12, and NE13 contained limonene. NE1–
NE5 contained both drugs; NE6–NE9 contained only chrysin; and NE10–E13 contained only budesonide. NE = nanoemulsion, FPF = fine 
particle fraction, MMAD = mass median aerodynamic diameter, GSD = geometric standard deviation, and FPD = fine particle dose. 

 

 

Table 0.11: Nanoemulsion formulations’ aerodynamic behaviour results (n = 3, SD). 
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The mass percentage distributions of chrysin and budesonide in the combined 

(NE1 and NE4) and individual formulations (NE6 and NE8 for chrysin and 

NE10 and NE12 for budesonide) are presented in Figures 5.2 and 5.3. The 

figures compare the drug distribution between the combined and individual 

nanoemulsion formulations that used a different oil (oleic acid or limonene). 

The drug concentration’s effects on the FPF and MMAD are clarified in Figures 

5.4–5.7. 

 
 

Figure 0.2: Mass distribution percentage of the NE1 combined formulation, 
NE6 chrysin formulation, and NE10 budesonide formulation; all formulations 
contained oleic acid (n = 3, SD). 
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Figure 0.3: Mass distribution percentage of the NE4 combined formulation, 
NE8 chrysin formulation, and NE12 budesonide formulation; all formulations 
contained limonene (n = 3, SD). 
 

No variation in the chrysin distribution percentage was found when 

nanoemulsions were formulated individually or together. However, a variation 

was observed for chrysin when different oils were used, as was the case for 

budesonide (p < 0.0001). The highest drug amount was found in Stage 3 for 

oleic acid and in Stage 4 for limonene for both chrysin and budesonide (p < 

0.0001). All nanoemulsion formulations demonstrated an ability to reach deep 

into the lungs, as the drugs reached Stage 7 and MOC in the NGI, representing 

the alveoli (the targeted area). 

The FPF and MMAD values in Table 5.11 illustrate an improvement in the 

chrysin and budesonide distribution profiles for the combined formulations 

compared with the individual ones (p < 0.0001). The FPF results of the chrysin 

and budesonide were slightly higher for the combined formulations (NE1, NE2, 

NE4, and NE5) compared with the individual ones (NE6 to NE13), with lower 

MMAD values overall for the combined formulations. The FPF ranged from 

41% to 50.4% for chrysin when oleic acid was used in the formulation and from 
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46% to 53.3% for budesonide under the same condition. By contrast, for the 

formulations prepared using limonene, the FPF ranged from 47.28% to 

53.29% for chrysin and from 49.29% to 53.9% for budesonide. Furthermore, 

the MMAD values ranged from 4.7 to 6 nm for chrysin and from 3.9 to 5 nm 

for budesonide in the oleic acid formulations, and from 3.8 to 5.1 nm for chrysin 

and from 3.7 to 4.6 nm for budesonide in the limonene formulations. 

 

 
 
Figure 0.4: Effect of chrysin concentration on FPF in combined and chrysin-
only formulations. NE1, NE2, NE6, and NE7 contained oleic acid, while NE4, 
NE5, NE8, and NE9 contained limonene. NE1, NE2, NE4, and NE5 were 
combined formulations, and NE6, NE7, NE8, and NE9 were chrysin-only 
formulations. FPF = fine particle fraction and NE = nanoemulsion (n = 3, SD). 
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Figure 0.5: Effect of budesonide concentration on FPF in combined and 
budesonide-only formulations. NE1, NE2, NE10, and NE11 contained oleic 
acid, while NE4, NE5, NE12, and NE13 contained limonene. NE1, NE2, NE4, 
and NE5 were combined formulations, and NE10, NE11, NE12, and NE13 
were budesonide-only formulations. FPF = fine particle fraction and NE = 
nanoemulsion (n = 3, SD). 
 

 
Figure 0.6: Effect of chrysin concentration on MMAD in combined and chrysin-
only formulations. NE1, NE2, NE6, and NE7 contained oleic acid, while NE4, 
NE5, NE8, and NE9 contained limonene. NE1, NE2, NE4, and NE5 were 
combined formulations, and NE6, NE7, NE8, and NE9 were chrysin-only 
formulations. MMAD = mass median aerodynamic diameter and NE = 
nanoemulsion (n = 3, SD). 
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Figure 0.7: Effect of budesonide concentration on MMAD in combined and 
budesonide-only formulations. NE1, NE2, NE10, and NE11 contained oleic 
acid, while NE4, NE5, NE12, and NE13 contained limonene. NE1, NE2, NE4, 
and NE5 were combined formulations, and NE10, NE11, NE12, and NE13 
were budesonide-only formulations. MMAD = mass median aerodynamic 
diameter and NE = nanoemulsion (n = 3, SD). 
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5.7, since increasing the drug concentration improved the MMAD values. This 
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comparable particle sizes. However, increasing the concentration increased 

the number of drug particles, and the droplets produced by the nebuliser could 

transport more drug particles (Al Ayoub et al., 2019). At higher drug 

concentrations (NE1, NE4, NE6, and NE8), a slight improvement in FPF 

values occurred compared with NE2, NE5, NE7, and NE9, with lower MMAD 

values. 

 
 
Figure 0.8: Comparison between the FPF results of the nanoemulsion 
formulations using different oils at the same concentration (NE1 contained 
oleic acid, and NE4 contained limonene). FPF = fine particle fraction (n = 3, 
SD). 
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Figure 0.9: Comparison between the FPF results of the nanoemulsion 
formulations using different oils at the same concentration (NE2 contained 
oleic acid, and NE5 contained limonene). FPF = fine particle fraction (n = 3, 
SD). 
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contained 0.1% oleic acid, 1.8% Tween 80, and 1% ethanol, while NE3 

contained 0.2% oleic acid, 3.6% Tween 80, and 2% ethanol. The formulation 

component can influence the formulation’s viscosity, in turn influencing the 

drug distribution profile. The NE2 formulation’s FPF was thus higher and 

MMAD lower than that of the NE3 formulation, as NE2’s viscosity (1.28 mPas) 

was lower than that of NE3 (1.38 mPas), as mentioned in Section 5.3.3; this 

outcome means that decreasing the formulation’s viscosity can improve its 

aerodynamic behaviour, as demonstrated in Figures 5.10 and 5.11. These 

results support McCallion et al.’s 1995 study, which verified a relationship 

between the nebuliser’s droplet size and its viscosity as well as that fluids with 

a higher viscosity have a lower output. 

 

Figure 0.10: Effect of oil phase percentage on FPF in the chrysin–budesonide 
formulations at the same drug concentration (100 µg/mL of chrysin and 25 
µg/mL of budesonide). NE2 contained 0.1% and NE3 contained 0.2% oleic 
acid (n = 3, SD). 
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Figure 0.11: Effect of formulation viscosity on FPF in the chrysin–budesonide 
formulations at the same drug concentration (100 µg/mL of chrysin and 25 
µg/mL of budesonide). NE2 contained 0.1% and NE3 contained 0.2% oleic 
acid (n = 3, SD). 
 

 

Figure 0.12: Effect of drug concentration on FPF in the chrysin–budesonide 
formulations using the same oil phase percentage (0.2% oleic acid). NE1 
contained 200 µg/mL of chrysin and 50 µg/mL of budesonide, while NE3 
contained 100 µg/mL of chrysin and 25 µg/mL of budesonide (n = 3, SD). 
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(p < 0.0001). Both formulations had the same oil–water ratio, but NE1 had 

higher drug concentrations (200 µg/mL of chrysin with 50 µg/mL of 

budesonide) than NE3 (100 µg/mL of chrysin with 25 µg/mL of budesonide); 

therefore, these data provide further evidence that formulations’ FPF values 

are related to their drug concentrations. 

5.3.8. Microsuspension preparation 

As mentioned in Section 5.2.11, 0.02% Tween 80 with a final microsuspension 

concentration of 200 µg/mL of chrysin was prepared using chrysin micronised 

using three different techniques. 

Three microsuspension formulations were prepared using the following three 

different chrysin samples: 

• MS1, which used the 3.5 µm of chrysin processed using BM, as 

described in Section 5.2.8. 

• MS2, which used the 3.5 µm of chrysin processed using 

sonocrystallisation, as described in Section 5.2.9. 

• MS3, which used the 3.5 µm of chrysin processed using spray drying, 

as described in Section 5.2.10. 

5.3.9. Microsuspension particle size 

The microsuspension formulations’ particle size results are presented in Table 

5.12: 
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Table 0.12: Microsuspension (MS) formulations’ particle size and 
polydispersity index (PDI) results (n = 3, SD). 

MS formulation MS concentration 

(µg/mL) 

Particle size (nm) 

± SD 

PDI 

MS1 200µg/mL 1918 ± 750 0.1 

MS2 200µg/mL 1841 ± 735 0.1 

MS3 200µg/mL 2154 ± 684 0.1 

MS1 was prepared using ball milling-processed chrysin, MS2 using 
sonocrystallisation-processed chrysin, and MS3 using spray drying-processed 
chrysin. 
 

The data indicate that the microsuspension formulations had a larger particle 

size than the nanoemulsion formulations (see Table 5.5). 

5.3.10. Microsuspension particles’ morphologies 

The morphologies of the pulverised chrysin particles and the chrysin 

microsuspension are depicted in the SEM images in Figures 5.13–5.15: 

 

Figure 0.13: Microsuspension 1 (MS1) particle morphology. MS1 was the 
microsuspension formulation sample prepared using ball milling-processed 
chrysin. 
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Figure 0.14: Microsuspension 2 (MS2) particle morphology. MS2 was the 
microsuspension formulation sample prepared using sonocrystallisation-
processed chrysin. 
 

 

Figure 0.15: Microsuspension 3 (MS3) particle morphology. MS3 was the 
microsuspension formulation sample prepared using spray drying-processed 
chrysin. 
 

Figures 5.13–5.15 confirm that the microsuspension particles had the same 

shape as the processed chrysin particles; please refer to Figures 4.3, 4.15, 

and 4.23 for the processed chrysin particles’ shape using BM, 

sonocrystallisation, and spray drying, respectively. Moreover, the BM-

processed chrysin particles had a flattened shape, similar to the 

sonocrystallisation-processed chrysin particles. However, the latter were more 
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agglomerated in a dendritic shape, while the spray drying-processed chrysin 

samples (chrysin and microsuspension particles) had a needle shape. 

The NGI was used to study the microsuspension formulations’ aerodynamic 

behaviour. The FPF, MMAD, and GSD were calculated using the Copley data 

analysis software for each formulation to assess chrysin’s aerodynamic 

characteristics. The aerodynamic behaviour of the microsuspension 

formulations (MS1, MS2, and MS3) is presented in Table 5.13. 

 

Figure 0.16: Mass distribution of the three microsuspension formulations MS1, 
MS2, and MS3. MS1 = prepared using ball milling-processed chrysin, MS2 = 
prepared using sonocrystallisation-processed chrysin; and MS3 = prepared 
using spray drying-processed chrysin (n = 3, SD). 
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Table 0.13: Aerodynamic data of the chrysin microsuspension formulations at 
a concentration of 200 µg/mL (n = 3, SD). 

MS formulation FPD (µg) FPF MMAD (µm) GSD 

MS1 133 ± 29 45.9 ± 5.7 5.49 ± 0.6 2.1 

MS2 179 ± 16 46.5 ± 1.5 5.6 ± 0.3 2.6 

MS3 118 ± 11.5 39.9 ± 3.7 6 ± 0.4 2.36 

MS1 = prepared using ball milling-processed chrysin, MS2 = prepared using 
sonocrystallisation-processed chrysin, and MS3 = prepared using spray 
drying-processed chrysin. MS = microsuspension, FPF = fine particle fraction, 
MMAD = mass median aerodynamic diameter, GSD = geometric standard 
deviation, and FPD = fine particle dose. 
 

As Table 5.13 indicates, the MS1 and MS2 formulations had similar FPF and 

MMAD results. This outcome could be related to particle size, with the samples 

having almost identical microsuspension particle sizes (1.9 µm for MS1 and 

1.8 µm for MS2). In addition, both formulations’ particles displayed a similar 

morphology (i.e., a flattened shape, with more dendritic agglomeration for 

MS2). By contrast, MS3’s performance was worse than that of MS1 and MS2 

(p < 0.0001), which could be related to the difference in particle size; MS3’s 

particles were larger (2.1 µm) than those of MS1 and MS2, resulting in less of 

the drug being loaded in the droplets (Al Ayoub et al. 2019). Again, regarding 

DPI formulations, previous studies have investigated particle morphology’s 

influence on drugs’ aerodynamic behaviour; surface morphology can influence 

the contact area, and variations in the contact area result in different 

aerosolisation performances (Zeng et al. 2000; Young et al. 2002). In one 

study, DPI inhalation performance was improved through modifying the 

surface morphology (Chan et al. 2003). Thus, the differences in the 
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aerodynamic behaviour of the microsuspension formulations could be related 

to the differences in particle shape, as MS3’s particles were needle-shaped. 

According to a study that assessed the effects of particle shape on DPI 

performance, needle-shaped particles had a lower FPF than plate-shaped 

particles in the same particle size range (Hassan and Lau 2009). MS1 and 

MS2 had similar shapes and smaller particle sizes compared with MS3, with 

different particle shapes and larger particle sizes; therefore, further 

investigations are required, in which the drug’s particle size is fixed and particle 

shape is changed, to obtain an enhanced understanding of the correlation 

between drug particle shape and microsuspension aerodynamic behaviour. 

5.3.11. Comparison between the chrysin nanoemulsion and 

microsuspension formulations 

NE1, NE4, NE6, and NE10 were the nanoemulsion formulations, while MS1, 

MS2, and MS3 were the microsuspension formulations. Figure 5.17 compares 

their FPF results, while Figure 5.18 compares their MMAD results at the same 

concentration (200 µg/mL of chrysin). Figures 5.17 and 5.18 reveal an 

improvement in the nanoemulsion formulations’ aerodynamic behaviour 

compared with the microsuspension formulations (p < 0.00001 for MS1, p < 

0.00001 for MS2, and p < 0.00001 for MS3), which supports two previous 

studies on nanoemulsion formulations. Amani et al. (2010) conducted the first 

on budesonide nanoemulsions, and Al Ayoub et al. (2019) conducted the 

second on curcuminoid nanoemulsions. This results from the difference in 

particle size between nanoemulsions and microsuspensions. That is, the 

suspended drug particles in the microsuspension formulations were larger 

than those of the oil droplets that contained the drug in the nanoemulsion 
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formulations. According to Al Ayoub et al. (2019), the drug occupies the droplet 

in suspension form according to its particle size; in other words, large droplets 

transport large drug particles (e.g., particles between 1.6 and 2 µm), resulting 

in small droplets transporting no drugs, as drug particles are larger than small 

droplets. The microsuspension formulations thus exhibited lower drug 

distribution (i.e., a lower FPF and higher MMAD). In addition, the 

nanoemulsions’ particle size was small (12–16 nm), as mentioned in Section 

5.3.4; therefore, small and large nebulised droplets transported the drug 

particles; as a result, the formulations exhibited higher drug distribution (i.e., a 

higher FPF and lower MMAD), thus achieving deeper particle deposition. 

 

Figure 0.17: Comparison of chrysin fine particle fraction (FPF) between 
nanoemulsion (NE) and microsuspension (MS) formulations at a drug 
concentration of 200 µg/mL (n = 3, SD). 
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Figure 0.18: Comparison of chrysin mass median aerodynamic diameter 
(MMAD) between nanoemulsion (NE) and microsuspension (MS) formulations 
at a drug concentration of 200 µg/mL (n = 3, SD). 
 

5.3.12. Genotoxicity study results using the comet assay 
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studies have assessed the genotoxicity of chrysin or chrysin–budesonide 

nanoemulsion formulations. 

Data for the formulations using oleic acid or limonene are presented in Figures 

5.19 and 5.20, respectively: 

 

Figure 0.19: Chrysin/budesonide nanoemulsion (NE) formulations’ effect on 
DNA compared with a negative control. The NE1 combined formulation, NE6 
chrysin formulation, and NE10 budesonide formulation were prepared using 
oleic acid (n = 3, SD). 
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Figure 0.20: Chrysin/budesonide nanoemulsion (NE) formulations’ effect on 
DNA compared with a negative control. The NE4 combined formulation, NE8 
chrysin formulation, and NE12 budesonide formulation were prepared using 
limonene (n = 3, SD). 
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Figure 0.21: Chrysin/budesonide nanoemulsion (NE) formulations’ effect on 
DNA compared with a negative control. NE1 and NE4 = combined 
formulations, NE10 and NE12 = budesonide formulations, NE1 and NE10 = 
oleic acid formulations, and NE4 and NE12 = limonene formulations (n = 3, 
SD). 
 

These data may establish the prepared chrysin nanoemulsion formulations’ 

safety, as the method confirmed no DNA damage when the cells were treated 
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budesonide. Furthermore, the comparison of the toxicity of the chrysin and the 
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could protect lymphocyte cells, which could be related to chrysin’s antioxidant 

activity. These findings support those of two previous studies; the first 
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methylmercury (Manzolli et al., 2015), whereas the second illustrated that 

chrysin decreased the level of DNA damage caused by carboplatin (Jan et al., 

2021). 
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5.4. Conclusion 

The 13 nanoemulsion formulations were stable at room temperature during 

the experimental stages. The results demonstrated that the outputs were 

related to the FPF and MMAD. They also revealed that the drug amount left in 

the nebuliser chamber was higher and the inhaled drug amount lower when 

each drug was used alone in the formulation for chrysin and budesonide. In 

other words, mixing chrysin and budesonide in the formulations improved the 

aerosol output as well as the aerodynamic behaviour results. 

Three microsuspension formulations were prepared and their particle sizes 

were measured. The results revealed that the spray-dried formulations had a 

larger particle size with a different particle morphology (spherical with 

needles), compared with the BM and sonocrystallised formulations, which had 

the same flattened particle shape. The aerodynamic behaviour of MS3 was 

worse than that of MS1 and MS2, as the latter produced the same FPF and 

MMAD results. 

The data confirm an improvement in chrysin’s aerodynamic behaviour in the 

nanoemulsion formulations compared with the microsuspension formulations. 

Furthermore, the results of the genotoxicity study verified the safety of the 

chrysin nanoemulsion formulations using any oil (oleic acid or limonene) with 

or without budesonide. 

With all of these promising results as well as several previous studies 

confirming the anti-inflammatory activity of chrysin, the anti-inflammatory 

activities of chrysin and budesonide are assessed against one of the most 
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common nonsteroidal anti-inflammatory drugs (NSAIDs) – namely ibuprofen – 

in the next chapter. 
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Chapter Six: Evaluation of chrysin and budesonide’s 

anti-inflammatory activity against ibuprofen for 

asthma and COPD using a heat-induced bovine serum 

albumin denaturation assay. 

6.1. Introduction 

According to Dharmadeva et al. (2018), “inflammation is a defense mechanism 

that enables the body to protect itself against infection, burn, toxic chemical 

allergens, or any other harmful stimuli. Inflammation is a substantial reaction 

to damage, disease or destruction portrayed by heat, redness, pain, swelling 

and disturbed physiological functions”. 

The term “anti-inflammatory” indicates the use of a chemical element and 

therapy to reduce inflammation (Yesmin et al. 2020). Protein denaturation 

refers to protein’s secondary and tertiary structures being disoriented, which 

means that the protein has lost its biological activity. Denaturation occurs 

through an external factor, such as a strong acid or base, an organic solvent 

or heat, leading to the inflammation process. Hence, inhibiting protein 

denaturation inhibits the inflammation process. NSAIDs are the most used 

anti-inflammatory medication for inflammation and pain reduction. NSAIDs can 

prevent protein denaturation, which reduces inflammation (Sangeetha and 

Vidhya 2016). 

Asthma is usually a chronic reversible inflammatory condition caused by the 

inappropriate constriction of bronchial smooth muscle. By contrast, COPD is 

an irreversible, progressive, degenerative inflammatory disease that leads to 

fibrosis and eventual distortion of the airways. Long-term treatment of asthma 
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and COPD includes inhaled corticosteroids (ICs), such as budesonide. As the 

most effective asthma controllers, ICs suppress the inflammation process and 

reduce AHR by deactivating multiple activated inflammatory genes. ICs are 

more effective at reducing inflammation in asthmatic airways given their 

ineffectiveness at suppressing pulmonary inflammation in COPD (Barnes 

2010). However, the long-term use of ICs causes severe side effects, including 

adrenal insufficiency, vision problems (glaucoma or cataracts), infections, 

metabolic disorders, osteoporosis, ulcers, obesity, and severe hypertension 

(Yasir et al. 2021). 

Similar to many other flavonoids, chrysin has been considered an anti-

inflammatory agent (Brown et al., 2007). Several studies have confirmed its 

anti-inflammatory activity. Some have also confirmed that chrysin reduces 

inflammation by activating microphages to inhibit the production of 

inflammatory cytokines (Morissette et al., 2018; Shukla et al., 2019). One study 

indicated that chrysin could inhibit the eosinophilic inflammatory reaction in an 

asthmatic patient in a dose-dependent manner as well as inhibit the release of 

histamine from mast cells (Tekin and Marotta 2018). Other studies aimed at 

determining chrysin’s effects on airway-related diseases have revealed that 

chrysin suppressed OVA-induced AHR and reduced inflammatory cell counts 

(Villar et al., 2002; Li et al., 2014; Ahad et al., 2014). In addition, chrysin has 

been found to interfere with the inflammation process and mucus production, 

to change the allergen’s response to T-helper cells (Sathiavelu et al., 2009; 

Du et al., 2012; Rashid et al., 2013; Yao et al., 2016), and to reduce the NO 

concentration and lipid peroxidation, thus reducing the total lung injury score 

(Wadibhasma et al. 2011). 
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However, no prior studies have assessed the effectiveness of a combination 

of chrysin and budesonide for asthma and COPD treatment. Therefore, this 

research evaluated the anti-inflammatory effects of a combination therapy of 

chrysin and budesonide individually and together using the in vitro inhibitory 

effect of these drugs on a heat-induced BSA denaturation assay. The results 

were then compared with those obtained through using one of the most 

common NSAIDs, namely ibuprofen, to investigate whether the combination 

of chrysin and budesonide allows the dose of budesonide to be reduced. Such 

a reduction would significantly minimise its side effects while maintaining its 

activity and function. 

6.2. Methods 

6.2.1. Anti-inflammatory activity study 

The effects of chrysin and budesonide on a heat-induced BSA denaturation 

assay were determined using the method of Bailey-Shaw et al. (2017). A BSA 

solution (0.2% w/v) was prepared in Tris-buffered saline, and the pH was 

adjusted to 6.8. The reaction mixture included different concentrations of 

chrysin and budesonide (5, 7.5, 10, 12.5, 15, 17.5, 20, and 25 µg/mL of chrysin 

and 1.25, 2.5, 3.75, 5, 6.25, 7.5, 10, and 20 µg/mL of budesonide), alone and 

together, prepared in ethanol. Ibuprofen was used as a reference drug at 

concentrations between 1.25 and 45 µg/mL. First, 50 µL of each sample was 

mixed with 5 mL of 0.2% BSA in Tris-buffered saline (pH = 6.4) in Eppendorf 

tubes. The control was 5 mL of 0.2% w/v BSA solution in 50 μL of ethanol. The 

test tubes’ reaction mixture was heated to 72°C for 10 min and then cooled at 

room temperature for 30 min before the absorbance was measured using a 
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UV-Vis spectrophotometer at 660 nm. The following equation was used to 

calculate the inhibition percentage of BSA denaturation: 

% Inhibition of denaturation 

=
Absorbance of the control − Absorbance of the sample 

Absorbance of the control
 ×  100 

The experiment was conducted three times, and the mean inhibition 

percentage was calculated for each sample. 

6.3. Results and discussion 

6.3.1. Anti-inflammatory study results 

This study assessed the effectiveness of a combination of chrysin and 

budesonide for asthma and COPD treatment. It therefore investigated whether 

a combination therapy would enable the budesonide dose to be reduced, 

which would significantly minimise the drug’s side effects and maintain the 

activity and function of corticosteroids. 

6.3.1.1. Anti-inflammatory effects of samples containing chrysin or 

budesonide 

The effects of chrysin and budesonide on the heat-induced BSA denaturation 

assay were analysed individually using different concentrations of chrysin and 

budesonide. Chrysin was used at the concentrations of 5, 7.5, 10, 12.5, 15, 

17.5, 20, and 25 µg/mL; budesonide was used at concentrations of 1.25, 2.5, 

3.75, 5, 6.25, 7.5, 10, and 20 µg/mL; and ibuprofen was used as a reference 

at concentrations of 1.25–45 µg/mL. 
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The initial chrysin concentrations were 100, 150, 200, 250, 300, 350, 400, and 

500 µg/mL, while the budesonide concentrations were 25, 50, 75, 100, 125, 

150, 200, and 400 µg/mL. Ibuprofen was also used as a reference at 

concentrations of 25–900 µg/mL. These concentrations were chosen as they 

were similar to those used for the nanoemulsion formulations described in 

Section 5.3.1. However, the absorbance of these samples was too high (>1); 

all samples were thus diluted at a ratio of 1:20 v/v%. 

The experiments were conducted three times. Tables 6.1 and 6.2 present the 

mean inhibition percentages of BSA denaturation using chrysin and 

budesonide against ibuprofen at the same concentrations. 

 

Table 0.1: Individual chrysin samples’ anti-inflammatory effects on ibuprofen 
at the same concentrations (n = 3, SD). 

Chrysin 

concentration 

(µg/mL) 

Chrysin anti-

inflammatory 

activity % 

Ibuprofen 

concentration 

(µg/mL) 

Ibuprofen anti-

inflammatory 

activity % 

5 26.51 ± 4.9 5 26.15 ± 3.2 

7.5 30.44 ± 5.7 7.5 28.78 ± 3.6 

10 35.25 ± 3.9 10 29.92 ± 3.3 

12.5 37.71 ± 4 12.5 32.63 ± 3.6 

15 40.77 ± 5.5 15 34.03 ± 3.9 

17.5 41.91 ± 4.7 17.5 36.65 ± 4.1 

20 44.79 ± 5.3 20 38.76 ± 5.6 

25 48.11 ± 7 25 41.29 ± 6 

Two series of samples were prepared using chrysin for the first series and 
ibuprofen for the second; both series had the same drug concentrations (5–25 
µg/mL). 
 

Table 0.2: Individual budesonide samples’ anti-inflammatory effects on 
ibuprofen at the same concentrations (n = 3, SD). 
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Budesonide 

concentration 

(µg/mL) 

Budesonide anti-

inflammatory 

activity % 

Ibuprofen 

concentration (µg/mL) 

Ibuprofen anti-

inflammatory activity 

% 

1.25 20.99 ± 4 1.25 21.95 ± 3.3 

2.5 27.38 ± 6.9 2.5 24.24 ± 3 

3.75 28.95 ± 6.5 3.75 25.54 ± 3 

5 31.67 ± 6.5 5 26.15 ± 3.2 

6.25 33.24 ± 7 6.25 27.91 ± 3.8 

7.5 34.03 ± 6.8 7.5 28.78 ± 3.6 

10 36.83 ± 7.4 10 29.92 ± 3.2 

20 42.34 ± 6.5 20 38.75 ± 5.6 

Two series of samples were prepared using budesonide for the first series and 
ibuprofen for the second; both series had the same drug concentrations (1.25–
20 µg/mL). 
 

Figure 6.1 confirms that chrysin, budesonide, and ibuprofen inhibited heat-

induced BSA denaturation, and that the inhibition percentage was 

concentration-dependent. A marked denaturation response was observed in 

chrysin, which inhibited the denaturation of proteins by 26–48%, and the 

inhibition percentage was concentration-dependent (R2 = 0.963, p < 0.0001, 

IC50 value = 25.14 µg/mL). Similar results were obtained for budesonide and 

ibuprofen; the inhibition percentage was 20–42% and concentration-

dependent (R2 = 0.836, p < 0.0001, IC50 value = 25.32 µg/mL) for budesonide 

compared with 21–41% and concentration-dependent for ibuprofen (R2 = 

0.985, p < 0.0001 IC50 value = 36.94 µg/mL). In other words, increasing the 

reaction mixture’s concentration increased the inhibition percentage of the 

three drug samples. IC50 is the half-maximal inhibitory concentration, which 

refers to the drug concentration required for 50% inhibition of the biological 

process (Swinney 2011); in this research, it was the drug concentration 
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required to inhibit protein denaturation by 50%. IC50 is used to measure a 

drug’s effectiveness; a lower IC50 value means that a lower drug 

concentration is required to achieve the desired effect (Swinney 2011). 

Previous data indicate that chrysin, with a lower IC50 than ibuprofen, has 

potential as an anti-inflammatory agent. 

 

Figure 0.1: Concentration–response curve for the anti-inflammatory activities 
of chrysin, budesonide, and ibuprofen at the same concentrations. 
 

Ibuprofen’s effect was smaller than that of chrysin when the concentration was 

increased above 5 µg/mL, as depicted in Figure 6.2. The anti-inflammatory 

effects of chrysin and ibuprofen at 5 µg/mL concentrations were close (approx. 

26%). Nevertheless, when the concentrations were gradually increased to 25 

µg/mL, chrysin’s inhibitory effect increased by 7% to 48% (p < 0.01). 
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Figure 0.2: Comparison between the anti-inflammatory effects of chrysin and 
ibuprofen at the same concentrations (n = 3, SD). 
 

In addition, budesonide exhibited less activity than ibuprofen at 1.25 µg/mL. 

However, its effect increased when its concentration was increased to 20 

µg/mL, where its activity became greater than that of ibuprofen by 5% (p < 

0.01), as illustrated in Figure 6.3. 
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Figure 0.3: Comparison between the anti-inflammatory effects of budesonide 
and ibuprofen at the same concentrations (n = 3, SD). 
 

Figure 6.4 reveals that the anti-inflammatory activity of budesonide at low 

concentrations (5 µg/mL) was greater than that of chrysin and ibuprofen by 

5%, as their effects were almost identical. Nevertheless, chrysin’s activity 

increased significantly to become greater than budesonide and ibuprofen’s 

activities by 2% and 6%, respectively, when its concentration was increased 

to 20 µg/mL. By contrast, budesonide and ibuprofen’s activity increased only 

slightly, and budesonide’s effect was still superior to that of ibuprofen by 

approximately 4%. In other words, at all concentrations, chrysin and 

budesonide’s anti-inflammatory activities were greater than that of ibuprofen; 

moreover, increasing its concentration gradually increased chrysin’s activity 

beyond that of ibuprofen and budesonide (p < 0.003). 
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Figure 0.4: Comparison between the anti-inflammatory effects of chrysin, 
budesonide, and ibuprofen at the same concentrations (n = 3, SD). 
 

6.3.1.2. Chrysin and budesonide combination samples’ anti-

inflammatory effects 

The same procedure was conducted for samples containing a combination of 

chrysin and budesonide, which were compared with ibuprofen samples at the 

same concentrations. The same concentrations that were used in the 

individual samples for both drugs, as described in Section 6.3.1.1, were used 

to prepare the combination samples. Three different groups of samples were 

examined, each of which included eight samples. 

The inhibition percentage results of the three groups are presented in Tables 

6.3, 6.4, and 6.5 below, which represent the samples of Group 1, Group 2, and 

Group 3, respectively. For Group 1, both drugs’ concentrations were increased 

gradually. The concentrations were 5, 7.5, 10, 12.5, 15, 17.5, 20, and 25 µg/mL 

of chrysin and 1.25, 2.5, 3.75, 5, 6.25, 7.5, 10, and 20 µg/mL of budesonide, 

where 5 µg/mL of chrysin was mixed with 1.25 µg/mL of budesonide. For 
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Group 2, the chrysin concentration was fixed at 10 µg/mL, and the budesonide 

concentration was increased from 1.25 µg/mL to 20 µg/mL; for Group 3, the 

budesonide concentration was fixed at 2.5 µg/mL, and the chrysin 

concentration was increased from 5 µg/mL to 25 µg/mL.
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Table 0.3: Chrysin/budesonide combination samples’ (Group 1) anti-inflammatory effects versus those of ibuprofen at the 
same concentrations as the total sample concentrations. Chrysin and budesonide concentrations were increased gradually 
(n = 3, SD). 

Sample Drug concentration (µg/mL) Chrysin/Budesoni

de ratio % 

Total sample 

concentration 

(µg/mL) 

Combination 

 anti-inflammatory 

activity % 

Ibuprofen 

concentration 

(µg/mL) 

Ibuprofen 

anti-

inflammatory 

activity % Chrysin Budesonide  

A1 5 1.25 4/1% 6.25 27.82 ± 1.8 6.25 27.91 ± 3.8 

A2 7.5 2.5 3/1% 10 30.79 ± 1.8 10 29.92 ± 3.3 

A3 10 3.75 2.6/1% 13.75 33.51 ± 1.36 13.75 33.42 ± 3.8 

A4 12.5 5 2.5/1% 17.5 37.09 ± 1.5 17.5 36.65 ± 4.1 

A5 15 6.25 2.4/1% 21.25 40.76 ± 1.65 21.25 40.15 ± 6 

A6 17.5 7.5 2.3/1% 25 42.86 ± 1.44 25 41.29 ± 6 

A7 20 10 2/1% 30 47.41 ± 1.1 30 45.84 ± 6.5 

A8 25 20 1.25/1% 45 54.41 ± 2 45 52.93 ± 5.5 
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Table 0.4: Chrysin/budesonide combination samples’ (Group 2) anti-inflammatory effects versus those of ibuprofen at the 
same concentrations as the total sample concentrations. The chrysin concentration was fixed at 10 µg/mL, while the 
budesonide concentration was gradually increased from 1.25 µg/mL to 20 µg/mL (n = 3, SD). 

Sample Drug concentration 

(µg/mL) 

Chrysin/Budesonid

e ratio % 

Total sample 

concentration 

(µg/mL) 

Combination anti-

inflammatory 

activity % 

Ibuprofen 

concentration 

(µg/mL) 

Ibuprofen anti-

inflammatory 

activity % 

Chrysin Budesonide  

B1 10 1.25 8/1% 11.25 25.63 ± 1.56 11.25 31.84 ± 4 

B2 10 2.5 4/1% 12.5 31.23 ± 1.22 12.5 32.63 ± 3.6 

B3 10 3.75 2.6/1% 13.75 33.94 ± 1.44 13.75 33.42 ± 3.9 

B4 10 5 2/1% 15 36.13 ± 1.95 15 34.03 ± 3.9 

B5 10 6.25 1.6/1% 16.25 39.11 ± 1.7 16.25 35.17 ± 3.5 

B6 10 7.5 1.3/1% 17.5 41.99 ± 1.98 17.5 36.65 ± 4.1 

B7 10 10 1/1% 20 44.88 ± 1.43 20 38.75 ± 5.6 

B8 10 20 1/2% 30 49.86 ± 1.76 30 45.84 ± 6.5 
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Table 0.5: Chrysin/budesonide combination samples’ (Group 3) anti-inflammatory effects versus those of ibuprofen at the 
same concentrations as the total sample concentrations. The budesonide concentration was fixed at 2.5 µg/mL, while the 
chrysin concentration was gradually increased from 5 µg/mL to 25 µg/mL (n = 3, SD).  

Sample Drug concentration 

(µg/mL) 

Chrysin/Budesonide 

ratio % 

Total sample 

concentration 

(µg/mL) 

Combination anti-

inflammatory 

activity % 

Ibuprofen 

concentration 

(µg/mL) 

Ibuprofen anti-

inflammatory 

activity % Chrysin Budesonide 

C1 5 2.5 2/1% 7.5 24.23 ± 1.95 7.5 28.78 ± 3.6 

C2 7.5 2.5 3/1% 10 28.17 ± 2.7 10 29.92 ± 3.3 

C3 10 2.5 4/1% 12.5 34.91 ± 1.8 12.5 32.63 ± 3.6 

C4 12.5 2.5 5/1% 15 37.79 ± 1.64 15 34.03 ± 3.9 

C5 15 2.5 6/1% 17.5 40.33 ± 1.13 17.5 36.65 ± 4.1 

C6 17.5 2.5 7/1% 20 45.75 ± 1.4 20 38.75 ± 5.6 

C7 20 2.5 8/1% 22.5 49.34 ± 2.3 22.5 40.51 ± 6 

C8 25 2.5 10/1% 27.5 53.47 ± 2.8 27.5 43.13 ± 6.3 
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Figure 6.5 reveals that increasing the drug’s concentration led to an increase 

in the anti-inflammatory activity of all combination samples. When both drugs’ 

concentrations were increased concurrently, inhibition increased by 28% when 

the sample concentration increased from 6.25 µg/mL to 45 µg/mL; 

furthermore, the inhibition percentage was concentration-dependent (R2 = 

0.980, p < 0.0001, IC50 value = 36.14 µg/mL). The same results were 

observed for the samples in Groups 2 and 3; the anti-inflammatory activity 

increased by 25% when the concentration was increased from 11.25 µg/mL to 

30 µg/mL in Group 2 and from 7.5 µg/mL to 27.5 µg/mL in Group 3. These 

inhibition percentages were also concentration-dependent (R2 = 0.830, p < 

0.0044, IC50 value = 27.2 µg/mL for Group 2; R2 = 0.99, p < 0.0001, IC50 

value = 23.73 µg/mL for Group 3). 

 

Figure 0.5: Concentration–response curve for the anti-inflammatory activity of 
combination samples. Group 1 = samples A1–A8, as in Table 6.3; Group 2 = 
samples B1–B2, as in Table 6.4; and Group 3 = samples C1–C8, as in Table 
6.5. 
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Data concerning the first sample group in Table 6.3 demonstrate that 

increasing both drugs’ concentrations increased the anti-inflammatory activity 

of each sample compared with ibuprofen at the same concentration. At lower 

concentrations, ibuprofen had the same effect as the chrysin/budesonide 

combination but increasing the total sample concentration above 20 µg/mL 

improved the anti-inflammatory activity more than ibuprofen at the same 

concentrations by >3% (p < 0.005). Conversely, Tables 6.4 and 6.5 reveal that 

even increasing only one drug’s concentration (budesonide in Table 6.4 and 

chrysin in Table 6.5) significantly affected the anti-inflammatory activity. 

Furthermore, data regarding the second sample group in Table 6.4 indicate 

that increasing only the budesonide concentration improved each sample’s 

anti-inflammatory activity when the total sample concentration was increased 

above 15 µg/mL. Ibuprofen had less of an effect than the chrysin/budesonide 

combination by 2%, and increasing the budesonide concentration to 20 µg/mL 

(total sample concentration = 30 µg/mL) increased the anti-inflammatory 

activity more than ibuprofen at the same concentration by 5% (p < 0.004). The 

same trend was observed in the third group’s results (Table 6.5) when only the 

chrysin concentration was increased and the same concentration of 

budesonide (2.5 µg/mL) was used. Ibuprofen at a concentration of 17.5 µg/mL 

had less of an effect than the chrysin/budesonide combination (total sample 

concentration = 17.5 µg/mL) by 4%, but increasing the chrysin concentration 

to 25 µg/mL (total sample concentration = 27.5 µg/mL) increased the anti-

inflammatory activity more than ibuprofen at the same concentration by 10% 

(p < 0.009). 
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The results of the three groups illustrate that increasing only the chrysin 

concentration and using a fixed budesonide concentration had the best impact 

on each sample’s anti-inflammatory activity, as Group 3 had the lowest IC50 

and highest effect when its samples were compared with ibuprofen. 
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Table 0.6: Chrysin/budesonide combination samples’ (Group 3) anti-inflammatory effects versus those of budesonide. The 
budesonide concentration was fixed at 2.5 µg/mL, while the chrysin concentration was gradually increased from 5 µg/mL to 
25 µg/mL for the combination samples, which were compared with budesonide samples at different concentrations (n = 3, 
SD) 

Sample Drug concentration 

(µg/mL) 

Total sample 

concentration (µg/mL) 

Combination anti-

inflammatory activity 

% 

Budesonide 

concentration (µg/mL) 

Budesonide anti-

inflammatory 

activity % Chrysin Budesonide  

C1 5 2.5 7.5 24.23 ± 1.95 1.25 20.99 ± 4 

C2 7.5 2.5 10 28.17 ± 2.7 2.5 27.38 ± 6.9 

C3 10 2.5 12.5 34.91 ± 1.8 3.75 28.95 ± 6.5 

C4 12.5 2.5 15 37.79 ± 1.64 5 31.67 ± 6.5 

C5 15 2.5 17.5 40.33 ± 1.13 6.25 33.24 ± 7 

C6 17.5 2.5 20 45.75 ± 1.4 7.5 34.03 ± 6.8 

C7 20 2.5 22.5 49.34 ± 2.3 10 36.83 ± 7.4 

C8 25 2.5 27.5 53.47 ± 2.8 20 42.34 ± 6.5 
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Table 0.7: Chrysin/budesonide combination samples’ (Group 2) anti-inflammatory effects versus those of budesonide. The 
chrysin concentration was fixed at 10 µg/mL, while the budesonide concentration was gradually increased from 1.25 µg/mL 
to 20 µg/mL for the combination samples, which were compared with budesonide samples at different concentrations (n = 3, 
SD). 

Sample Drug concentration 

(µg/mL) 

Total sample 

concentration (µg/mL) 

Combination anti-

inflammatory activity 

% 

Budesonide 

concentration (µg/mL) 

Budesonide anti-

inflammatory 

activity % Chrysin Budesonide  

B1 10 1.25 11.25 25.63 ± 1.56 1.25 20.99 ± 4 

B2 10 2.5 12.5 31.23 ± 1.22 2.5 27.38 ± 6.9 

B3 10 3.75 13.75 33.94 ± 1.44 3.75 28.95 ± 6.5 

B4 10 5 15 36.13 ± 1.95 5 31.67 ± 6.5 

B5 10 6.25 16.25 39.11 ± 1.7 6.25 33.24 ± 7 

B6 10 7.5 17.5 41.99 ± 1.98 7.5 34.03 ± 6.8 

B7 10 10 20 44.88 ± 1.43 10 36.83 ± 7.4 

B8 10 20 30 49.86 ± 1.76 20 42.34 ± 6.5 
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Table 0.8: Chrysin/budesonide combination samples’ (Group 3) anti-inflammatory effects versus those of chrysin. The 
budesonide concentration was fixed at 2.5 µg/mL, while the chrysin concentration was gradually increased from 5 µg/mL to 
25 µg/mL for the combination samples, which were compared with chrysin samples at different concentrations (n = 3, SD). 

Sample Drug concentration (µg/mL) Total sample 

concentration (µg/mL) 

Combination anti-

inflammatory activity % 

Chrysin 

concentration 

(µg/mL) 

Chrysin anti-

inflammatory activity 

% 
Chrysin Budesonide 

C1 5 2.5 7.5 24.23 ± 1.95 5 26.51 ± 4.9 

C2 7.5 2.5 10 28.17 ± 2.7 7.5 30.44 ± 5.7 

C3 10 2.5 12.5 34.91 ± 1.8 10 35.25 ± 3.9 

C4 12.5 2.5 15 37.79 ± 1.64 12.5 37.71 ± 4 

C5 15 2.5 17.5 40.33 ± 1.13 15 40.77 ± 5.5 

C6 17.5 2.5 20 45.75 ± 1.4 17.5 41.91 ± 4.7 

C7 20 2.5 22.5 49.34 ± 2.3 20 44.79 ± 5.3 

C8 25 2.5 27.5 53.47 ± 2.8 25 48.11 ± 7 
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Table 6.6 verifies that adding chrysin to budesonide decreased the 

budesonide concentration and increased the anti-inflammatory activity more 

effectively than using only budesonide. For example, the results illustrate that 

the combination sample at a total sample concentration of 22.5 µg/mL had 

greater anti-inflammatory activity than the budesonide sample at 20 µg/mL by 

7%. However, only 2.5 µg/mL of budesonide was used with 20 µg/mL of 

chrysin. The same trend was observed for the rest of the combination samples; 

when the chrysin concentration was increased, the anti-inflammatory activity 

increased as the 27.5 µg/mL combination sample (25 µg/mL of chrysin and 

2.5 µg/mL of budesonide) had greater anti-inflammatory activity than the 

budesonide sample at 20 µg/mL by 11% (p < 0.03). Chrysin thus has the 

potential to be used with budesonide in a combined formulation to improve its 

anti-inflammatory efficacy, hence reducing the required inhaled dose. 

Furthermore, Table 6.7 demonstrates that adding chrysin to budesonide 

increased the anti-inflammatory activity more than using only budesonide by 

4%–7%. Indeed, while 1.25 µg/mL of budesonide had an anti-inflammatory 

activity of 21%, adding 10 µg/mL of chrysin increased the activity to 25%. The 

same trend was observed for all samples; for instance, the anti-inflammatory 

activity of budesonide at 20 µg/mL was increased from 42% to 50% by adding 

10 µg/mL of chrysin (p < 0.01). 

By contrast, Table 6.8 reveals that adding budesonide to chrysin increased the 

chrysin’s anti-inflammatory activity; 5 µg/mL of only chrysin had a superior 

anti-inflammatory effect to 5 µg/mL of chrysin and 2.5 µg/mL of budesonide 

combined by 2%. However, when the chrysin concentration was increased, 
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the combination of 25 µg/mL of chrysin and 2.5 µg/mL of budesonide had a 

better inhibitory effect than 25 µg/mL of only chrysin by 5% (p < 0.0001). 

Given these promising results, using chrysin and budesonide in a combined 

formulation has the potential to ensure a better anti-inflammatory effect than 

using only one of these drugs. 

6.4. Conclusion 

A heat-induced BSA denaturation assay was used to assess the effectiveness 

of a combination of chrysin and budesonide for the treatment of asthma by 

comparing chrysin and budesonide’s anti-inflammatory activities with those of 

ibuprofen. The results demonstrated that chrysin has the potential for anti-

inflammatory activity because it inhibited the denaturation of protein as 

effectively as or more effectively than ibuprofen. Moreover, the results 

confirmed the potential of chrysin to be used with budesonide in a combined 

formulation to improve its anti-inflammatory efficacy, thus reducing the 

required inhaled dose.
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Chapter Seven: Conclusion 

7.1. Conclusion 

Chrysin is a flavonoid that can be used for asthma and COPD treatment due 

to its anti-inflammatory activities. Many studies have been conducted to 

examine chrysin’s effects on airway-related diseases; however, to date, no 

studies have formulated inhalable chrysin for asthma and COPD treatment. 

Therefore, in this research, we investigated the use of inhalational chrysin 

formulations using two different inhalation methods, namely DPIs and 

nebulisers, to enhance chrysin’s bioavailability; thus, we aimed to help to 

provide an elevated concentration of the drug supplied locally to the site of 

action due to the absence of the first-pass metabolism. 

An HPLC method was developed and validated in this research. The optimum 

condition for the determination of chrysin was MeOH/phosphate buffer (5 mM) 

80/20 v/v% with internal standard (rutin), flow rate of 1 mL/min, and injection 

volume of 100 µL. The experiment run time was 5 min, and the HPLC method 

was linear, sensitive, accurate, and precise. 

Inhalable chrysin particles were produced without the addition of any additives 

or excipients, using three different techniques – namely BM, 

sonocrystallisation, and spray drying. Full characterisation was performed for 

the processed chrysin in terms of particle size, morphology, thermal analysis, 

and free surface energy. The IGC results indicated that the processed chrysin 

had a lower free surface energy than the raw chrysin, and also that the 

sonocrystallised chrysin had the lowest surface energy compared with the 

chrysin produced using the other two techniques. DSC revealed no changes 
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to the processed chrysin’s polymorphism despite the pulverising, and SEM 

confirmed that the chrysin processed using the ball miller had the same 

particle shape as the raw chrysin (flattened shape). While the sonocrystallised 

chrysin’s particle shape changed when the solvent was changed, the spray-

dried chrysin particles were spherical and needle-shaped. 

Inhalable formulations were prepared by blending the processed chrysin with 

one of two carriers (mannitol and lactose) at two different mixing ratios (1:10 

and 1:67.5 w/w%). All formulations were studied using the NGI and two 

different inhaler devices (RS01® and Spiriva®); the aerodynamic 

characteristics of the DPI were assessed using the FPD, FPF, GSD, and 

MMAD. 

The aerodynamic behaviour of the formulations indicated that the DPI 

distribution in the lungs was related to particle size. Additionally, the data 

demonstrated that the formulations with the 1:67.5 w/w% chrysin–carrier ratio 

improved the FPF. Moreover, the results indicated that when the flow rate was 

higher, the chrysin deposition and distribution were better, and that lactose 

was a superior carrier to mannitol. The data also demonstrated that the 

sonocrystallised formulations exhibited better aerodynamic behaviour as they 

had higher FPF and lower MMAD compared with the BM and spray-dried 

formulations under the same experimental conditions. This finding was due to 

the difference in the processed chrysin’s particle shape as well as the cohesive 

and adhesive forces. 

Although the aerosolisation performance of chrysin was improved when 

sonocrystallisation was used, the lung deposition was relatively low; hence, 
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another approach was explored by using liquid nanoparticle formulations. To 

the best of our knowledge, no reported studies had used chrysin liquid 

formulations for asthma or COPD. For this reason, liquid formulations of 

chrysin were prepared and examined using the nanoemulsion and 

microsuspension techniques. Moreover, no reported studies have assessed 

the effectiveness of a combination of chrysin with conventional corticosteroid 

therapies for treating asthma and COPD. Hence, a nanoemulsion formulation 

of budesonide was prepared individually and combined with budesonide and 

chrysin. The characteristics of the nanoemulsion formulations were reported, 

such as the particle size, viscosity, osmolality, aerosol output, and 

aerodynamic behaviour. Furthermore, a comet assay was used to confirm the 

safety of the formulations.  

A total of 13 nanoemulsion formulations were prepared using two oils (oleic 

acid or limonene), with Tween 80 as the surfactant and ethanol as the 

cosurfactant. The formulation’s particle size was in the range of 12–16 nm, 

with acceptable osmolality. The results of the aerosol output and aerodynamic 

behaviour of the formulations indicated that the aerosol output results 

correlated with the FPF and MMAD results; that limonene formulations had 

superior aerodynamic performance to oleic acid formulations; and that mixing 

the chrysin and budesonide in the formulations improved the performance of 

both drugs. On the other hand, the genotoxicity study results confirmed the 

safety of the nanoemulsion formulations of chrysin, using any oil (oleic acid or 

limonene), with or without adding the budesonide to the formulation. 

Additionally, three microsuspension formulations were prepared. The chrysin 

used in the formulations was processed using three different techniques – 
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namely BM, sonocrystallisation. and spray drying. The aerodynamic 

performance of the BM and sonocrystallised formulations was almost better 

than that of the spray-dried formulations due to the particle size and shape 

differences. Furthermore, the data revealed an improvement in chrysin’s 

aerodynamic behaviour of the nanoemulsion formulations compared with the 

microsuspension formulations. This improvement could be related to the 

differences in the particle size.  

In addition, an evaluation of the anti-inflammatory effects of a combination 

therapy of chrysin and budesonide, together and individually, using the in vitro 

inhibitory effect of the drugs (chrysin and budesonide) on a heat-induced BSA 

denaturation assay was performed, and the results were compared with 

ibuprofen. The results suggested that chrysin has the potential for anti-

inflammatory activity because it effectively inhibited the denaturation of protein 

at the same percentage as ibuprofen or higher. Moreover, the results indicated 

that great potential exists for chrysin to be used in a combined formulation with 

budesonide to improve and enhance its anti-inflammatory efficacy, hence 

reducing the required inhaled dose. 
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7.2. Future work 

This study revealed promising results for the aerodynamic performance of 

chrysin formulations to be used in asthma and COPD treatment. Moreover, 

the safety of the formulations and the anti-inflammatory results indicated the 

possibility of using a combination of chrysin and budesonide to improve and 

enhance budesonide’s anti-inflammatory efficacy, hence reducing the required 

inhaled dose. Therefore, this study recommends extending these in vitro 

findings to an in-vivo study on animals with these conditions. 

Studies have confirmed the potential use of chrysin for treating pulmonary 

arterial hypertension (Li et al. 2015a; Li et al. 2015b; Dong et al. 2019). 

Therefore, it would be interesting to evaluate the developed chrysin 

nanoemulsion formulations as a potential treatment for pulmonary arterial 

hypertension by testing cell cultures. The targets could include proliferation, 

phosphorylation, apoptosis, and endogenous gene expression using a qPCR 

reporter assay.  

Moreover, with all of the promising results of the combined formulations of 

chrysin and budesonide, as well as due to the safety of the formulations, it 

would be interesting to investigate the combined formulations further. It would 

be worthwhile for future research to combine chrysin with various types of 

corticosteroids, such as fluticasone or beclomethasone, to determine whether 

chrysin helps to improve and enhance their anti-inflammatory effects. If so, 

their required dose could be reduced to minimise their side effects.  

Furthermore, another anti-inflammatory evaluation of the formulations could 

be performed using the human red blood cell (HRBC) membrane stabilisation 
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method, or by using human mast cells to assess the influence of the 

formulations on the inhibition of PAR-2 and four mediated mast cells’ activation 

of airways. 

Moreover, aerodynamic characterisation was conducted according to the 

standard pharmacopeial methods. This study recommends assessing in-vitro 

lung deposition at different inhalation flows and volumes, as patients normally 

do not have the same disease stage; hence, they have different lung 

capacities and inhalation forces. 

Additionally, the microsuspension investigated in this research had different 

particle sizes and shapes. Therefore, further investigations are required in 

which the drug’s particle size is fixed and the particle shape is changed as 

required to obtain an enhanced understanding of the correlation between drug 

particle shape and microsuspension aerodynamic behaviour. 

Finally, in this research, liquid formulations were tested using only one type of 

nebuliser – the side-stream®. Therefore, testing the formulations using another 

nebuliser, such as the Aeroneb® go, based on vibrating mesh technology, may 

improve their performance. 



 

208 
 

Chapter Eight: References 

8.1. References 

 
Abbas, A., Srour, M., Tang, P., Chiouc, H., Chan, H. K. and Romagnoli, J. A. 

(2007) Sonocrystallisation of sodium chloride particles for inhalation. 
Chemical Engineering Science 62 (9), 2445-2453. 

Agertoft, L. and Pedersen, S. (1994) INFLUENCE OF SPACER DEVICE ON 
DRUG-DELIVERY TO YOUNG-CHILDREN WITH ASTHMA. Archives 
of Disease in Childhood 71 (3), 217-219. 

Ahad, A., Ganai, A. A., Mujeeb, M. and Siddiqui, W. A. (2014) Chrysin, an anti-
inflammatory molecule, abrogates renal dysfunction in type 2 diabetic 
rats. Toxicology and Applied Pharmacology 279 (1), 1-7. 

Al Ayoub, Y. (2017) Development of a Dry Powder Inhaler and Nebulised 
Nanoparticle-Based Formulations of Curcuminoids for the Potential 
Treatment of Lung Cancer. Development of Drug Delivery Formulations 
of Curcuminoids to the Lungs using Air Jet Milling and 
Sonocrystallisation Techniques for Dry Powder Inhaler Preparations; 
and Nanoemulsion and Microsuspension for Nebuliser Formulations. 
School of Pharmacy. 
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwn
V1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf
3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-
AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-
aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-
NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY
8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozd
kWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgk
PwU-
jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyR
VUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1s
pStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-
h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q
7LHLNmYUp18t0kT20b_QQnfAMJ  

Al Ayoub, Y., Gopalan, R. C., Najafzadeh, M., Mohammad, M. A., Anderson, 
D., Paradkar, A. and Assi, K. H. (2019) Development and evaluation of 
nanoemulsion and microsuspension formulations of curcuminoids for 
lung delivery with a novel approach to understanding the aerosol 
performance of nanoparticles. International journal of pharmaceutics 
557, 254-263. 

Ali, S. A. (2020) Application of Nanomaterials in Environmental Improvement. 
Nanotechnology and the Environment. 

Aloum, F., Al Ayoub, Y., Mohammad, M. A., Obeed, M., Paluch, K. and Assi, 
K. H. (2020) Ex vivo and in vitro evaluation of the influence of the inhaler 
device and formulation on lung deposition of budesonide. Powder 
technology 372, 685-693. 

http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ
http://bradford.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwnV1fT4MwEK9uT8YXjRr_574Ak9HJWExM5uaiRs2mvJNSylyc1BSI2bf3rkici_HBJ-gF7o5ee72WX6-Mca_lOis-AYNWkbbjpCdjl3Mhzzs8UHHii7aUHl4Im_kUTPp-aDf118cVrmQbaFO-uDPso16nwRrcJQiXP3HQjeLMMiEw-NLYMNpim8Olf9rbbF1lO2tmCYwDOgUBQ7OAsf5IlIHb7AXdsgEUCY8qpiPJFd6JDCewlSGdK0GkEQaUX8dr5cRlUBpZvs0yPUtyQEUAozdkWhDiR8whrEHj9Ow99mIYkE1NC1a0GZpyirQ5YTIWf0sptBVC3HIgkPwU-jMDd6oA2kZIZfqMZ51paRYYaiKtAghBWKeHrXT9pQLGRlWpx1HyRVUdWAkKtaE1PEt4IMBgXubvBLRHGnGq68z8UH2XXY6uw8GNU1spStBbShVRamui1fN4W4iEjMrXyNo6srbme6yZ6UztM-h6qeQ4peO9NO4EPR_jmW6QuFJinCvjID5g3X8KOfz3m0dsw6Ox3q7LHLNmYUp18t0kT20b_QQnfAMJ


 

209 
 

Amani, A., York, P., Chrystyn, H. and Clark, B. J. (2010) Evaluation of a 
Nanoemulsion-Based Formulation for Respiratory Delivery of 
Budesonide by Nebulizers. Aaps Pharmscitech 11 (3), 1147-1151. 

Anandhi, R., Annadurai, T., Anitha, T. S., Muralidharan, A. R., Najmunnisha, 
K., Nachiappan, V., Thomas, P. A. and Geraldine, P. (2013) 
Antihypercholesterolemic and antioxidative effects of an extract of the 
oyster mushroom, Pleurotus ostreatus, and its major constituent, 
chrysin, in Triton WR-1339-induced hypercholesterolemic rats. Journal 
of Physiology and Biochemistry 69 (2), 313-323. 

Anari, E., Akbarzadeh, A. and Zarghami, N. (2016) Chrysin-loaded PLGA-
PEG nanoparticles designed for enhanced effect on the breast cancer 
cell line. Artif Cells Nanomed Biotechnol 44 (6), 1410-6. 

Anderson, D., Schmid, T. E., Baumgartner, A., Cemeli-Carratala, E., 
Brinkworth, M. H. and Wood, J. M. (2003) Oestrogenic compounds and 
oxidative stress (in human sperm and lymphocytes in the Comet 
assay). Mutat Res 544 (2-3), 173-8. 

Anton, N. and Vandamme, T. F. (2009) The universality of low-energy nano-
emulsification. Int J Pharm 377 (1-2), 142-7. 

Arvaniti, E. C., Juenger, M. C. G., Bernal, S. A., Duchesne, J., Courard, L., 
Leroy, S., Provis, J. L., Klemm, A. and De Belie, N. (2014) 
Determination of particle size, surface area, and shape of 
supplementary cementitious materials by different techniques. 
Materials and structures 48 (11), 3687-3701. 

Ashurst, I. I., Malton, A., Prime, D. and Sumby, B. (2000) Latest advances in 
the development of dry powder inhalers. Pharm Sci Technol Today 3 
(7), 246-256. 

Aulton, M. E. (2009) Aulton's pharmaceutics: the design and manufacture of 
medicines. 3rd edition. Edinburgh: Churchill Livingstone Elsevier. 

Azqueta, A. and Dusinska, M. (2015) The use of the comet assay for the 
evaluation of the genotoxicity of nanomaterials. Frontiers in Genetics 6. 

Bae, Y., Lee, S. and Kim, S. H. (2011) Chrysin suppresses mast cell-mediated 
allergic inflammation: involvement of calcium, caspase-1 and nuclear 
factor-κB. Toxicol Appl Pharmacol 254 (1), 56-64. 

Bailey-Shaw, Y. A., Williams, L. A. D., Green, C. E., Rodney, S. and Smith, A. 
M. (2017) In-Vitro Evaluation of the Anti-Inflammatory Potential of 
Selected Jamaican Plant Extracts using the Bovine Serum Albumin 
Protein Denaturation Assay. Int. J. Pharm. Sci. Rev. Res 1 (47), 145-
153. 

Bailey, D. G., Dresser, G. and Arnold, J. M. (2013) Grapefruit-medication 
interactions: forbidden fruit or avoidable consequences? Cmaj 185 (4), 
309-16. 

Barnes, C. A., Elsaesser, A., Arkusz, J., Smok, A., Palus, J., Leśniak, A., 
Salvati, A., Hanrahan, J. P., Jong, W. H., Dziubałtowska, E., Stepnik, 
M., Rydzyński, K., McKerr, G., Lynch, I., Dawson, K. A. and Howard, C. 
V. (2008) Reproducible comet assay of amorphous silica nanoparticles 
detects no genotoxicity. Nano Lett 8 (9), 3069-74. 

Barnes, P. J. (2010) Inhaled Corticosteroids. Pharmaceuticals (Basel) 3 (3), 
514-540. 

Boe, J., Dennis, J. H., O'Driscoll, B. R., Bauer, T. T., Carone, M., Dautzenberg, 
B., Diot, P., Heslop, K., Lannefors, L. and European Respiratory Society 



 

210 
 

Task Force on the use of, n. (2001) European respiratory society 
guidelines on the use of nebulizers. The European respiratory journal 
18 (1), 228-242. 

Bor, A., Jargalsaikhan, B., Uranchimeg, K., Lee, J. and Choi, H. (2021) Particle 
morphology control of metal powder with various experimental 
conditions using ball milling. Powder technology 394, 181-190. 

Bousquet, J., Jeffery, P. K., Busse, W. W., Johnson, M. and Vignola, A. M. 
(2000) Asthma. From bronchoconstriction to airways inflammation and 
remodeling. Am J Respir Crit Care Med 161 (5), 1720-45. 

British Lung Foundtion https://www.blf.org.uk/support-for-you/pulmonary-
hypertension/what-is-it. 

Brito, A. B. N. and Giulietti, M. (2007) Study of lactose crystallization in water-
acetone solutions. Crystal Research and Technology 42 (6), 583-588. 

Brown, E. W., Hurd, N. S., McCall, S. and Ceremuga, T. E. (2007) Evaluation 
of the anxiolytic effects of chrysin, a Passiflora incarnata extract, in the 
laboratory rat. AANA journal 75 (5), 333-337. 

Bruschi, M. L., Franco, S. L. and Gremião, M. P. D. (2003) Application of an 
HPLC Method for Analysis of Propolis Extract. Journal of Liquid 
Chromatography & Related Technologies 26 (14), 2399-2409. 

Bund, R. K. and Pandit, A. B. (2007) Rapid lactose recovery from paneer whey 
using sonocrystallization: A process optimization. Chemical 
Engineering and Processing-Process Intensification 46 (9), 846-850. 

Burgess, J. A., Abramson, M. J., Gurrin, L. C., Byrnes, G. B., Matheson, M. 
C., May, C. L., Giles, G. G., Johns, D. P., Hopper, J. L., Walters, E. H. 
and Dharmage, S. C. (2012) Childhood infections and the risk of 
asthma: a longitudinal study over 37 years. Chest 142 (3), 647-654. 

Buttini, F., Brambilla, G., Copelli, D., Sisti, V., Balducci, A. G., Bettini, R. and 
Pasquali, I. (2016) Effect of Flow Rate on In Vitro Aerodynamic 
Performance of NEXThaler(®) in Comparison with Diskus(®) and 
Turbohaler(®) Dry Powder Inhalers. J Aerosol Med Pulm Drug Deliv 29 
(2), 167-78. 

Byron, P., Jashnani, R. and Germain, S. (1990) Efficiency of aerosolization 
from dry powder blends of terbutaline sulfate and lactose NF with 
different particle size distribution. Pharm Res 7. 

CAO, W., FU, J.-f., SUO, Z.-r., ZHENG, J.-b., SONG, J.-r. and WEI, Y.-h. 
(2007) HPLC analysis of chrysin and galangin in propolis. Chinese 
Journal of Pharmaceutical Analysis 27 (4), 522-524. 

Carter, K. C. and Puig-Sellart, M. (2016) Nanocarriers Made from Non-Ionic 
Surfactants or Natural Polymers for Pulmonary Drug Delivery. Curr 
Pharm Des 22 (22), 3324-31. 

Carvalho, T. C., Carvalho, S. R. and McConville, J. T. (2011) Formulations for 
pulmonary administration of anticancer agents to treat lung 
malignancies. J Aerosol Med Pulm Drug Deliv 24 (2), 61-80. 

Castells, M. (2006) Mast cell mediators in allergic inflammation and 
mastocytosis. Immunol Allergy Clin North Am 26 (3), 465-85. 

Chadha, R., Bhalla, Y., Nandan, A., Chadha, K. and Karan, M. (2017) Chrysin 
cocrystals: Characterization and evaluation. Journal of pharmaceutical 
and biomedical analysis 134, 361-371. 

https://www.blf.org.uk/support-for-you/pulmonary-hypertension/what-is-it
https://www.blf.org.uk/support-for-you/pulmonary-hypertension/what-is-it


 

211 
 

Chan, L. W., Lim, L. T. and Heng, P. W. (2003) Immobilization of fine particles 
on lactose carrier by precision coating and its effect on the performance 
of dry powder formulations. J Pharm Sci 92 (5), 975-84. 

Chan, V. S. (2006) Nanomedicine: An unresolved regulatory issue. Regul 
Toxicol Pharmacol 46 (3), 218-24. 

Chen, Y. (2006) Chapter 3 - Solid-state formation of carbon nanotubes. 
Carbon Nanotechnology, 53-80. 

Chew, N. Y. and Chan, H. K. (2002) The role of particle properties in 
pharmaceutical powder inhalation formulations. J Aerosol Med 15 (3), 
325-30. 

Cho, H., Yun, C. W., Park, W. K., Kong, J. Y., Kim, K. S., Park, Y., Lee, S. and 
Kim, B. K. (2004) Modulation of the activity of pro-inflammatory 
enzymes, COX-2 and iNOS, by chrysin derivatives. Pharmacol Res 49 
(1), 37-43. 

Choudhury, H., Pandey, M., Gorain, B. and al., e. (2019) Chapter 9 - 
Nanoemulsions as Effective Carriers for the Treatment of Lung Cancer. 
Nanotechnology-Based Targeted Drug Delivery Systems for Lung 
Cancer, 217-247. 

Chrystyn, H. (2001) Methods to identify drug deposition in the lungs following 
inhalation. British journal of clinical pharmacology 51 (4), 289-299. 

Clementi, M., Giavini, E. and Mantovani, A. (2003) Avoidance of bioflavonoid 
supplements during pregnancy. Lancet 361 (9353), 261-2. 

Dal Negro, R. W. (2015) Dry powder inhalers and the right things to remember: 
a concept review. Multidiscip Respir Med 10 (1), 13. 

Daniher, D. I. and Zhu, J. (2008) Dry powder platform for pulmonary drug 
delivery. Particuology 6 (4), 225-238. 

de Boer, A. H., Gjaltema, D., Hagedoorn, P. and Frijlink, H. W. (2002) 
Characterization of inhalation aerosols: a critical evaluation of cascade 
impactor analysis and laser diffraction technique. Int J Pharm 249 (1-
2), 219-31. 

Dharmadeva, S., Galgamuwa, L. S., Prasadinie, C. and Kumarasinghe, N. 
(2018) In vitro anti-inflammatory activity of Ficus racemosa L. bark 
using albumin denaturation method. Ayu 39 (4), 239-242. 

Dhumal, R. S., Biradar, S. V., Paradkar, A. R. and York, P. (2009) Particle 
engineering using sonocrystallization: salbutamol sulphate for 
pulmonary delivery. Int J Pharm 368 (1-2), 129-37. 

Dolovich, M. B., Ahrens, R. C., Hess, D. R., Anderson, P., Dhand, R., Rau, J. 
L., Smaldone, G. C. and Guyatt, G. (2005) Device selection and 
outcomes of aerosol therapy: Evidence-based guidelines: American 
College of Chest Physicians/American College of Asthma, Allergy, and 
Immunology. Chest 127 (1), 335-71. 

Dong, F., Zhang, J., Zhu, S., Lan, T., Yang, J. and Li, L. (2019) Chrysin 
Alleviates Chronic Hypoxia-Induced Pulmonary Hypertension by 
Reducing Intracellular Calcium Concentration in Pulmonary Arterial 
Smooth Muscle Cells. J Cardiovasc Pharmacol 74 (5), 426-435. 

Du, Q., Gu, X., Cai, J., Huang, M. and Su, M. (2012) Chrysin attenuates 
allergic airway inflammation by modulating the transcription factors T-
bet and GATA-3 in mice. Mol Med Rep 6 (1), 100-4. 

Duan, W., Kuo, I. C., Selvarajan, S., Chua, K. Y., Bay, B. H. and Wong, W. S. 
(2003) Antiinflammatory effects of genistein, a tyrosine kinase inhibitor, 



 

212 
 

on a guinea pig model of asthma. Am J Respir Crit Care Med 167 (2), 
185-92. 

Dudeck, A., Dudeck, J., Scholten, J., Petzold, A., Surianarayanan, S., Köhler, 
A., Peschke, K., Vöhringer, D., Waskow, C., Krieg, T., Müller, W., 
Waisman, A., Hartmann, K., Gunzer, M. and Roers, A. (2011) Mast cells 
are key promoters of contact allergy that mediate the adjuvant effects 
of haptens. Immunity 34 (6), 973-84. 

Ehrlich, S. D. (2015) Asthma. university of Maryland, medical centre. 
Ennis, M., Truneh, A., White, J. R. and Pearce, F. L. (1981) Inhibition of 

histamine secretion from mast cells. Nature 289 (5794), 186-7. 
Everard, M. L., Devadason, S. G. and Le Souef, P. N. (1996) Particle size 

selection device for use with the Turbohaler. Thorax 51 (5), 537-9. 
Falk-Filipsson, A., Löf, A., Hagberg, M., Hjelm, E. W. and Wang, Z. (1993) d-

limonene exposure to humans by inhalation: uptake, distribution, 
elimination, and effects on the pulmonary function. J Toxicol Environ 
Health 38 (1), 77-88. 

Ferreres, F., Tomas Barberan, F. A., Soler, C., Garcia Viguera, C., Ortiz, A. 
and Tomas Lorente, F. (1994) A simple extractive technique for honey 
flavonoid HPLC analysis [botanical origin, geographical origin]. 
Apidologie 25 (1), 21-30. 

FDA (2016) Inactive Ingredient Search for Approved Drug Products. 
http://www.accessdata.fda.gov/scripts/cder/iig/index.Cfm. 

Fortunato, L. R., Alves, C. D., Teixeira, M. M. and Rogerio, A. P. (2012) 
Quercetin: a flavonoid with the potential to treat asthma. Brazilian 
Journal of Pharmaceutical Sciences 48 (4), 589-599. 

Fox, C. C., Wolf, E. J., Kagey-Sobotka, A. and Lichtenstein, L. M. (1988) 
Comparison of human lung and intestinal mast cells. J Allergy Clin 
Immunol 81 (1), 89-94. 

Fu, B., Xue, J., Li, Z., Shi, X., Jiang, B. H. and Fang, J. (2007) Chrysin inhibits 
expression of hypoxia-inducible factor-1alpha through reducing 
hypoxia-inducible factor-1alpha stability and inhibiting its protein 
synthesis. Mol Cancer Ther 6 (1), 220-6. 

Fu, T. T., Cong, Z. Q., Zhao, Y., Chen, W. Y., Liu, C. Y., Zheng, Y., Yang, F. 
F. and Liao, Y. H. (2019) Fluticasone propionate nanosuspensions for 
sustained nebulization delivery: An in vitro and in vivo evaluation. Int J 
Pharm 572, 118839. 

Gaine, S. P. and Rubin, L. J. (1998) Primary pulmonary hypertension. Lancet 
352 (9129), 719-25. 

Galli, S. J. and Tsai, M. (2010) Mast cells in allergy and infection: versatile 
effector and regulatory cells in innate and adaptive immunity. Eur J 
Immunol 40 (7), 1843-51. 

Gharari, Z., Bagheri, K., Danafar, H. and Sharafi, A. (2020) Simultaneous 
determination of baicalein, chrysin and wogonin in four Iranian 
Scutellaria species by high performance liquid chromatography. 
Journal of applied research on medicinal and aromatic plants 16, 
100232. 

Glover, W., Chan, H. K., Eberl, S., Daviskas, E. and Verschuer, J. (2008) 
Effect of particle size of dry powder mannitol on the lung deposition in 
healthy volunteers. Int J Pharm 349 (1-2), 314-22. 

http://www.accessdata.fda.gov/scripts/cder/iig/index.Cfm


 

213 
 

Gonzales, G. B., Smagghe, G., Grootaert, C., Zotti, M., Raes, K. and Camp, 
J. V. (2015) Flavonoid interactions during digestion, absorption, 
distribution and metabolism: a sequential structure-activity/property 
relationship-based approach in the study of bioavailability and 
bioactivity. Drug metabolism reviews 47 (2), 175-190. 

Gou, J., Zhuge, J. and Liang, F. (2012) Manufacturing techniques for polymer 
matrix composites (PMCs). Philadelphia, Pa: Woodhead Pub. 

Grimsey, I. M., Feeley, J. C. and York, P. (2002) Analysis of the surface energy 
of pharmaceutical powders by inverse gas chromatography. J Pharm 
Sci 91 (2), 571-83. 

Guo, Z., Zhang, M., Li, H., Wang, J. and Kougoulos, E. (2005) Effect of 
ultrasound on anti-solvent crystallization process. Journal of Crystal 
Growth 273 (3-4), 555-563. 

Han, J. M., Jin, Y. Y., Kim, H. Y., Park, K. H., Lee, W. S. and Jeong, T. S. 
(2010) Lavandulyl flavonoids from Sophora flavescens suppress 
lipopolysaccharide-induced activation of nuclear factor-kappaB and 
mitogen-activated protein kinases in RAW264.7 cells. Biol Pharm Bull 
33 (6), 1019-23. 

Harjunen, P., Lankinen, T., Salonen, H., Lehto, V. P. and Järvinen, K. (2003) 
Effects of carriers and storage of formulation on the lung deposition of 
a hydrophobic and hydrophilic drug from a DPI. Int J Pharm 263 (1-2), 
151-63. 

Harris, R., Acosta, N. and Heras, A. (2013) 6 - Chitosan and inhalers: a 
bioadhesive polymer for pulmonary drug delivery. Fundamentals, 
Design and Drug Delivery. Woodhead Publishing Series in 
Biomaterials, 77-93. 

Hassan, M. S. and Lau, R. W. (2009) Effect of particle shape on dry particle 
inhalation: study of flowability, aerosolization, and deposition 
properties. AAPS PharmSciTech 10 (4), 1252-62. 

Hassan, M. S. and Lau, R. (2010) Flow behavior and deposition study of 
pollen-shape carrier particles in an idealized inhalation path model. 
Particuology 8 (1), 51-59. 

Heijnen, C. G., Haenen, G. R., van Acker, F. A., van der Vijgh, W. J. and Bast, 
A. (2001) Flavonoids as peroxynitrite scavengers: the role of the 
hydroxyl groups. Toxicol In Vitro 15 (1), 3-6. 

Hernández-Trejo, N., Kayser, O., Steckel, H. and Müller, R. H. (2005) 
Characterization of nebulized buparvaquone nanosuspensions--effect 
of nebulization technology. J Drug Target 13 (8-9), 499-507. 

Hess, D. R. (2000) Nebulizers: principles and performance. Respir Care 45 
(6), 609-22. 

Hess, D. R. (2008) Aerosol delivery devices in the treatment of asthma. Respir 
Care 53 (6), 699-723; discussion 723-5. 

Hirano, T., Higa, S., Arimitsu, J., Naka, T., Shima, Y., Ohshima, S., Fujimoto, 
M., Yamadori, T., Kawase, I. and Tanaka, T. (2004) Flavonoids such as 
luteolin, fisetin and apigenin are inhibitors of interleukin-4 and 
interleukin-13 production by activated human basophils. Int Arch 
Allergy Immunol 134 (2), 135-40. 

Hirota, R., Nakamura, H., Bhatti, S. A., Ngatu, N. R., Muzembo, B. A., 
Dumavibhat, N., Eitoku, M., Sawamura, M. and Suganuma, N. (2012) 



 

214 
 

Limonene inhalation reduces allergic airway inflammation in 
Dermatophagoides farinae-treated mice. Inhal Toxicol 24 (6), 373-81. 

Ibrahim, M., Verma, R. and Garcia-Contreras, L. (2015) Inhalation drug 
delivery devices: technology update. Medical devices (Auckland, N.Z.) 
8, 131-139. 

ICH (1996) Validation of Analytical Procedures. ICH Official web site : ICH. 
Jan, B. L., Ahmad, A., Khan, A., Rehman, M. U. and Alkharfy, K. M. (2021) 

Protective effect of chrysin, a flavonoid, on the genotoxic activity of 
carboplatin in mice. Drug and chemical toxicology (New York, N.Y. 
1978), 1. 

Jana, K., Yin, X., Schiffer, R. B., Chen, J. J., Pandey, A. K., Stocco, D. M., 
Grammas, P. and Wang, X. (2008) Chrysin, a natural flavonoid 
enhances steroidogenesis and steroidogenic acute regulatory protein 
gene expression in mouse Leydig cells. J Endocrinol 197 (2), 315-23. 

Jones, M. D., Hooton, J. C., Dawson, M. L., Ferrie, A. R. and Price, R. (2008) 
An investigation into the dispersion mechanisms of ternary dry powder 
inhaler formulations by the quantification of interparticulate forces. 
Pharm Res 25 (2), 337-48. 

Joshi, M. and Bhattacharyya, A. (2008) Characterization techniques for 
nanotechnology applications in textiles. Indian Journal of Fibre and 
Textile Research 33 (3), 304-317. 

Kadu, P., Kendre, P. and Gursal, K. (2016) Dry Powder Inhaler: A Review. 
Journal of Advanced Drug Delivery 3 (3), 42-52. 

Kaialy, W., Alhalaweh, A., Velaga, S. P. and Nokhodchi, A. (2011) Effect of 
carrier particle shape on dry powder inhaler performance. International 
journal of pharmaceutics 421 (1), 12-23. 

Kaialy, W., Larhrib, H. and Nokhodchi, A. (2011) The Effect of Carrier Particle 
size on Adhesion, Content Uniformity and Inhalation Performance of 
Budesonide using Dry Powder Inhalers. Particulate Materials: 
Synthesis, Characterisation, Processing and Modelling, 133-139. 

Kaidama, W. M. and Gacche, R. N. (2015) Anti-Inflammatory Activity of 
Chrysin in Acute and Chronic Phases of Inflammation in Guinea Pigs 
International Journal of Scientific and Research Publications 5 (2). 

Kamble, U. K. (2016) Use of liquid chromatography for assay of flavonoids as 
key constituents and antibiotics as trace elements in propolis : 
investigation into the application of a range of liquid chromatography 
techniques for the analysis of flavonoids and antibiotics in propolis, and 
extraction studies of flavonoids in propolis. University of Bradford. 
https://go.exlibris.link/cZ4zGrvY  

Kamps, A. W., Brand, P. L. and Roorda, R. J. (2004) Variation of peak 
inspiratory flow through dry powder inhalers in children with stable and 
unstable asthma. Pediatr Pulmonol 37 (1), 65-70. 

Kaufman, G. (2011) Asthma: pathophysiology, diagnosis and management. 
Nurs Stand 26 (5), 48-56; quiz 58. 

Keller, M. and Walz, R. M. (2011) Dry Powder For Inhalation. United State 
Patent Application Publication. 

Kempuraj, D., Madhappan, B., Christodoulou, S., Boucher, W., Cao, J., 
Papadopoulou, N., Cetrulo, C. L. and Theoharides, T. C. (2005) 
Flavonols inhibit proinflammatory mediator release, intracellular 

https://go.exlibris.link/cZ4zGrvY


 

215 
 

calcium ion levels and protein kinase C theta phosphorylation in human 
mast cells. Br J Pharmacol 145 (7), 934-44. 

Kenny, M. T., Balistreri, F. J. and Torney, H. L. (1990) Flavonoid modulation 
of murine neutrophil cytokinesis. Immunopharmacol Immunotoxicol 12 
(3), 527-41. 

Khatibi, M. (2013) Experimental study on droplet size of dispersed oil-water 
flow. 

Khoo, B. Y., Chua, S. L. and Balaram, P. (2010) Apoptotic effects of chrysin in 
human cancer cell lines. Int J Mol Sci 11 (5), 2188-99. 

Kim, H. and Mazza, J. (2011) Asthma. Allergy Asthma Clin Immunol 7 Suppl 
1 (Suppl 1), S2. 

Kim, K., Vance, T. M. and Chun, O. K. (2016) Estimated intake and major food 
sources of flavonoids among US adults: changes between 1999-2002 
and 2007-2010 in NHANES. Eur J Nutr 55 (2), 833-843. 

Kim, K. S., Shin, J. S., Park, Y., Lee, S., Kim, Y. B. and Kim, B. K. (2002) High-
performance liquid chromatographic analysis of chrysin derivatives on 
a Nova-Pak C18 column. Arch Pharm Res 25 (5), 613-6. 

Kimata, M., Shichijo, M., Miura, T., Serizawa, I., Inagaki, N. and Nagai, H. 
(2000) Effects of luteolin, quercetin and baicalein on immunoglobulin E-
mediated mediator release from human cultured mast cells. Clin Exp 
Allergy 30 (4), 501-8. 

Knoch, M. and Keller, M. (2005) The customised electronic nebuliser: a new 
category of liquid aerosol drug delivery systems. Expert Opin Drug Deliv 
2 (2), 377-90. 

Kotsuchibashi, Y., Ebara, M., Aoyagi, T. and Narain, R. (2016) Recent 
Advances in Dual Temperature Responsive Block Copolymers and 
Their Potential as Biomedical Applications. Polymers (Basel) 8 (11). 

Kumar, S. and Pandey, A. K. (2013) Chemistry and biological activities of 
flavonoids: an overview. ScientificWorldJournal 2013, 162750. 

Kumaravel, T. S. and Jha, A. N. (2006) Reliable Comet assay measurements 
for detecting DNA damage induced by ionising radiation and chemicals. 
Mutat Res 605 (1-2), 7-16. 

Laube, B. L., Janssens, H. M., de Jongh, F. H., Devadason, S. G., Dhand, R., 
Diot, P., Everard, M. L., Horvath, I., Navalesi, P., Voshaar, T. and 
Chrystyn, H. (2011) What the pulmonary specialist should know about 
the new inhalation therapies. Eur Respir J 37 (6), 1308-31. 

Lawrence, M. J. and Rees, G. D. (2012) Microemulsion-based media as novel 
drug delivery systems. Advanced Drug Delivery Reviews 64, 175-193. 

Lee, S. L., Adams, W. P., Li, B. V., Conner, D. P., Chowdhury, B. A. and Yu, 
L. X. (2009) In vitro considerations to support bioequivalence of locally 
acting drugs in dry powder inhalers for lung diseases. Aaps j 11 (3), 
414-23. 

Leonelli, C. and Mason, T. J. (2010) Microwave and ultrasonic processing: 
Now a realistic option for industry. Chemical engineering and 
processing 49 (9), 885-900. 

Lewis, D. (2007) Metered-dose inhalers: actuators old and new. Expert Opin 
Drug Deliv 4 (3), 235-45. 



 

216 
 

Li, R., Zang, A., Zhang, L., Zhang, H., Zhao, L., Qi, Z. and Wang, H. (2014) 
Chrysin ameliorates diabetes-associated cognitive deficits in Wistar 
rats. Neurological sciences 35 (10), 1527-1532. 

Li, X. W., Guo, B., Shen, Y. Y. and Yang, J. R. (2015a) [Effect of chrysin on 
expression of NOX4 and NF-κB in right ventricle of monocrotaline-
induced pulmonary arterial hypertension of rats]. Yao Xue Xue Bao 50 
(9), 1128-34. 

Li, X. W., Wang, X. M., Li, S. and Yang, J. R. (2015b) Effects of chrysin (5,7-
dihydroxyflavone) on vascular remodeling in hypoxia-induced 
pulmonary hypertension in rats. Chin Med 10, 4. 

Li, Y. and Paxton, J. W. (2013) The effects of flavonoids on the ABC 
transporters: consequences for the pharmacokinetics of substrate 
drugs. Expert Opin Drug Metab Toxicol 9 (3), 267-85. 

Liu, Y. M., Song, X. D., He, J., Zheng, X. and Wu, H. L. (2014) Synthetic 
derivatives of chrysin and their biological activities. Medicinal Chemistry 
Research 23 (2), 555-563. 

Lloyd, C. M. and Hessel, E. M. (2010) Functions of T cells in asthma: more 
than just T(H)2 cells. Nat Rev Immunol 10 (12), 838-48. 

Loh, Z. H., Samanta, A. K. and Heng, P. W. S. (2015) Overview of milling 
techniques for improving the solubility of poorly water-soluble drugs. 
Asian Journal of Pharmaceutical Sciences 10 (4), 255-274. 

Louhi-Kultanen, M., Karjalainen, M., Rantanen, J., Huhtanen, M. and Kallas, 
J. (2006) Crystallization of glycine with ultrasound. Int J Pharm 320 (1-
2), 23-9. 

Luque de Castro, M. D. and Priego-Capote, F. (2007) Ultrasound-assisted 
crystallization (sonocrystallization). Ultrasonics sonochemistry 14 (6), 
717-724. 

Maas, S. G., Schaldach, G., Littringer, E. M., Mescher, A., Griesser, U. J., 
Braun, D. E., Walzel, P. E. and Urbanetz, N. A. (2011) The impact of 
spray drying outlet temperature on the particle morphology of mannitol. 
Powder Technology 213 (1-3), 27-35. 

Mabalirajan, U., Ahmad, T., Rehman, R., Leishangthem, G. D., Dinda, A. K., 
Agrawal, A., Ghosh, B. and Sharma, S. K. (2013) Baicalein reduces 
airway injury in allergen and IL-13 induced airway inflammation. PLoS 
One 8 (4), e62916. 

Mahavir B. Chougule, B. K. P., Kaustubh A. Jinturkar and Ambikanandan 
Misra (2007) Development of Dry Powder Inhalers. Recent Patents on 
Drug Delivery & Formulation 1, 11-21. 

Malcolmson, R. J. and Embleton, J. K. (1998) Dry powder formulations for 
pulmonary delivery. Pharmaceutical Science & Technology Today 1 
(9), 394-398. 

Manach, C., Scalbert, A., Morand, C., Rémésy, C. and Jiménez, L. (2004) 
Polyphenols: food sources and bioavailability. Am J Clin Nutr 79 (5), 
727-47. 

Manzolli, E. S., Serpeloni, J. M., Grotto, D., Bastos, J. K., Antunes, L. M., 
Barbosa Junior, F. and Barcelos, G. R. (2015) Protective effects of the 
flavonoid chrysin against methylmercury-induced genotoxicity and 
alterations of antioxidant status, in vivo. Oxid Med Cell Longev 2015, 
602360. 



 

217 
 

Mason, T. G., Wilking, J. N., Meleson, K., Chang, C. B. and Graves, S. M. 
(2006) Nanoemulsions: formation, structure, and physical properties. 
Journal of physics. Condensed matter 18 (41), R635-R666. 

Master, K. (1991) Spray Drying Handbook (4th ed.). Longman Scientific and 
Technical, New York. 

Matsuda, H., Ushio, H., Paliwal, V., Ptak, W. and Askenase, P. W. (1995) 
Adoptive cell transfer of contact sensitivity-initiation mediated by 
nonimmune cells sensitized with monoclonal IgE antibodies. 
Dependence on host skin mast cells. J Immunol 154 (10), 5080-92. 

Mayo Clinic https://www.mayoclinic.org/diseases-conditions/pulmonary-
hypertension/symptoms-causes/syc-20350697. 

McCallion, O. N. M., Taylor, K. M. G., Thomas, M. and Taylor, A. J. (1995) 
ULTRASONIC NEBULIZATION OF FLUIDS WITH DIFFERENT 
VISCOSITIES AND SURFACE TENSIONS. Journal of Aerosol 
Medicine-Deposition Clearance and Effects in the Lung 8 (3), 281-284. 

McClements, D. J. (2012) Nanoemulsions versus microemulsions: 
terminology, differences, and similarities. Soft Matter 8 (6), 1719-1729. 

Mehta, M. and Subramani, K. (2012) Chapter 21 - Nanodiagnostics in 
Microbiology and Dentistry. Emerging Nanotechnologies in Dentistry, 
365-390. 

Mekori, Y. A. and Metcalfe, D. D. (2000) Mast cells in innate immunity. 
Immunol Rev 173, 131-40. 

Mendez, A. S. L., de Carli, G. and Garcia, C. V. (2010) Evaluation of powder 
mixing operation during batch production: Application to operational 
qualification procedure in the pharmaceutical industry. Powder 
Technology 198 (2), 310-313. 

Middleton, E., Jr., Kandaswami, C. and Theoharides, T. C. (2000) The effects 
of plant flavonoids on mammalian cells: implications for inflammation, 
heart disease, and cancer. Pharmacol Rev 52 (4), 673-751. 

Millard, T. P. and Hawk, J. L. (2002) Photosensitivity disorders: cause, effect 
and management. Am J Clin Dermatol 3 (4), 239-46. 

Mira, L., Fernandez, M. T., Santos, M., Rocha, R., Florêncio, M. H. and 
Jennings, K. R. (2002) Interactions of flavonoids with iron and copper 
ions: a mechanism for their antioxidant activity. Free Radic Res 36 (11), 
1199-208. 

Mishara, B. and Singh, J. (2020) Chapter 4 - Novel drug delivery systems and 
significance in respiratory diseases. Targeting Chronic Inflammatory 
Lung Diseases Using Advanced Drug Delivery Systems, 57-95. 

Mishra, B. and Singh, J. (2020) Chapter 4 - Novel drug delivery systems and 
significance in respiratory diseases. Targeting Chronic Inflammatory 
Lung Diseases Using Advanced Drug Delivery Systems, 57-95. 

Miyasaka, E., Kato, Y., Hagisawa, M. and Hirasawa, I. (2006) Effect of 
ultrasonic irradiation on the number of acetylsalicylic acid crystals 
produced under the supersaturated condition and the ability of 
controlling the final crystal size via primary nucleation. Journal of 
Crystal Growth 289 (1), 324-330. 

Mohammad, M. A. (2013) Chromatographic adhesion law to simplify surface 
energy calculation. J Chromatogr A 1318, 270-5. 

https://www.mayoclinic.org/diseases-conditions/pulmonary-hypertension/symptoms-causes/syc-20350697
https://www.mayoclinic.org/diseases-conditions/pulmonary-hypertension/symptoms-causes/syc-20350697


 

218 
 

Mohammad, M. A. (2015) An equation to calculate the actual methylene 
middle parameter as a function of temperature. J Chromatogr A 1408, 
267-71. 

Moll, M., Payne, J. G., Tukey, M. H. and Farber, H. W. (2015) Gestational 
pulmonary arterial hypertension. Pulm Circ 5 (4), 730-3. 

Monagas, M., Urpi-Sarda, M., Sánchez-Patán, F., Llorach, R., Garrido, I., 
Gómez-Cordovés, C., Andres-Lacueva, C. and Bartolomé, B. (2010) 
Insights into the metabolism and microbial biotransformation of dietary 
flavan-3-ols and the bioactivity of their metabolites. Food Funct 1 (3), 
233-53. 

Morissette, M., Litim, N. and Paolo, T. D. (2018) Chapter 2 - Natural 
Phytoestrogens: A Class of Promising Neuroprotective Agents for 
Parkinson Disease. Discovery and Development of Neuroprotective 
Agents from Natural Products, 9-61. 

Mukherjee, A. B. and Zhang, Z. (2011) Allergic Asthma: Influence of Genetic 
and Environmental Factors. The Journal of biological chemistry 286 
(38), 32883-32889. 

Mullin, J. W. and ProQuest (2001) Crystallization. 4th edition. Oxford;Boston;: 
Butterworth-Heinemann. 

Muralidharan, P., Malapit, M., Mallory, E., Hayes, D. and Mansour, H. M. 
(2015) Inhalable nanoparticulate powders for respiratory delivery. 
Nanomedicine 11 (5), 1189-1199. 

Nakamura, R., Nakamura, R., Watanabe, K., Oka, K., Ohta, S., Mishima, S. 
and Teshima, R. (2010) Effects of propolis from different areas on mast 
cell degranulation and identification of the effective components in 
propolis. Int Immunopharmacol 10 (9), 1107-12. 

Naz, S., Imran, M., Rauf, A., Orhan, I. E., Shariati, M. A., Iahtisham Ul, H., 
IqraYasmin, Shahbaz, M., Qaisrani, T. B., Shah, Z. A., Plygun, S. and 
Heydari, M. (2019) Chrysin: Pharmacological and therapeutic 
properties. Life Sciences 235, 116797-116797. 

Newman, S. P. (2005) Principles of metered-dose inhaler design. Respir Care 
50 (9), 1177-90. 

Newman, S. P. and Busse, W. W. (2002) Evolution of dry powder inhaler 
design, formulation, and performance. Respir Med 96 (5), 293-304. 

Newman, S. P., Pellow, P. G. D. and Clarke, S. W. (1986) Droplet size 
distributions of nebulised aerosols for inhalation therapy. Clinical 
physics and physiological measurement 7 (2), 139-146. 

Nikander, K., Turpeinen, M. and Wollmer, P. (1999) The conventional 
ultrasonic nebulizer proved inefficient in nebulizing a suspension. J 
Aerosol Med 12 (2), 47-53. 

Nishida, I. (2004) Precipitation of calcium carbonate by ultrasonic irradiation. 
Ultrason Sonochem 11 (6), 423-8. 

Nývlt, J. (1968) Kinetics of nucleation in solutions. Journal of Crystal Growth 
3-4, 377-383. 

Okayama, Y., Benyon, R. C., Rees, P. H., Lowman, M. A., Hillier, K. and 
Church, M. K. (1992) Inhibition profiles of sodium cromoglycate and 
nedocromil sodium on mediator release from mast cells of human skin, 
lung, tonsil, adenoid and intestine. Clin Exp Allergy 22 (3), 401-9. 



 

219 
 

Orhan, D. D., Ozçelik, B., Ozgen, S. and Ergun, F. (2010) Antibacterial, 
antifungal, and antiviral activities of some flavonoids. Microbiol Res 165 
(6), 496-504. 

Ostling, O. and Johanson, K. J. (1984) Microelectrophoretic study of radiation-
induced DNA damages in individual mammalian cells. Biochem 
Biophys Res Commun 123 (1), 291-8. 

Park, H. H., Lee, S., Son, H. Y., Park, S. B., Kim, M. S., Choi, E. J., Singh, T. 
S., Ha, J. H., Lee, M. G., Kim, J. E., Hyun, M. C., Kwon, T. K., Kim, Y. 
H. and Kim, S. H. (2008) Flavonoids inhibit histamine release and 
expression of proinflammatory cytokines in mast cells. Arch Pharm Res 
31 (10), 1303-11. 

Patravale, V., Dandekar, P. and Jain, R. (2012) Nanoparticles as drug carriers. 
Nanoparticulate Drug Delivery, 29-85. 

Patravale, V. B., Date, A. A. and Kulkarni, R. M. (2004) Nanosuspensions: a 
promising drug delivery strategy. J Pharm Pharmacol 56 (7), 827-40. 

Pedersen, S. (1986) How to use a rotahaler. Arch Dis Child 61 (1), 11-4. 
Pilcer, G., Vanderbist, F. and Amighi, K. (2008) Correlations between cascade 

impactor analysis and laser diffraction techniques for the determination 
of the particle size of aerosolised powder formulations. Int J Pharm 358 
(1-2), 75-81. 

Prado, C. M., Righetti, R. F., Pigati, P. A. d. s., Possa, S. S., Santos, A. S. A. 
d., Pinheiro, N. M., Toledo, A. C. d., Leick, E. A., Martins, M. d. A. and 
Tiberio, l. d. F. L. C. (2014) New Pharmacological Targets for Asthma 
Drug Development. Journal of Allergy & Therapy 5 (2). 

Rabinow, B. E. (2004) Nanosuspensions in drug delivery. Nat Rev Drug 
Discov 3 (9), 785-96. 

Raghu, A. V., Satheesh, G., R., K. V. and K, S. K. (2013) Bioactive properties 
of phenolics present in Oroxylum indicum. A review. Journal of 
Pharmacognosy and Phytochemistry 2 (3), 23-27. 

Rahn-Chique, K., Puertas, A. M., Romero-Cano, M. S., Rojas, C. and Urbina-
Villalba, G. (2012) Nanoemulsion stability: experimental evaluation of 
the flocculation rate from turbidity measurements. Adv Colloid Interface 
Sci 178, 1-20. 

Ramírez-Cisneros, A. M., Ríos Gómez, R. and Rios, M. Y. (2016). HPLC 
quantification method for chrysin and tectochrysin in Flourensia 
extracts. Stuttgart · New York. Vol. 82. Georg Thieme Verlag KG. 
https://go.exlibris.link/ZSMrjHrD. 

Rasenack, N. and Müller, B. W. (2004) Micron-size drug particles: common 
and novel micronization techniques. Pharm Dev Technol 9 (1), 1-13. 

Rashid, S., Ali, N., Nafees, S., Ahmad, S. T., Arjumand, W., Hasan, S. K. and 
Sultana, S. (2013) Alleviation of doxorubicin-induced nephrotoxicity and 
hepatotoxicity by chrysin in Wistar rats. Toxicology mechanisms and 
methods 23 (5), 337-345. 

Rawal, S. U. and Patel, M. M. (2018) Chapter 2 - Lipid nanoparticulate 
systems: Modern versatile drug carriers. Lipid Nanocarriers for Drug 
Targeting, 49-138. 

Rodriguez-Martinez, C. E., Sossa-Briceño, M. P. and Castro-Rodriguez, J. A. 
(2012) Comparison of the bronchodilating effects of albuterol delivered 
by valved vs. non-valved spacers in pediatric asthma. Pediatr Allergy 
Immunol 23 (7), 629-35. 



 

220 
 

Sahane, S. P., Nikhar, A. K., Bhaskaran, S. and Mundhada, D. (2012) Review 
Article Dry Powder Inhaler: An Advance Technique for Pulmonary Drug 
Delivery System. Department of Pharmaceutics, Agnihotri College of 
Pharmacy. 

Saint-Lorant, G., Leterme, P., Gayot, A. and Flament, M. P. (2007) Influence 
of carrier on the performance of dry powder inhalers. Int J Pharm 334 
(1-2), 85-91. 

Saleem, I., Smyth, H. and Telko, M. (2008) Prediction of dry powder inhaler 
formulation performance from surface energetics and blending 
dynamics. Drug Dev Ind Pharm 34 (9), 1002-10. 

Sangeetha, G. and Vidhya, R. (2016) In vitro anti-inflammatory activity of 
different parts of Pedalium murex (L.). International Journal of Herbal 
Medicine 4 (3). 

Sangeetha, K. S. S., Umamaheswari, S., Reddy, C. U. M. and Kalkura, S. N. 
(2017) CHRYSIN LOADED CHITOSAN NANOPARTICLE: 
FORMULATION AND IN-VITRO CHARACTERIZATION. International 
Journal of Pharmaceutical Sciences and Research 8 (3), 1102-1109. 

Sassa-deepaeng, T., Pikulkaew, S. and Okonogi, S. (2016) Development of 
chrysin loaded poloxamer micelles and toxicity evaluation in fish 
embryos. Drug discoveries & therapeutics 10 (3), 150-155. 

Sathiavelu, J., Senapathy, G. J., Devaraj, R. and Namasivayam, N. (2009) 
Hepatoprotective effect of chrysin on prooxidant-antioxidant status 
during ethanol-induced toxicity in female albino rats. Journal of 
pharmacy and pharmacology 61 (6), 809-817. 

Scheibelhofer, O., Balak, N., Wahl, P. R., Koller, D. M., Glasser, B. J. and 
Khinast, J. G. (2012) Monitoring Blending of Pharmaceutical Powders 
with Multipoint NIR Spectroscopy. AAPS PharmSciTech 14 (1), 234-
244. 

Selvam, P., McNair, D., Truman, R. and Smyth, H. D. (2010) A novel dry 
powder inhaler: Effect of device design on dispersion performance. Int 
J Pharm 401 (1-2), 1-6. 

Serafini, M., Peluso, I. and Raguzzini, A. (2010) Flavonoids as anti-
inflammatory agents. Proc Nutr Soc 69 (3), 273-8. 

Sha, N., Huang, H. L., Zhang, J. Q., Chen, G. T., Tao, S. J., Yang, M., Li, X. 
N., Li, P. and Guo, D. A. (2009) Simultaneous quantification of eight 
major bioactive phenolic compounds in Chinese propolis by high-
performance liquid chromatography. Nat Prod Commun 4 (6), 813-8. 

Shaheen, S. O., Sterne, J. A., Thompson, R. L., Songhurst, C. E., Margetts, 
B. M. and Burney, P. G. (2001) Dietary antioxidants and asthma in 
adults: population-based case-control study. Am J Respir Crit Care 
Med 164 (10 Pt 1), 1823-8. 

Shaikh, S., Nazim, S., Khan, T., Shaikh, A., Zameeruddin, M. and Quazi, A. 
(2010). Recent Advances In Pulmonary Drug Delivery System: A 
Review. International Journal of Applied Pharmaceutics 2, 27-31. 

Shetty, N., Park, H., Zemlyanov, D. and Zhou, Q. T. (2021) Improving Physical 
and Aerosol Stability of Spray Dried High-dose Dry Powder Inhaler 

Shojaei, T. R., Salleh, M. A. M. and al., E. (2019) Chapter 11 - Applications of 
Nanotechnology and Carbon Nanoparticles in Agriculture. Applications 
of Carbon Nanomaterials, 247-277. 



 

221 
 

Shukla, R., Pandey, V., P.Vadnere, G. and Lodhi, S. (2019) Chapter 18 - Role 
of Flavonoids in Management of Inflammatory Disorders. Bioactive 
Food as Dietary Interventions for Arthritis and Related Inflammatory 
Diseases (Second Edition), 293-322. 

Simonazzi, A., Cid, A. G., Villegas, M., Romero, A. I., Palma, S. D. and 
Bermudez, J. M. (2018) Chapter 3 - Nanotechnology applications in 
drug controlled release. Drug Targeting and Stimuli Sensitive Drug 
Delivery Systems, 81-116. 

Singh, N. P., McCoy, M. T., Tice, R. R. and Schneider, E. L. (1988) A simple 
technique for quantitation of low levels of DNA damage in individual 
cells. Experimental cell research 175 (1), 184-191. 

Skoog, D. A., Holler, F. J. and Nieman, T. A. (1998) Principles of instrumental 
analysis. 5th edition. London;South Melbourne, Victoria;: Thomson 
Learning. 

Steckel, H. and Muller, B. W. (1997) In vitro evaluation of dry powder inhalers 
.2. Influence of carrier particle size and concentration on in vitro 
deposition. International Journal of Pharmaceutics 154 (1), 31-37. 

Steckel, H., Rasenack, N. and Müller, B. W. (2003) In-situ-micronization of 
disodium cromoglycate for pulmonary delivery. Eur J Pharm Biopharm 
55 (2), 173-80. 

Suarez, S. and Hickey, A. J. (2000) Drug properties affecting aerosol behavior. 
Respir Care 45 (6), 652-66. 

Sung, J. C., Pulliam, B. L. and Edwards, D. A. (2007) Nanoparticles for drug 
delivery to the lungs. Trends in biotechnology (Regular ed.) 25 (12), 
563-570. 

Swinney, D. C. (2011) Chapter 18 - Molecular Mechanism of Action (MMoA) 
in Drug Discovery. Annual Reports in Medicinal Chemistry 46, 301-317. 

Syama, S. and Mohanan, P. V. (2018) Chapter 29 - The Promising Biomedical 
Applications of Engineered Nanomaterials. Handbook of Nanomaterials 
for Industrial Applications, 530-542. 

Tao, Z., Geng, H., Yu, K., Yang, Z. and Wang, Y. (2004) Effects of high-energy 
ball milling on the morphology and the field emission property of multi-
walled carbon nanotubes. Materials letters 58 (27), 3410-3413. 

Tashkin, D. P., Lipworth, B. and Brattsand, R. (2019) Benefit:Risk Profile of 
Budesonide in Obstructive Airways Disease. Drugs 79 (16), 1757-1775. 

TAYLOR, K. M. G., PANCHOLI, K. and WONG, D. Y. T. (1999) In-vitro 
Evaluation of Dry Powder Inhaler Formulations of Micronized and Milled 
Nedocromil Sodium. Pharmacy and Pharmacology Communications 5 
(4), 255-257. 

Tekin, İ. Ö. and Marotta, F. (2018) Chapter 22 - Polyphenols and Immune 
System. Polyphenols: Prevention and Treatment of Human Disease 
(Second Edition), 263-276. 

Telko, M. J. and Hickey, A. J. (2005) Dry powder inhaler formulation. Respir 
Care 50 (9), 1209-27. 

Tewa-Tagne, P., Briançon, S. and Fessi, H. (2007) Preparation of 
redispersible dry nanocapsules by means of spray-drying: development 
and characterisation. Eur J Pharm Sci 30 (2), 124-35. 

Theoharides, T. C. and Cochrane, D. E. (2004) Critical role of mast cells in 
inflammatory diseases and the effect of acute stress. J Neuroimmunol 
146 (1-2), 1-12. 



 

222 
 

Theoharides, T. C., Wang, L., Pang, X., Letourneau, R., Culm, K. E., Basu, S., 
Wang, Y. and Correia, I. (2000) Cloning and cellular localization of the 
rat mast cell 78-kDa protein phosphorylated in response to the mast 
cell "stabilizer" cromolyn. J Pharmacol Exp Ther 294 (3), 810-21. 

Timsina, M. P., Martin, G. P., Marriott, C., Ganderton, D. and Yianneskis, M. 
(1994) Drug delivery to the respiratory tract using dry powder inhalers. 
Amsterdam, Elsevier B.V. 

United States Pharmacopeial Convention. (2004) The United States 
Pharmacopeia : the National Formulary. Rockville, Md.: United States 
Pharmacopeial Convention. 

Usmani, O. S., Biddiscombe, M. F., Nightingale, J. A., Underwood, S. R. and 
Barnes, P. J. (2003) Effects of bronchodilator particle size in asthmatic 
patients using monodisperse aerosols. J Appl Physiol (1985) 95 (5), 
2106-12. 

Van Eerdenbrugh, B., Van den Mooter, G. and Augustijns, P. (2008) Top-down 
production of drug nanocrystals: nanosuspension stabilization, 
miniaturization and transformation into solid products. Int J Pharm 364 
(1), 64-75. 

Villar, I. C., Jiménez, R., Galisteo, M., Garcia-Saura, M. F., Zarzuelo, A. and 
Duarte, J. (2002) Effects of chronic chrysin treatment in spontaneously 
hypertensive rats. Planta Med 68 (9), 847-50. 

Vishweshwaran, S., Sairam, G., Shakilarani, M., Stalin, S., Swaminathan, S. 
and Maheswari, K. U. (2014) Evaluation of Chrysin as an Effective 
Antilipidemic Agent. Asian Journal of Chemistry 26 (9), 2617-2620. 

Vocanson, M., Hennino, A., Rozières, A., Poyet, G. and Nicolas, J. F. (2009) 
Effector and regulatory mechanisms in allergic contact dermatitis. 
Allergy 64 (12), 1699-714. 

Vollath, D., Fischer, F. D. and Holec, D. (2018) Surface energy of 
nanoparticles  influence of particle size and structure. Beilstein Journal 
of Nanotechnology 9, 2265 - 2276. 

Voon, C. H., Foo, K. L., Lim, B. Y., Gopinath, S. C. B. and Al-Douri, Y. (2020) 
3 - Synthesis and preparation of metal oxide powders. Metal Oxide 
Powder Technologies, 31-65. 

Wadibhasme, P. G., Ghaisas, M. M. and Thakurdesai, P. A. (2011) Anti-
asthmatic potential of chrysin on ovalbumin-induced bronchoalveolar 
hyperresponsiveness in rats. Pharmaceutical biology 49 (5), 508-515. 

Wan, K. Y., Weng, J., Wong, S. N., Kwok, P. C. L., Chow, S. F. and Chow, A. 
H. L. (2020) Converting nanosuspension into inhalable and 
redispersible nanoparticles by combined in-situ thermal gelation and 
spray drying. Eur J Pharm Biopharm 149, 238-247. 

Weber, A., Morlin, G., Cohen, M., Williams-Warren, J., Ramsey, B. and Smith, 
A. (1997) Effect of nebulizer type and antibiotic concentration on device 
performance. Pediatric pulmonology 23 (4), 249-260. 

Wells, E. and Mann, J. (1983) Phosphorylation of a mast cell protein in 
response to treatment with anti-allergic compounds. Implications for the 
mode of action of sodium cromoglycate. Biochem Pharmacol 32 (5), 
837-42. 



 

223 
 

Weng, Z., Patel, A. B., Panagiotidou, S. and Theoharides, T. C. (2015) The 
novel flavone tetramethoxyluteolin is a potent inhibitor of human mast 
cells. J Allergy Clin Immunol 135 (4), 1044-1052.e5. 

Weng, Z., Zhang, B., Asadi, S., Sismanopoulos, N., Butcher, A., Fu, X., 
Katsarou-Katsari, A., Antoniou, C. and Theoharides, T. C. (2012) 
Quercetin is more effective than cromolyn in blocking human mast cell 
cytokine release and inhibits contact dermatitis and photosensitivity in 
humans. PLoS One 7 (3), e33805. 

Wenzel, S. E. (2006) Asthma: defining of the persistent adult phenotypes. 
Lancet 368 (9537), 804-13. 

Williamson, G. (2002) Common features in the pathways of absorption and 
metabolism of flavonoids. 4th International Phytochemical Conference. 
Calif State Polytechn Univ, Pomona, CA, Oct 21-22. <Go to 
ISI>://WOS:000189399600002.  

Woo, K. J., Jeong, Y. J., Park, J. W. and Kwon, T. K. (2004) Chrysin-induced 
apoptosis is mediated through caspase activation and Akt inactivation 
in U937 leukemia cells. Biochem Biophys Res Commun 325 (4), 1215-
22. 

Xiao, J., Kai, G., Yamamoto, K. and Chen, X. (2013) Advance in dietary 
polyphenols as α-glucosidases inhibitors: a review on structure-activity 
relationship aspect. Crit Rev Food Sci Nutr 53 (8), 818-36. 

Yao, J., Jiang, M., Zhang, Y., Liu, X., Du, Q. and Feng, G. (2016) Chrysin 
alleviates allergic inflammation and airway remodeling in a murine 
model of chronic asthma. International immunopharmacology 32, 24-
31. 

Yao, J., Zhang, Y. S., Feng, G. Z. and Du, Q. (2015) Chrysin inhibits human 
airway smooth muscle cells proliferation through the extracellular 
signal-regulated kinase 1/2 signaling pathway. Mol Med Rep 12 (5), 
7693-8. 

Yasir, M., Goyal, A., Bansal, P. and Sonthalia, S. (2021) Corticosteroid 
Adverse Effects. StatPearls.  Treasure Island (FL): StatPearls 
Publishing Copyright © 2021, StatPearls Publishing LLC.  

Yesmin, S., Paul, A., Naz, T., Rahman, A. B. M. A., Akhter, S. F., Wahed, M. 
I. I., Emran, T. B. and Siddiqui, S. A. (2020) Membrane stabilization as 
a mechanism of the anti-inflammatory activity of ethanolic root extract 
of Choi (Piper chaba). Clinical Phytoscience 6 (1), 59. 

Yildiz, O. and Soydan, A. M. (2019) Synthesis of zirconia toughened alumina 
nanopowders as soft spherical granules by combining co-precipitation 
with spray drying. Ceramics International 45 (14), 17521-17528. 

Yin, L., Lu, B., Qi, Y., Xu, L., Han, X., Xu, Y., Peng, J. and Sun, C. (2009) 
Simultaneous determination of 11 active components in two well-known 
traditional Chinese medicines by HPLC coupled with diode array 
detection for quality control. J Pharm Biomed Anal 49 (4), 1101-8. 

Young, P. M., Cocconi, D., Colombo, P., Bettini, R., Price, R., Steele, D. F. 
and Tobyn, M. J. (2002) Characterization of a surface modified dry 
powder inhalation carrier prepared by "particle smoothing". J Pharm 
Pharmacol 54 (10), 1339-44. 



 

224 
 

Young, P. M., Wood, O., Ooi, J. and Traini, D. (2011) The influence of drug 
loading on formulation structure and aerosol performance in carrier 
based dry powder inhalers. Int J Pharm 416 (1), 129-35. 

Yu, W. and Su, D. (2007) The artificial cell design: nanoparticles. Therapy. 
Woodhead Publishing Series in Biomaterials, 103-114. 

Yusoff, A. H. M. and Salimi, M. N. (2018) Superparamagnetic nanoparticles 
for drug delivery. Applications of Nanocomposite Materials in Drug 
Delivery, 843-859. 

Zeng, X. M., Martin, G. P. and Marriott, C. (2001) Medicinal aerosols. 
Particulate interactions in Dry Powder Formulations for inhalations. 
Taylor & Francis, New York, NY, 65-102. 

Zeng, X. M., Martin, G. P., Marriott, C. and Pritchard, J. (2000a) The influence 
of carrier morphology on drug delivery by dry powder inhalers. Int J 
Pharm 200 (1), 93-106. 

Zeng, X. M., Martin, G. P., Tee, S. K., Ghoush, A. A. and Marriott, C. (1999) 
Effects of particle size and adding sequence of fine lactose on the 
deposition of salbutamol sulphate from a dry powder formulation. Int J 
Pharm 182 (2), 133-44. 

Zeng, X. M., Pandhal, K. H. and Martin, G. P. (2000b) The influence of lactose 
carrier on the content homogeneity and dispersibility of 
beclomethasone dipropionate from dry powder aerosols. Int J Pharm 
197 (1-2), 41-52. 

Zheng, Y., Fu, Z., Li, D. and Wu, M. (2018) Effects of Ball Milling Processes 
on the Microstructure and Rheological Properties of Microcrystalline 
Cellulose as a Sustainable Polymer Additive. Materials (Basel) 11 (7). 

Zhu, J., Wen, J., Ma, Y. and Zhang, H. (2006) Dry powder inhaler.



 

225 
 

Appendix A 

Sono-crystallisation chrysin samples SEM images, Samples S1 to S20. S1 to 

S13: solvent used was DMSO. S15: solvent used was Ethanol. S16: solvent 

used was Acetone. S17 and S18: solvent used was DMSO/Isopropanol 50/50 

v/v%. S19 and S20: solvent used was Pyridine.  
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Appendix B 

1. In-vitro COSHH form: 
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2. NGI risk assessment: 
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3. Genotoxicity COSHH form: 
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4. Biological agents and materials risk form: 
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