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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



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



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 a-smooth muscle actin (a-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



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 um
to have potential aerosolisation properties. Larger particles with a size >10 pum
are usually deposited in the upper pulmonary system and retained in the
oropharyngeal area. By contrast, particles <0.5 um 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 um (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



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

4



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



then to evaluate the in vitro aerodynamic behaviour of the formulations
using an NGl;

- 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.



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 (LIloyd 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

v



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).



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 [3-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 p-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).
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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, TNFa, and IL-1[3, 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
TNFa 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 pg. On the other hand,
catechin can promote the release of IL-10 by inhibiting TNFa and IL-1(3

(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
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Figure 0.1: Chrysin’s 2D structure.

Table 0.1: Physicochemical properties of chrysin

Physical state Solid
Molecular Formula C15H1004
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).

15



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-
Y (IFN-y) 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 a-smooth muscle actin (a-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 ug 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-k[3, 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
1la, 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 sStAR 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
agueous 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

18



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 nanopatrticles 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.

19



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 | Precipitation of the drug can occur in

capability. 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 MDlIs
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 patrticle size should be between 1
and 5 um. 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 um. 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 pg, 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 | They have reduced portability.

cannot use other types of inhalers.

Large doses of the drug can be | A longer time is required to be set

administered. before using it.

They do not require coordination | They cost more.

from the patient.

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:

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).

Gravitational precipitation: This appears in the small conducting
airways when the particles are below 5 pum in size and the air velocity
is low (Shaikh et al., 2010; Carvalho et al. 2011).

Diffusion: This arises in small airways and alveoli when patrticles are
less than 0.5 um and subject to Brownian motion, and when the airflow
is very low (Zeng et al. 2001).

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.

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 um to have potential aerosolisation properties. Larger particles >10 pum
usually deposit in the upper pulmonary system and are retained in the
oropharyngeal area. By contrast, particles <0.5 um 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 um 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 um 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
vancomyecin, 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
agueous phase dispersed in an oily one or an oily phase dispersed in an
agueous 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 oll
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,
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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 Dso 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 (um)
S1 14.10
S2 8.61
S3 5.39
S4 3.30
S5 2.08
S6 1.36
S7 0.98
MOC 0.7
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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)

35



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®, Norten-
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 vex500 (Sonics®, Newtown, USA);
Spray drying

Blichi B-191 Spray Dryer (Biichi®, Flawil, Switzerland).
2.2.2. For particle characterisation and analysis

e Laser diffraction particle size analyser, Sympatec HELOS/BR (H2419) &
RODOS/M (Sympatec Instruments®, Bury, UK);

e 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);

37



e 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);

e TURBULA® (Willy A. Bachofen AG [WAB®], Basel, Switzerland).
2.2.4. For the characterisation and analysis of liquid formulations

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

e 3320 Micro-Osmometer (model 3320; Advanced Instruments®, London,
UK);

e Dynamic light scattering (DLS), Zetasizer Nano ZS (Malvern Analytical Ltd,
Malvern, UK);

e 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);

e Jet nebuliser (Sidestream®).
2.2.6. Other apparatus

e Manual Blaine air permeability apparatus (Testing®, Berlin, Germany);
= Incubator, Gen-lab® General Purpose Incubator;

e Water bath sonicator (Decon Laboratories, Hove, UK);
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e 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 um (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 Buchi 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.

40



Temperature probe air .
inlet Heating

Flow stabiliser inlet —— -!-—> ! ]
D—J Suction Opening
-

Temperature probe air %
outlet

Cyclone where the drug
separate from air

Collecting Vessel

Figure 0.1: Schematic diagram of the Blichi B-191 Spray Dryer (modified from
Bichi 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 Dso 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.

Sample\ /Reference Pan
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/
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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):

Mo=(1—-e) X p XV [g]

where Mo is the weight of the sample; e is the porosity; p 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):
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where K is the apparatus constant; e is the porosity; p is the sample density;

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

Measuring cell

Stopcock

Top mark
Starting point

Stopping point\

Qil filling height —— Thermometer attach point

Aspirator bulb
U-shaped tube

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

areas of the five samples:
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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:

where is the total free surface energy; is the dispersive energy; and

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

eqguations:
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where is the dispersive energy; Is the sample dispersive retention

factor; is the sample column temperature in kelvin; is the cross-
sectional area; is methylene group's dispersive energy; is the
nondispersive energy,  is the electron donor; and * 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:

= [+ ——1
where is the work of cohesion; is the work of adhesion; is the
total surface energy; is the dispersive energy of the chrysin; is the
dispersive energy of the carrier; is the nondispersive energy of the chrysin;
and 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 uM. Therefore, the
nominal dose was calculated to be 5 uM (equivalent to 1.271 mg) considering

that only approximately 20% of the dose reaches the lungs when inhalers are

50



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.
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/
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Micro-orifice
collector (MOC)
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Clamping mechanism

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:
= (60sec )/

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 NGl 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 pum 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 um particle size, L x I.D.
15 cm x 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 pL, 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 pL 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 pg/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 um 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 pg/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 pg/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 <5um), FPF
(i.e., percentage of the drug with an aerodynamic diameter <5 pum), 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 um

particle size, L x ID 15 cm x 4.6 mm.

Internal standard: 20 pg/mL of rutin.

Temperature: room temperature (25°C).

Wavelength: 265 nm.

Flow rate: 1 mL/min.

Injection volume: 100 pL.
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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 um 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 pg/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 pum membrane syringe filter.
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Table 0.1: Chrysin standard solutions prepared using the stock solution at a

concentration of 10 pg/mL

Sample Stock solution Final volume using | Standard solution
volume (mL) internal standard concentration
(mL) (Mg/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 x 4.6

mm x 5 um) HPLC column.

Wavelength: 265 nm.

Flow rate: 1 mL/min.

Injection volume: 20 pL.

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 pL. 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 pg/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.

Chrysin

mAU

Time [minutes)

Figure 0.1: Chromatograms of chrysin and rutin using a mobile phase of
methanol/5SmM sodium phosphate monobasic buffer (pH 3) 80/20% vlv,
injection volume of 100 pL, 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 pg/mL). All of the samples contained rutin (20 pg/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 R?, intercept, and slope for chrysin are presented in Table 3.2.

y =0.2021x + 0.0623
S 1 R2 =0.9978

RATIO (CHRYSIN PEAK AREA/RUTIN PEAK
AREA)
w

0 5 10 15 20 25 30
CONCENTRATION MG/ML

Figure 0.2: Calibration curve of chrysin, using rutin as the internal standard.
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Table 0.2: Mean (n = 5) chrysin R?, intercept, and slope. For chromatographic
conditions, see Figure 4.2.

R? 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:

=33 /

=10 /

where is the standard deviation of the Y-intercept and S is the mean of the

slopes of the five calibration curves:

=0.048323266

=0.20414

Thus, the LOD and LOQ of chrysin were as follows:

= 0.781163792 pg/mL
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= 2.367163007 pg/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
pg/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 pg/mL 0.692960023 0.56352855
15 pg/mL 0.290535814 0.158913632
25 pg/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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M, - M,

T

% Relative Error (bias) :[ }x 100

where Mo is the measured value, and Mt is the actual value.

In this test, three different concentrations (5, 15, and 25 pg/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 pg/mL 5.08744229 1.748845799 98.2511542
15 pg/mL 14.66518929 -2.232071407 102.2320714
25 pg/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 pL.
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 wusing 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 patrticle size is a critical factor affecting its distribution in the lungs.
Effective lung deposition requires the formulation of a small chrysin inhaler (<5
pum). 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 technigue 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 um for potential
aerosolisation properties (Timsina et al. 1994). Particle sizes of 2.5 and 3.5
um 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, isopropanaol,
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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 (Buichi, Flawil, Switzerland). Acetone was used
instead of DMSO (which is a superior solvent for chrysin) due to DMSQO'’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, RODOSI/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 pM dose
was used on murine peritoneal exudate neutrophils. Hence, this study used a
5 UM 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 uM was multiplied by
five to become 5 uM. 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 (um) 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

(um) £ SD
BM1 10 300 3.2+0.14
BM2 10 400 3.4+0.17
BM3 10 500 35+0.11
BM4 15 300 29+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 pum to have potential aerosolisation properties.
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While particles >10 pm usually deposit in the upper pulmonary system,
particles <0.5 um should be exhaled from the pulmonary tract (Timsina et al.,

1994).
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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 patrticle 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,
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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 pm to D50 <5 pm.

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.

285°C

285°C

285°C

Heat Flow (w/g)

0 50 100 150 200 250 300 350
Tempretature °C

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 um; and C is after ball milling with a particle
size of 2.5 um.
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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.
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Figure 0.4: Processed chrysin surface energy. Raw = raw chrysin, BM 3.5 =

3.5 um of processed chrysin, and BM 2.5 = 2.5 um 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.

50.00 -
45.00 -
40.00 - 1

& 35.00 - T

30.00 A

25.00 A Man

20.00 - Lac

Energy units (mJ/m?2

15.00 -
10.00 -
5.00 A

0.00 =
Non dispersive energy  Dispersive energy Total free surface
energy

Figure 0.5: Lactose and mannitol surface energies. Lac = lactose and Man =
mannitol (n = 3, and SD).

The micronised chrysin had a lower surface energy than the raw chrysin, as
raw chrysin had a total free surface energy of 59.47 mJ/m?, while processed
chrysin had total free surface energies of 48.35 mJ/m? and 42.91 mJ/m? for
2.5 pum D50 (p < 0.006) and 3.5 um D50 (p < 0.02), respectively. The raw
chrysin’s nondispersive energy was 10.49 mJ/m2, while the processed
chrysin’s was 5.53 mJ/m2 and 4.64 mJ/m2 for 3.5 uym and 2.5 pm,
respectively. Moreover, the nondispersive energy (polar energy) was reduced
due to the milling, as the 2.5 pum D50 chrysin sample had a lower
nondispersive energy than the 3.5 um D50 sample (p < 0.002). This reduction
in polar energy was attributed to the agglomeration of the particles, which was
caused by a further reduction in particle size. Moreover, the polar surface sites

had more energy than the nonpolar sites. Thus, the particles agglomerated
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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 um, whereas the mannitol particle size is D50 170-200 um. 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).
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Figure 0.6: Processed chrysin’s work of cohesion and work of adhesion with
carriers. BM 3.5 = 3.5 um of processed chrysin; BM 2.5 = 2.5 um of processed
chrysin (n = 3, SD).

Figure 4.6 confirms that the 2.5 um D50 chrysin sample had a higher work of
cohesion and work of adhesion with both carriers than the 3.5 um D50 chrysin

sample; however, the variance was nonsignificant as the statistical analysis

for the two samples revealed p < 0.2, despite the significant difference in the
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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
pm 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 um 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 pm D50 and 3.5 um 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/iv%) 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.

3.8.6. Aerodynamic characterisation of chrysin formulations using the

NGI

Again, the DPIs’ aerodynamic performance was assessed by calculating the
FPD, FPF, GSD, and MMAD. As mentioned in Section 4.3.5., two carriers
(mannitol and lactose) and two mixing ratios (1:67.5 and 1:10 w/w%) were
used. The Copley Inhaler Testing Data Analysis Software (CITDAS) was used
to determine the inhalers’ aerodynamic parameters for each formulation using
chrysin amounts collected in each stage of the NGI. Three runs were

conducted for each sample, and then means were calculated.

The aerodynamic characterisation (FPF, MMAD, and GSD) of the DPI
formulations of micronised chrysin using BM are presented in Table 4.4. The
mass percentage of the chrysin in each NGI stage is provided in Figures 4.8

and 4.9.
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Table 0.4: NGl results (FPD, FPF, MMAD, and GSD) of chrysin sample formulations indicating the samples, carriers, devices, and mixing ratios used (n
=3, SD)

Formulation Particle size  Carrier Ratio Device FPD (ug) FPF MMAD (um) GSD
ID (um) w/w%

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+25 6.2+0.6 5+0.03 15
F4 3.5 Lactose 1/67.5 Spiriva® 73.625 %9 7.4+09 4.23+0.19 11
F5 3.5 Mannitol 1/10 RS01® 74.445 + 19 7.2+1 45+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 49+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 42 +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.



In pulmonary drug delivery, the particle size should be 1-5 pum to have
potential aerosolisation properties. While particles >10 pum usually deposit in
the upper pulmonary system, particles <0.5 pm are exhaled from the
pulmonary tract (Timsina et al., 1994). Therefore, two different particle sizes
in the accepted range (3.5 and 2.5 pym) 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 um. When it ranged from
1.4 to 2.7 um, 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).
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Figure 0.8: Mass distribution of F1, where 3.5 um 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 pm of processed chrysin was
mixed with lactose at a ratio of 1:67.5 w/w% (n = 3, SD).

Figures 4.8 and 4.9 demonstrate that the drug mass distribution in F2 was
higher than that in F1 (p < 0.006), as the mass distribution was the highest in
Stage 1 (cut-off diameter > 6.12 um) when mannitol (44.85 pg) was used and
in Stage 3 (cut-off diameter = 2.18-3.42 um) when lactose (34.18 pg) was
used for the sample prepared by BM. For mannitol, the mass percentage
gradually decreased from Stage 1 to Stage 5. However, for the lactose
formulation, a sharp increase between Stages 1 and 2 was noted; then, the
percentage decreased slightly until Stage 5. This result could be related to
mannitol having a higher surface energy (42.6 mJ/m?) than lactose (36.43
mJ/m?), as depicted in Figure 4.5 (p < 0.002), which means a lower drug-
carrier interaction between lactose and chrysin than between mannitol and
chrysin, as illustrated in Figure 4.6. Here, the work of adhesion of the chrysin
particles with lactose is observed to have been lower than that with mannitol,

which means that mannitol-chrysin particles require more energy to be
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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 pm results when the chrysin
sample particle size was 3.5 um (n = 3).

Carrier Device 1:10 w/w% 1:67.5 w/w%
FPF MMAD (um) FPF MMAD (um)
Mannitol RS01® 7.4x0.9 4.23+0.19 8.816 + 1.2 3.7+£0.13
Mannitol ~ Spiriva® 6.1 +0.3 49+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 45+0.2
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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).
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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).

According to Table 4.4, F1 had an FPF of 8.816% when mannitol was used as
a carrier, while F2 had an FPF of 10.33% when lactose was used. In both
formulations, an RS01 device was used, and the carrier was mixed with 3.5
pm of chrysin at a ratio of 1:67.5 w/w%. The MMAD of the two formulations
(F1 and F2) was approximately 3.8 um, which indicates that 50% of the
particles were <3.8 um. Figures 4.10 and 4.11 illustrate that DPI distribution in
the lungs could be slightly related to particle size. The lung dose of the 3.5 pm
aerosols using any carriers or devices was twice as large as the 2.5 um
formulations. However, the difference between the two samples’ performance
was nonsignificant (p < 0.33). Figure 4.4 reveals a significant difference
between the two samples’ total free surface energy (p < 0.002); however, the
difference in the work of adhesion between the two processed chrysin samples

(2.5 um and 3.5 um) was nonsignificant (p < 0.2), as indicated in Figure 4.6.

Thus, reducing the drug particle size by more than 3.5 um had no significant
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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
pum 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 um) than mannitol (D50 170-200 um). 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/m?) was lower than that with
mannitol (82.86 and 89.13 mJ/m?) for 3.5 um by 8.5% and 2.5 pm 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/m?) than lactose (36.43 mJ/m?; 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 pum. 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 um (Table 4.6).

96



Table 0.6: Sonocrystallised samples’ particle sizes (um) from changing the experiment conditions. Particle size was measured in
triplicate, and averages and standard deviations are provided (n = 3, SD).

Sample Chrysin/solvent Solvent Antisolvent  Solvent/Antisolv. Amplitude Processing Particle size
number concentration ent ratio v/iv% (%) time (min) D50 (um)
(mg/mL) SD
S1 20 mg/mL DMSO Water 1/10 100 0.5 452 +0.12
S2 20 mg/mL DMSO Water 1/20 100 0.5 412 +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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282+0.17

2.77 £0.09

2.75+0.11

3.31+0.19

3.23+0.27

3.14+0.21

3.47+0.14

3.52+0.03

3.52+0.16

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 um (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 patrticle
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).
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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
DMSOlisopropanol 50/50 v/iv% 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 patrticles 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 um D50 and 3.5 pum D50
BM samples, the 2.5 pum D50 sample was not considered further, and the 3.5
pum 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 um. 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 yum 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.
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Figure 0.16: Processed chrysin surface energy. Raw = raw chrysin; Sono =
3.5 um of processed chrysin (n = 3, SD).

The carriers’ surface energies were also calculated, as described in Section

4.3.4, to be used in the work of cohesion and adhesion, as depicted in Figure
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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/m?, whereas that of processed chrysin was 40.49 mJ/m?, 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 patrticle
size can reduce the total surface energy. Moreover, the processed chrysin’s
nondispersive energy (1.74 mJ/m?) was reduced compared with the raw
chrysin’s nondispersive energy (10.49 mJ/m?), 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/m?) was lower than that with
mannitol (79.67 mJ/m?). 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.
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Figure 0.17: Processed chrysin work of cohesion and work of adhesion with

the carriers. Sono Lac = the 3.5 um of processed chrysin with lactose; Sono
Man = the 3.5 um 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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Table 0.7: NGl results (FPD, FPF, MMAD, and GSD) of chrysin sample formulations indicating the samples, carriers, devices, and mixing ratios used (n =

3, SD).
Formulation ID Particle size Carrier Ratio Device FPD (ug) FPF MMAD (um) GSD
(um) w/w%

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 12967 £ 1.3 2+0.08 2.26
F6 3.5 Lactose 1/10 RS01® 239.423 +17 245+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.

108




45 -

40 -

35 A

30 A

25 A

20 A

15

10

5

. -

S1 S2 S3 S4 S5 S6 S7 MO

NGI Stages

Drug mass pg

C

Figure 0.18: Mass distribution of F1, where 3.5 pm of processed chrysin was
mixed with mannitol at a ratio of 1:67.5 w/w% (n = 3, SD).
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Figure 0.19: Mass distribution of F2, where 3.5 um 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

percentage remained unchanged between Stages 1 and 2 (35 pg), and a slight
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increase occurred in Stage 3 (37 pg). Subsequently, a slight decrease
occurred until Stage 5 (28.5 pg) and an acute one until Stage 7 (3.8 pg).
However, for lactose, the highest percentage was in Stage 2 (74 ug), with a
gradual decrease until Stage 5 (43.8 ug), before decreasing in Stages 6 and
7 to 19.7 pg and 7.4 ug, respectively. This result could be related to mannitol
having a higher surface energy (42.6 mJ/m?) than lactose (36.43 mJ/m?; 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 pug compared with only Stages 3—7 with 117 pg 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 pm
(n=23).

Mixing ratio ~ Device RS01® Spiriva®
w/w%
FPF MMAD FPF MMAD (um)
(um)
1/67.5 Mannitol 1408+ 044 2.6+0.49 9.23+2 4.4 +0.55
w/w%
1/67.5 Lactose 271752 2.66 + 13.81+2 3.53+0.08
w/w% 0.06
1/10 ww%  Mannitol 12967 £ 1.3 2+0.08 9+1.16 4.4+0.72
1/10 w/w% Lactose 2451 2+0.11 8.742 £ 1.25 4.13+0.2
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20 4 m 1/67.5 w/w% using RS01 device

m 1/67.5 w/w% using Spiriva device

m 1/10 w/w% using RSO1 device

FPF%

15 A

1/10 w/wb% usnig Spiriva device

Mannitol Lactose

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 (Bulttini 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 pum of chrysin at a ratio of 1.67.5 w/w%. The
MMAD of both formulations (F1 and F2) was <2.6 um, which indicates that
50% of the particles were <2.6 um. 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 um D50 processed chrysin (80.98 mJ/m?) was
higher than the work of adhesion with lactose (73.68 mJ/m?) by 9.4% or
mannitol (79.67 mJ/m?) 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 um) than mannitol (170—
200 um), 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
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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/m?)
is higher than that of lactose (36.43 mJ/m?; 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/m?) was therefore lower than that with

mannitol (79.67 mJ/m?) 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 Aspirator Temperature Feed rate Particle size
concentration (mL/min) D50 (um)
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.
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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

116



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 patrticles 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.
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Figure 0.24: Processed chrysin surface energy. Raw = raw chrysin; SD = 3.5
pum of processed chrysin (n = 3, SD).
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The processed chrysin had a lower surface energy (45.13 mJ/m?) than the raw
chrysin (59.47 mJ/m?; 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/m?, respectively) than the raw chrysin (48.97 and 10.49 mJ/m?),
which can be attributed to the particle size reduction of the processed chrysin;
surface energy is related to the particle size, and reducing the patrticle 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/m?) was lower than that with mannitol
(84.89 mJ/m?) 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.
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Figure 0.25: Processed chrysin’s work of cohesion and work of adhesion with

the carriers. SD Lac = 3.5 um of processed chrysin with lactose; SD Man = 3.5
um 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 (ug) FPF MMAD (pm) 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 um of processed chrysin was
mixed with mannitol at a ratio of 1:67.5 w/w% (n = 3, SD).
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Figure 0.27: Mass distribution of F2, where 3.5 pm of processed chrysin was
mixed with lactose at a ratio of 1:67.5 w/w% (n = 3, SD).

The chrysin mass distribution for the F2 formulation was higher than that for
the F1 formulation (p < 0.004), as illustrated in Figures 4.26 and 4.27. For

mannitol (Figure 4.26), the mass percentage remained unchanged between
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Stages 1 and 2 (approx. 34 pg); the drug amount was then gradually reduced
to <5 ug in Stage 5. The same trend was observed for the lactose formulation,
where the drug amount was gradually reduced from Stage 1 (67 pg) 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 pm) compared with mannitol (170-200 pm). In
addition, Figure 4.5 confirms that lactose’s surface energy (36.43 mJ/m?) is
lower than that of mannitol (42.6 mJ/m?; p < 0.002), resulting in a lower work
of adhesion for the processed chrysin sample with lactose (77.84 mJ/m?)
compared with mannitol (84.98 mJ/m?) 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).
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Figure 0.28: FPF results of formulations produced using ball milling,
sonocrystallisation, and spray drying with the same formulation parameters.
Particle size = 3.5 um, 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 um, 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).

The data on the deposition profile of chrysin in Figures 4.28 and 4.29
demonstrate that the sonocrystallised sample formulation had a higher
deposition profile than the BM (p < 0.02) and spray-dried sample formulations
(p < 0.04). Therefore, the sonocrystallised formulations’ aerodynamic
performance was superior to those of the BM and spray-dried formulations.
This finding is related to the differences in surface energy between the
sonocrystallised, BM, and spray-dried samples; the sonocrystallised sample
had a lower surface energy (40.49 mJ/m?) than the BM sample (42.91 mJ/m?;
p < 0.0005) and the spray-dried sample (45.13 mJ/m?; p < 0.001), as illustrated
in Figure 4.3. This resulted in lower cohesive and adhesive forces for the
sonocrystallised sample, as depicted in Figures 4.31. The work of adhesion of
the sonocrystallised sample with mannitol and lactose (79.67 and 73.68

mJ/m?, respectively) was lower than that of the BM sample (82.86 and 76.03
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mJ/m?, respectively) by approximately 3.5% and that of the spray-dried
samples (84.98 and 77.84 mJ/m?, respectively) by approximately 6%, as

demonstrated in Figure 4.31.

Conversely, the sonocrystallised sample formulation's MMAD was
approximately 2.6 um smaller than that of the BM sample formulation (approx.
3.8 um) and that of the spray-dried sample formulation (approx. 5.5 um). 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/m?) was lower than those of the BM
(82.86 mJ/m? and spray drying (84.98 mJ/m?) 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).
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Figure 0.31: Processed chrysin’s work of cohesion and work of adhesion with
the carriers. Sono = 3.5 um of sonocrystallisation-processed chrysin; BM = 3.5
pum of ball milling-processed chrysin; and SD = 3.5 um 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 um for BM
samples, 2.6 um for sonocrystallised samples, and approximately 5.5 um 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 nanopatrticle 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
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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 Tween 80 Ethanol Aqueous Visual
(wiw) % (wiw) % (wiw) % phase appearance
(wiw) %

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 (1) 0.2 2.7 1.8 95.3 Nanoemulsion

NE = nanoemulsion.

5.2.2. Nanoemulsion particle size measurements

The patrticle 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 um 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 Blichi
B-191 Spray Dryer (Buchi, 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 pg/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, RODOSI/L, ASPIROS, Sympatec instruments, UK). For all
samples, the particle size was 3.5 um. 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 pm
particle size, L x ID 15 cm x 4.6 mm; temperature = 25°C, wavelength = 265
nm; flow rate = 1 mL/min; injection volume = 100 pL; 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:

e Lysis solution: This consisted of 2.5 M NaCl, 100 mM NazEDTA 2H:0,
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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e Alkaline electrophoresis buffer: This consisted of 300 mM NaOH and 1
mM Na2EDTA 2H20 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 HCI.

The samples were prepared in an Eppendorf tube; 890 uL of RPMI 1640 was
mixed with 100 pL of whole blood from a healthy control sample; and 10 pL 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
pL of the supernatant was removed, 100 pL of 0.5% LMP agarose (approx.
40°C) was added to each sample, and the cell pellet was mixed thoroughly. A
layer of 100 pL 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
25V 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
pL of 20 pL/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.

139



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 pg/mL with 50 pg/mL of budesonide when the NE (G)
was used and 100 pg/mL with 25 pg/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 ug/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 Oil % Tween % Ethanol % Water %
of NE
NE1 200 pg/mL of 0.2 of oleic 3.6 2 94.2
chrysin + 50 acid
pg/mL of
budesonide
NE2 100 pg/mL of 0.1 of oleic 1.8 1 97.1
chrysin + 25 acid
pg/mL of
budesonide
NE3 100 pg/mL of 0.2 of oleic 3.6 2 94.2
chrysin + 25 acid
pg/mL of
budesonide
NE4 200 pg/mL of 0.2 of 3.6 2 94.2
chrysin + 50 limonene
pg/mL of
budesonide
NE5 100 pg/mL of 0.1 of 1.8 1 97.1
chrysin + 25 limonene
pg/mL of
budesonide

NE = nanoemulsion.
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Table 0.3: Chrysin nanoemulsion formulations using different oil phase
percentages and drug concentrations.

NE Concentration Oil % Tween % Ethanol % Water %
of NE

NEG6 200 pg/mL of 0.2 of oleic 3.6 2 94.2
chrysin acid

NE7 100 pg/mL of 0.1 of oleic 1.8 1 97.1
chrysin acid

NE8 200 pg/mL of 0.2 of 3.6 2 94.2
chrysin limonene

NE9 100 pg/mL of 0.1 of 1.8 1 97.1
chrysin limonene

Table 0.4: Budesonide nanoemulsion formulations using different oil phase
percentages and drug concentrations.

NE Concentration Oil % Tween % Ethanol % Water %
of NE

NE10 50 pg/mL of 0.2 of oleic 3.6 2 94.2
budesonide acid

NE1l1l 25 pg/mL of 0.1 of oleic 1.8 1 97.1
budesonide acid

NE12 50 pg/mL of 0.2 of 3.6 2 94.2
budesonide limonene

NE13 25 pg/mL of 0.1 of 1.8 1 97.1
budesonide limonene

143




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 (pg/mL) Osmolality (mOsm/kg) +
SD

NE1 200 pg/mL of chrysin + 50 pg/mL of 462 £ 3
budesonide

NE2 100 pg/mL of chrysin + 25 pg/mL of 265+ 2
budesonide

NE3 100 pg/mL of chrysin + 25 pg/mL of 402 + 4
budesonide

NE4 200 pg/mL of chrysin + 50 pg/mL of 373+3
budesonide

NE5 100 pg/mL of chrysin + 25 pg/mL of 205+ 3
budesonide

NEG6 200 pg/mL of chrysin 441 + 2

NE7 100 pg/mL of chrysin 249 + 2

NES8 200 pg/mL of chrysin 3602

NE9 100 pg/mL of chrysin 189+ 2

NE10 50 pug/mL of budesonide 3683

NE11l 25 pg/mL of budesonide 190+ 2

NE12 50 pg/mL of budesonide 254 + 4

NE13 25 pg/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 (pg/mL) Viscosity (mPas)/25°C +
SD

NE1 200 pg/mL of chrysin + 50 pg/mL of 1.49 + 0.005
budesonide

NE2 100 pg/mL of chrysin + 25 pg/mL of 1.28 £ 0.015
budesonide

NE3 100 pg/mL of chrysin + 25 pg/mL of 1.38 £ 0.02
budesonide

NE4 200 pg/mL of chrysin + 50 pg/mL of 1.43+£0.012
budesonide

NES 100 pg/mL of chrysin + 25 pg/mL of 1.20 £ 0.02
budesonide

NE6 200 pg/mL of chrysin 1.46 £0.013

NE7 100 pg/mL of chrysin 1.23+0.01

NES8 200 pg/mL of chrysin 1.39+0.011

NE9 100 pg/mL of chrysin 1.05 £ 0.005

NE10 50 pug/mL of budesonide 1.28 £ 0.01

NE1l1l 25 pg/mL of budesonide 0.9+0.012

NE12 50 pg/mL of budesonide 0.99+0.014

NE13 25 pg/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 NE concentration (ug/mL) Particle size (nm) + PDI
formulation SD

NE1 200 pg/mL of chrysin + 50 16 £2 0.1
pg/mL of budesonide

NE2 100 pg/mL of chrysin + 25 15+ 2 0.1
pg/mL of budesonide

NE3 100 pg/mL of chrysin + 25 15+2 0.1
pug/mL of budesonide

NE4 200 pg/mL of chrysin + 50 13+2 0.1
pg/mL of budesonide

NE5 100 pg/mL of chrysin + 25 11+1 0.1
pug/mL of budesonide

NEG6 200 pg/mL of chrysin 15+1 0.1

NE7 100 pg/mL of chrysin 14 +£2 0.1

NES8 200 pg/mL of chrysin 13+2 0.1

NE9 100 pg/mL of chrysin 12+ 1 0.1

NE10 50 pug/mL of budesonide 14+ 3 0.1

NE11l 25 pg/mL of budesonide 14 +3 0.1

NE12 50 pg/mL of budesonide 11+1 0.1

NE13 25 pg/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 (pg/mL) pH

NE1 200 pg/mL of chrysin + 6.53+0.14
50 pug/mL of budesonide

NE2 100 pg/mL of chrysin + 6.39+£0.17
25 pg/mL of budesonide

NE3 100 pg/mL of chrysin + 6.46 £0.2
25 pg/mL of budesonide

NE4 200 pg/mL of chrysin + 6.54 + 0.09
50 pug/mL of budesonide

NE5 100 pg/mL of chrysin + 6.38 £0.11
25 pg/mL of budesonide

NE6 200 pg/mL of chrysin 6.51 + 0.09

NE7 100 pg/mL of chrysin 6.37 £0.13

NES8 200 pg/mL of chrysin 6.52+0.12

NE9 100 pg/mL of chrysin 6.35+0.18

NE10 50 pg/mL of budesonide 6.49 £ 0.18

NE11l 25 pg/mL of budesonide 6.34 £ 0.07

NE12 50 pg/mL of budesonide 6.49+£0.11

NE13 25 pg/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 pg/mL of chrysin and 25 or 50 pg/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 0.9: Chrysin and budesonide nebulised percentage of 5 mL of the formulations (n = 3).

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%
NE11l - - - 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.
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Table 0.10: Nebulisation time and chrysin and budesonide inhalation and exhalation rates per minute of the formulations (n = 3).

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 2.89 241
NES 14.50 2.62 2.82 2.62 2.96
NEG6 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 21
NE11l 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.
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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 patrticles (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).

155



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 0.11: Nanoemulsion formulations’ aerodynamic behaviour results (n = 3, SD).

NE Chrysin Budesonide

FPD (ug) FPF MMAD (pum) GSD | FPD (ug) FPF MMAD (pm) GSD
NE1 324 + 27 504 +2 4.7+0.2 2.6 106 £ 7 5331 3.9+0.1 3.3
NE2 162+ 8 42.92 £ 0.6 6+0.1 3 75+5 48 +4 51 3.3
NE3 98 +2 37.7+£5 4561 3.2 65+ 17 42.41 +0.8 5204 3.8
NE4 427 +£19 53.29+4 3.8+0.2 2.6 105+11 539+17 3.7+£0.2 34
NES 205 + 32 47.288 + 2 51+0.3 3.5 752 5157 +2 4+0.5 4.1
NEG6 266 + 19 48.47 £ 3 51+05 2.3 - - - -
NE7 151 +7 41.064 + 2 6.13+04 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
NE11l - - - - 69 +6.5 46.08 +1.1 4.7 +0.08 4.3
NE12 - - - - 97 + 3.75 52.93+0.6 3.7+x0.1 3.5
NE13 - - - - 71+0.8 4929 +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.
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The mass percentage distributions of chrysin and budesonide in the combined
(NE1 and NE4) and individual formulations (NE6 and NES8 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.
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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,
NES8 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 NGl, 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.
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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).
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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).

Figures 5.4 and 5.5 reveal the correlation between the drug concentration and
FPF results for each formulation. The results illustrate an improvement in the
formulations’ performance as the drug concentration increased for both drugs,
as well as for combined and individual formulations (p < 0.0001). In other
words, the higher the drug concentration, the higher the FPF values. The same
trend was observed for the MMAD results, as presented in Figures 5.6 and
5.7, since increasing the drug concentration improved the MMAD values. This
outcome could be related to the droplet size produced by a nebuliser, which
range from 1 to 5 pm in diameter (Newman et al. 1986). For all formulations,
the particle size was 12-16 nm, as mentioned in Section 5.3.4; therefore,
increasing the concentration to 200 pg/mL was insufficient for allowing the

particles to agglomerate and produce larger particles (Hernandez-Trejo et al.

2005). In other words, the high- and low-concentration formulations had
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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, NEG6, and NES8), a slight improvement in FPF
values occurred compared with NE2, NE5, NE7, and NE9, with lower MMAD

values.
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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).

In addition, Figures 5.8 and 5.9 compare the FPF values between the
nanoemulsion formulations that used oleic acid and those that used limonene
as the oil phase at different times of drug concentration. According to these
figures, NE4 and NE5, where limonene oil was used, exhibited an
improvement in FPF values compared with NE1 and NE2, where oleic acid
was used (p < 0.0001); this result could be related to the variance in the
viscosity of the two oils, as limonene has a lower viscosity than oleic acid (p <

0.01). This could affect the nanoemulsion formulations’ aerodynamic

behaviour (Weber et al. 1997).

The NE3 formulation was prepared using the same concentration as the NE2
formulation (100 pg/mL of chrysin and 25 pg/mL of budesonide). Using a larger
amount of the oil phase to investigate viscosity’s effects on the formulations’

distribution behaviour resulted in the data presented in Figure 5.10: NE2
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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.
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Figure 0.10: Effect of oil phase percentage on FPF in the chrysin—budesonide
formulations at the same drug concentration (100 pg/mL of chrysin and 25
pg/mL of budesonide). NE2 contained 0.1% and NE3 contained 0.2% oleic
acid (n = 3, SD).

165



50 -
48
46
44
42
40
38
36 1
34
32

30 T "
1.28 1.38

viscosity mPas

FPF%

Chrysin

—— Budesonide

Figure 0.11: Effect of formulation viscosity on FPF in the chrysin—budesonide
formulations at the same drug concentration (100 pg/mL of chrysin and 25
png/mL of budesonide). NE2 contained 0.1% and NE3 contained 0.2% oleic
acid (n = 3, SD).
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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 pg/mL of chrysin and 50 pg/mL of budesonide, while NE3
contained 100 pug/mL of chrysin and 25 pg/mL of budesonide (n = 3, SD).

Moreover, the data concerning the NE1 and NE3 formulations in Figure 5.12

illustrate that increasing the drug concentration can improve the FPF results

166



(p < 0.0001). Both formulations had the same oil-water ratio, but NE1 had
higher drug concentrations (200 pg/mL of chrysin with 50 pg/mL of
budesonide) than NE3 (100 pg/mL of chrysin with 25 pg/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 pg/mL of chrysin was prepared using chrysin micronised

using three different techniques.

Three microsuspension formulations were prepared using the following three

different chrysin samples:

e MS1, which used the 3.5 um of chrysin processed using BM, as
described in Section 5.2.8.

e MS2, which used the 3.5 pm of chrysin processed using
sonocrystallisation, as described in Section 5.2.9.

e MS3, which used the 3.5 um 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  Particle size (nm) PDI
(ng/mL) + SD

MS1 200pg/mL 1918 + 750 0.1

MS2 200pg/mL 1841 + 735 0.1

MS3 200pg/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 patrticle
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:

HV WD Spot Mag HFW Det
20.0 kV 9.9 mm 3.0 4500x 30.04 ym ETD

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.

HV WD Spot| Mag | HFW Det
20.0 kV 9.0 mm 3.0 12500x/54.08 ym ETD

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.
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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 pg/mL (n = 3, SD).

MS formulation  FPD (ug) FPF MMAD (um) GSD
MS1 133+ 29 459 +5.7 5.49+0.6 2.1
MS2 179 £ 16 465+ 15 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 pm for MS1 and
1.8 um 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 um) 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 pg/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 pum), 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.
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Figure 0.17: Comparison of chrysin fine particle fraction (FPF) between
nanoemulsion (NE) and microsuspension (MS) formulations at a drug
concentration of 200 pg/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 pg/mL (n = 3, SD).

5.3.12. Genotoxicity study results using the comet assay

The comet assay method is commonly used to detect DNA single-strand
breaks and alkali-labile sites in any eukaryotic cell used in vitro and in vivo.
Furthermore, the European Commission’s Registration, Evaluation,
Authorisation and Restriction of Chemicals regulation recommends this
method, and the European Food Safety Authority accepts its use for cosmetic

and pharmaceutical screening (Azqueta and Dusinska 2015).

Nanoemulsion genotoxicity DNA damage was determined using a comet
assay for NE1, NE4, NE6, NE8, NE10, and NE12. All tested samples
contained 0.2% of one of the two oils, 3.6% Tween 80, and 2% ethanol. NE1
and NE4 combined chrysin and budesonide; NE6 and NE8 contained only

chrysin; while NE10 and NE12 contained only budesonide. No previous
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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:
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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).

Figures 5.19 and 5.20 confirmed that the chrysin, budesonide, and
combination nanoemulsions were not toxic compared with a negative control.
Even when the oil was changed, the formulations had no genotoxic effect on
the cells, and no damage to the DNA occurred. Moreover, the chrysin

nanoemulsion formulation generally affected the cells less than the

budesonide or combined formulations.

Additionally, the combined formulations where chrysin was added to the
budesonide had less of a genotoxic effect on lymphocytes than the
budesonide formulations, as illustrated in Figure 5.21. NE1 had a more

negligible effect than NE10, and NE4 had less of an effect than NE12.

176



3.5 -
2.5 A {

1.5 4

OliveTailMoment%

0.5 A

NE1 NE4 NE10 NE12 Neg Control

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
with chrysin formulation using either oil (oleic acid or limonene) with or without
budesonide. Furthermore, the comparison of the toxicity of the chrysin and the
negative control demonstrated that chrysin had lower genotoxic effects, even
when it was mixed with the budesonide. This finding suggests that chrysin
could protect lymphocyte cells, which could be related to chrysin’s antioxidant
activity. These findings support those of two previous studies; the first
indicated that the consumption of chrysin protected against the side effects of
methylmercury (Manzolli et al., 2015), whereas the second illustrated that

chrysin decreased the level of DNA damage caused by carboplatin (Jan et al.,

2021).

177



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 pg/mL of chrysin
and 1.25, 2.5, 3.75, 5, 6.25, 7.5, 10, and 20 pg/mL of budesonide), alone and
together, prepared in ethanol. Ibuprofen was used as a reference drug at
concentrations between 1.25 and 45 pg/mL. First, 50 pL 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 yL 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

X
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 pg/mL; budesonide was used at concentrations of 1.25, 2.5,
3.75, 5, 6.25, 7.5, 10, and 20 pg/mL; and ibuprofen was used as a reference

at concentrations of 1.25-45 pg/mL.
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The initial chrysin concentrations were 100, 150, 200, 250, 300, 350, 400, and
500 pg/mL, while the budesonide concentrations were 25, 50, 75, 100, 125,
150, 200, and 400 pg/mL. Ibuprofen was also used as a reference at
concentrations of 25-900 pg/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 Chrysin anti- Ibuprofen Ibuprofen anti-
concentration inflammatory concentration inflammatory
(ng/mL) activity % (ng/mL) 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 4191 +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

pg/mL).

Table 0.2: Individual budesonide samples’ anti-inflammatory effects on
ibuprofen at the same concentrations (n = 3, SD).
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Budesonide Budesonide anti- Ibuprofen Ibuprofen anti-
concentration inflammatory concentration (ug/mL) inflammatory activity
(ng/mL) 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 pg/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 (R? = 0.963, p < 0.0001,
IC50 value = 25.14 pg/mL). Similar results were obtained for budesonide and
ibuprofen; the inhibition percentage was 20-42% and concentration-
dependent (R?=0.836, p < 0.0001, IC50 value = 25.32 pug/mL) for budesonide
compared with 21-41% and concentration-dependent for ibuprofen (R? =
0.985, p < 0.0001 IC50 value = 36.94 ug/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.
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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 pg/mL, as depicted in Figure 6.2. The anti-inflammatory
effects of chrysin and ibuprofen at 5 pg/mL concentrations were close (approx.
26%). Nevertheless, when the concentrations were gradually increased to 25

pg/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 pg/mL.
However, its effect increased when its concentration was increased to 20
pmg/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 pg/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 pg/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 pg/mL
of chrysin and 1.25, 2.5, 3.75, 5, 6.25, 7.5, 10, and 20 pg/mL of budesonide,

where 5 pg/mL of chrysin was mixed with 1.25 pg/mL of budesonide. For
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Group 2, the chrysin concentration was fixed at 10 pg/mL, and the budesonide
concentration was increased from 1.25 pg/mL to 20 pg/mL; for Group 3, the
budesonide concentration was fixed at 2.5 pg/mL, and the chrysin

concentration was increased from 5 pg/mL to 25 pg/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 (ug/mL)  Chrysin/Budesoni Total sample Combination Ibuprofen Ibuprofen
de ratio % concentration anti-inflammatory concentration anti-
(ng/mL) activity % (ng/mL) inflammatory
Chrysin Budesonide activity %
Al 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
Ad 12.5 5 2.5/1% 17.5 37.09+15 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 4741 +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 pug/mL, while the
budesonide concentration was gradually increased from 1.25 pg/mL to 20 pg/mL (n = 3, SD).

Sample Drug concentration Chrysin/Budesonid Total sample Combination anti- Ibuprofen Ibuprofen anti-
(ng/mL) e ratio % concentration inflammatory concentration inflammatory
(ng/mL) activity % (ng/mL) activity %
Chrysin ~ Budesonide
Bl 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 pg/mL, while the
chrysin concentration was gradually increased from 5 pg/mL to 25 pg/mL (n = 3, SD).

Sample Drug concentration Chrysin/Budesonide  Total sample  Combination anti- Ibuprofen Ibuprofen anti-
(ng/mL) ratio % concentration inflammatory concentration inflammatory
Chrysin ~ Budesonide (ug/mL) activity % (ng/mL) activity %
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 125 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 4575+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 pg/mL to 45 pg/mL;
furthermore, the inhibition percentage was concentration-dependent (R? =
0.980, p < 0.0001, IC50 value = 36.14 pg/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 pg/mL to
30 pg/mL in Group 2 and from 7.5 pg/mL to 27.5 pg/mL in Group 3. These
inhibition percentages were also concentration-dependent (R? = 0.830, p <
0.0044, 1C50 value = 27.2 pg/mL for Group 2; R?= 0.99, p < 0.0001, IC50

value = 23.73 pg/mL for Group 3).
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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 pg/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 pg/mL. Ibuprofen had less of an effect than the chrysin/budesonide
combination by 2%, and increasing the budesonide concentration to 20 pg/mL
(total sample concentration = 30 pg/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 pg/mL) was used. Ibuprofen at a concentration of 17.5 pg/mL
had less of an effect than the chrysin/budesonide combination (total sample
concentration = 17.5 pg/mL) by 4%, but increasing the chrysin concentration
to 25 pg/mL (total sample concentration = 27.5 pg/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 pg/mL, while the chrysin concentration was gradually increased from 5 pg/mL to
25 pg/mL for the combination samples, which were compared with budesonide samples at different concentrations (n = 3,
SD)

Sample Drug concentration Total sample Combination anti- Budesonide Budesonide anti-
(ng/mL) concentration (ug/mL)  inflammatory activity  concentration (ug/mL) inflammatory
Chrysin Budesonide % activity %
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 25 27.38£6.9
C3 10 2.5 12.5 3491+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 pg/mL, while the budesonide concentration was gradually increased from 1.25 pug/mL
to 20 pg/mL for the combination samples, which were compared with budesonide samples at different concentrations (n = 3,

SD).
Sample Drug concentration Total sample Combination anti- Budesonide Budesonide anti-
(ng/mL) concentration (ug/mL)  inflammatory activity = concentration (ug/mL) inflammatory
Chrysin Budesonide % activity %
Bl 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 pg/mL, while the chrysin concentration was gradually increased from 5 pg/mL to
25 pg/mL for the combination samples, which were compared with chrysin samples at different concentrations (n = 3, SD).

Sample Drug concentration (pg/mL)

Total sample

concentration (ug/mL)

Combination anti-

inflammatory activity %

Chrysin

concentration

Chrysin anti-

inflammatory activity

Chrysin Budesonide (ug/mL) %
C1l 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 3491+1.8 10 35.25+3.9
C4 125 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 4575+1.4 17.5 4191 +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 pg/mL had
greater anti-inflammatory activity than the budesonide sample at 20 pug/mL by
7%. However, only 2.5 pg/mL of budesonide was used with 20 pg/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 pg/mL combination sample (25 pg/mL of chrysin and
2.5 pg/mL of budesonide) had greater anti-inflammatory activity than the
budesonide sample at 20 pg/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 pg/mL of budesonide had an anti-inflammatory
activity of 21%, adding 10 pg/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 pg/mL was increased from 42% to 50% by adding

10 pg/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 pg/mL of only chrysin had a superior
anti-inflammatory effect to 5 pg/mL of chrysin and 2.5 pg/mL of budesonide

combined by 2%. However, when the chrysin concentration was increased,
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the combination of 25 pg/mL of chrysin and 2.5 ug/mL of budesonide had a

better inhibitory effect than 25 pg/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 viv% with internal standard (rutin), flow rate of 1 mL/min, and injection
volume of 100 pL. 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,

203



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 patrticle 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.
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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

viv%. S19 and S20: solvent used was Pyridine.
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Appendix B

1.

In-vitro COSHH form:

B UNIVERSITY of

oO¥ BRADFORD

HEALTH, SAFETY AND WELLBEING
COSHH ASSESSMENT FORM (CHEMICALS)

This form is intended to enabde someone using chemical reagents in o laboratory type setting o covry out & SWtoble and
sufficient risk ossessment os required weder Regulation & of the Control of Substances Horardows to Health [COSHH)
reguiations. it olso covers the requirements wader the Dangerows Substonces ond Explosive Atmaspheres ([DSEAR)
reguiations to essess the risk of fire and explosion due to flammobie or explosive goses, vopouwrs, and dusts.

Before completing this proforma please refer to the Chemica! OOSHH guidance which includes guidance tobles 1 ond 2.
It is not intended for someone corrping oul o COSHH essessment in refotion to routine work of the University wihich might
imealve hozaerds substances for example using o cleaning ogent in o genanad [non- loboratary] setting.

Aor does the form lend itselfl to assessing the risk posed by Biological Agents under COSHF.

1. Basic Details

Assessor's Name: Rahaf Oum

Contact Details
{Inc. emergency contact number)

Faculty/School School of Fharmacy and Medical Sciences
Location of Procedure 3™ floor Morcroft Building
Academic/Supervisor Dr Khaled Assi, Prof. Anant Paradkar
Date of Assessment 25-07-20
2, Procedure:
| Mame of procedure: | In-witro Chrysin formulations assessment
[ 1s there a COSHH Assessment (Biological Agents) form in addition to this form? | | w

OVERVIEW OF PROCESS OR PROCEDURE

Im this study, chrysin will be micronized, and then used in 8 micro-suspension formulation, to be tested on
Next Generation Impactor (NGI) as well as the nanoemulsion formulations. Risk assessment for the NGI is
attached to the COSHH form.

S0Ps for NGI, Spray dry method are attached to the CO5SHH form.

Page 1 of 12
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3. Hazards Identified
MAME OF CAS THE SOURCE FORM OF GEMERAL HAZARD WORKPLACE | ROUTE OF | AMOUNT OF | HOW OFTEN | HAZARD
SUBSTANCE NUMBER OF SUBSTAMNCE- | HAZARDS- STATEMENTS EXPOSURE EXPOSURE | MATERLAL THE USER IS | SCORE
INFORMATION | SEE SEE LINMITS USED EXPOSED TO
GUIDANCE- | GUIDANCE- [WEL]) THE
TABLE 2 TABLE 1 HAZARD
Chirysin A480-40-0 MSDS solid Mot Awvoid contact Inhalation, | 50mg Regularuse |0
classified with eyes and eye
as swallowing contact
hazardous
Ethanol MSDS ligquid harmful Do not breathe Long term - Skin 5-10ml When 3
wapour 1000 ppm contact, washing the
Do not get in inhalation equipment
eyes, on skin or
on clothing
Awoid prolonged
or repeated
exposure Keep
tightly closed

Keep away from
heat, sparks, and
open flames
Store in a cool
dry place; Wear
appropriate
chemical splash
EOEEles to
protect eyes
Wear appropriate
Eloves to protect
skin exposure

Fage 2 of 12
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Acetone

MSDS

Liguid

Irritant,
Tomic

Do not breathe
vapour

Do not get in
eyes, on skin or
on clothing
Avoid prolonged
or repeated
exposure Keep
tightly closed
Keep away from
heat, sparks, and
open flames
Store in a cool
dry place;
wolumes over 11
to be stored in
solvent
cupboard Wear
appropriate
chemical splash
ECgEles to
protect eyes
Wear appropriate
Elowes to protect
skin exposure

Long term
500 ppm,
Short term
1500 ppm

Skin
contact,
inhalation

Regular use

Tween 80

MSDS

Liquid

Mot
classified
as
hazardous

Avoid contact
with eyes and
swallowing

Eye
contact

Regular use

Methanol

67-56-1

MS5DS

Solution

flamnmable

Toxic if ingested
or in contact with
skin, Highly
flammable,
explosive in
absence of air

Short term
250 ppm

Long term
200 ppm

Tooxic if
swallowed
and
inhaled.
Toxic if in
contact
with skin

5 ml

Regular Use

Fage 3 of 12

231



@i UNIVERSITY of

0¥ BRADFORD

Brij P35 9004-95-9 | M5SDS Solid Mot Avoid contact Eye Smg Regular use
classified with eyes and contact
as swallowing
hazardous
Ghycerol 56-81-5 MSDS Liquid Mot Awvoid contact Eye 100mg Regular use
classified with eyes and contact
as swallowing
hazardous
Oleic acid 00112-80- | MSDS Liquid Mot a Eye/face Eye and 10ml Regular use
1 hazardous protection skin
substance Use equipment contact
or mixture | for eye protection

tested and
approved under
appropriate
Eowernment
standards such as
MIOSH |(US) or EN
166{EL).

Skin protection
Handle with
Eloves. Gloves
must be
inspected prior to
use. Use proper
Elove

removal
technigue
|without touching
Elowve's outer
surface) to awoid
skin contact

with this product.
Dispose of
comtaminated

Fage 4 of 12
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Elowves after use
in accordance
with

applicable laws
and good
laboratory
practices. Wash
and dry hands

Limonene

5989-27-5

MSDS

Ligquid

Flammable
ligquid and
vapour

Keep away from
heat/sparks/open
flamies/hot
surfaces

Keep container

tightly closed.
Ground,/bond
container and
receiving
equipment.
Use explosion-
proof electrical/
wentilating/
lighting
equipment.
Use only non-
sparking tools.
Take
precautionary

measures against

Eye and
skin
contact.

10mil

Regular use

Fage 5 of 12
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static discharge.
Avoid breathing
dust) fume/ gas/
mist/ vapours,
spray.

Wash skin
thoroughly after
handling.
Contaminated
work clothing
should not be
allowed out of
the workplace.
Wear protective
Eloves/ eye
protection face

protection.

Will the combination of the hazardous substances listed above - or the sequence in which they are used - cause any extra hazards over and abowe those presented by the

individual substances?

COMBINED EFFECTS?

If YES, detail the harard involved & the control measwres to be used

Page 6 of 12
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People at risk

The assessor must tailor the type and level of control to reflect the people who are at risk of exposure to the
hazard. What is an appropriate control for an experienced, qualified member of staff may not be sufficient to
ensure a first-year under-graduate?

Mote that your work might create a risk to co-workers. How will you keep them informed and safe?

WHO IS AT RISK?

Faculty Member [Experiemced) N | Student Y

Non-Laboratory UoB Personnel N | Contractor M

If YES, detail what pow are doing to control the risk(s): See below

DOES THE WORK POSE A RISK TO PREGMANT/BREAST-FEEDING WOMEN? M

If YES, detail whot yow are doing to control the risk(s):

5. Controls Applied

@@ @@ BEFORE STARTING ANY EXPERIMENT {Check guidance)

| A less hazard substance can be used | | M

| The substance is a known CARCINOGEN | | W

| The substance is a known MUTAGEN | | w

| The substance is a known TERATOGEN | |

| The procedure can enhance hazards | | M

| The procedure can create HARMFUL BI-PRODUCTS | | M
The procedure can cause an exothermic reaction N
[especially if you are scaling up a reaction)

| The procedure can cause a BUILD UP OF PRESSURE | | w

| 1 work can be carried out OPEN BENCH | v |

| If fumehood must be used is FIRE PROTECTION needed | | M

| Has the duration of exposure been kept to the minimum level? | ¥ |

| Should ACCESS TO THE REAGENTS be restricted | | w

Page 7 of 12
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| Has the frequency of exposure been kept to @ minimum? | ¥ | |
| Are you likely to exceed the WEL? | | N |
Has the guantities of the substances = both in use and when being stored in the ¥
workplace = been kept to minimum levels
6. How Controls are to be Applied
SHOULD ¥OU PREVENT EXPOSURE VIA INHALATION? | Y |

If ¥ES, select method to be used below:
All local exhaust ventilation (LEV) is subject to 3 standard Lo testing and maintenance regime that complies
with, and exceeds, statutory requirements. For details, see UoB's FM Intranet Pages.

Fume Cupboard | Safety Cabinet | Dilution Ventilation | Respiratory Protective Equipment (RPE) See Mote

Is the proposed LEV included in the maintenance agreement? | Y |

NOTE Where it is not possible to control the inhalation risk at source, it will be necessary to use Respiratory
Protective Equipment (RPE). This must onby be used if other methods are to be impracticable.
IF RPE is use then there may be a requirement for face fit testing. Contact HSW to arrange for this.

SHOULD ¥YOU PREVENT EXPOSURE VIA INGESTION? | ¥ |
If ¥ES, select method to be used below:
Gloves Handwashing Mot eating or drinking Good Hygiens
SHOULD YOU PREVENT EXPOSURE VIA SKIN / EYE CONTACT? | Y |

If YES, select method to be used below:

Safety Spectacles | Safety Gogeles | Face Visor Protective Gloves Apron Boilersuit | Cowerall

SHOULD YOU PREVENT EXPOSURE BY INJECTION? | | N

if YES, detoil what you ore doing to contral the risk(s):

FIRE AND EXPLOSION RISK: (defete / detail as appropriate)

Fire Risk? | v | | Explosion Risk? | | N | Toxic Fumespisk? | | W

If ¥ES, detail what you aore doing to control the risk(s):
Sources of ignition should be kept away, in case of fire carbon dicedde should be used to extinguish fire

Detoil the oction to toke in a fire: |Raise alarm List specific fire extinguishers:
{if needed) CO;

Page 8 of 12
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Action to take at the end of the experiment

MATERIALS TO BE RETAINED: (if applicable detail)

Materials:

Specific Hazards:

Cleaning Required:

Storage [/ Labelling:

DISPOSAL OF WASTE CHEMICALS: (if applicable detail)

Chemicals AND Quantity: Specific Hazards: Containers Required: (check | Storage /
correct number & type Labelling:
eg ventiloted lid owvailoble)

Highly flammable
Ethanol: 5-15ml Toxic if inhaled, swallowed, Mon-chlorinated waste Labelled as
or absorbed through the non-
skin chlorinated
Target organs: eyes, liver, waste
kidneys, and heart
Keep away from sources of
ignition. Mo smoking
<100ml Methanol Highly flammable liguid Mon-chlorinated waste Labelled as
non-
chlorinated
wiaste

8 Information, instruction, training & supervision

DETAIL ANY FURTHER TRAINING REQUIRED TO PERFORM THE PROCEDURE SAFELY: (if opplicoble detail)

9. Emergency Procedures

FIRST AID: (tick »'os opproprigte)

Ingested Inhalation Eye Contact Skin Contact
Chemical . . | Medical | Rinselots | Medical | Rinselots | Medical
Wedical attention s attention | ofwater | attention | of water attention
Ethanol Y ki Y ¥
Acetone Y ki Y ¥
Chirysin Y Y Y ¥
Tween 80 Y ki Y ¥
Methanol Y Y Y Y ¥ ¥
Page 9 of 12

237




dE UNIVERSITY of

ov BRADFORD

Brij P35 ¥ Y ¥
Glycerol Y ¥ Y ¥
Oleic acid Y ¥ Y ¥
Limonene Y ¥ Y ¥

Additional First Aid oction to toke if opplicoble:
Im case of ingestion, vomiting should not be induced. In case of spills clothes should be removed and the contaminated area
properly rinsed. Medical attention is required if symptoms persist.

SPILLAGE:

Large Scale Spill Procedure: (the largest container volume e.g. Winchester)

The area should be ventilated, and flammable chemicals should be kept away. Proper PPE should be worn.
Absorbent material should be applied to the spill to soak it up. Broken glass needs to be placed in glass bins.

Small Scale Spill Procedure:

Absorb the spilled liquid and dispose of paper towels correctly = the wash with water and disinfectamt

10.  Risk Assessment

Colcwiotions of Risk Score toking into occount the information listed in Sections 3 -7, to determine the likelthood
of o persan involved with - or offected by - the work being exposed to o harmful substonce
{see Guidance Notes for details of Likelihood “scores”).

Substance Name Hazard Score | Likelihood Score | Risk Score | oo iaual Risk
Acceptable?
Ethanaol 3 2 & Yes
Acetone 3 2 5 Yes
Chrysin 1 o o Ve
Tween 80 1 o o yes
Methanol 3 2 5 Voo
Brij P35 ) p 5 -
Glycerol 1 0 0 oe
Oleic acid 7 1 3 Yes
Limonena 1 o 0 Yes

11. Monitoring

Please check the boxes helow if any of the substonces you are using foll into the following cotegories:
Orgonophosphates Carbomates Corcinogens

If you have checked ony of the boxes, you showd contact UoB's Health ond Wellbeing Manager to arrange the
oppropriate Health Surveillance regime for those involved in the work. If you are unsure whether Health
Surveillance is required contoct UoB's Occupational Health Adwisor.

Page 10 of 12
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DETAIL ANY REQUIREMENTS FOR HEALTH SURVEILLANCE (if applicable detail)

12, Rewview

REVIEW OF ASSESSMENT
A new risk assessment must be done when there is any change in the procedure or it new information about

the hazard becomes available. This assessment should be reviewesd at least annually.

239

Proposed Actual Review ; i Approval
Review Date: Date: Reviewsd by: Approved by: Date:
25/7/2020 18/08/2020 H ',_. -
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13.  Sign Off

DETAILS OF SIGN OFF

Signature of Author
If this is for student
project, then the
student showld sign
here

25/07/20

Approved by

If this is for o student
project then their
supervisor shouwld sign
here

25/07/20

If this is for o student
project, then the
Health and Safety lead
for the relevant School
should counter sign
here

19/8/20

14.  Circulation of Information: This section to be completed by all those involved in the work covered by

this assessment.

Please sign hiere to confirm that you have read and understood the contents of this risk assessment:

Signature

Date:

Page 12 of 12
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2. NGIrisk assessment:

Course

Date Prepared

17" of August 2020

Maodule Code and Unit

Next Generation Impactor (NGI)

Module L eader

Dr.

Unit Lead

Dr Khaled H Assi

Five Steps to Risk Assessment

Faculty/Directorate: Life Sciences

Date of Assessment:17/08/20

Do you need to do

Eﬂwﬂnw__..m%...__m Who Ehmuﬂrﬂm_:wmwamn_ What are you already doing? m:_..n:_:__.._.”“. W_m..ﬂ._mﬁ_quo::.o_ }nhﬂu....w{ >mrn..w-“..u_wf Done
PAT test every year, If any
Elictrical Students. Electrical _..m:_.ﬂm electrical or mechanical faults
fault could lead to electrocution |are suspected, stop using the |no
or fire machine, and get it serviced
immediately.
Wear personal protective
equipment (lab coat, enclosed
shoes, gloves, safety
Students. Solvents used as |glasses/goggles).
mobile phases for sample |Do not allow skin to come
collection on NGI stages into contact with the solvents
Hazardous (eg. methanol, acetonitrile) |and do not breathe the fumes
Substances |are TOXIC of these solvents no
(CoSHH) Solvents used as mobile Treat the solvents and the

phases (eg. methanol,
acetonitrile) are
FLAMMABLE

collected samples with care,
and be aware of the hazards
associated with them. (eq.
toxic/ flammable). - read the
MSDS of all solvents used to
be aware of the risks.
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MM__.momm—_qm Students Using hearing protection no
Name of Risk Assessor: Rahaf Oum. Signature:
Review date: 18/8/2020.

Supervisor: Khaled H Assi. Signature:

You should review your risk assessment if you think it might no longer be valid (e.g. following an accident in the
workplace or if there are any significant changes to hazards, such as new work equipment or work activities)

For further information please contact University Health, Safety and Wellbeing team: healthandsafety@bradford.ac.uk

242
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3. Genotoxicity COSHH form:
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HEALTH, SAFETY AND WELLBEING
COSHH ASSESSMENT FORM (CHEMICALS)

This form is intended to enable someone wsing chemicol reagents in o faboratary type setting fo covry out @ switable ond
sufficient risk ossessment os required under Regulation & of the Control of Substonces Horondows to Health [COSHH)
reguiations. it olso covers the requirements wider the Dangerows Substonces ond Explosive Almaspheres (DSEAR)
reguiations ho ossess the risk of fire ond explosion dwe o flommable or explosive goses, vopouwrs amnd dusts.

Before completing this profarma please refer to the Chemical OOSHH guidence which includes guidance tobles 1 and 2.
It is ot intended for someone oormying oul o COSHH assessment in relotion to routine work ot the University wivich might
imvalve hozords substances for example wsing o clesming agent in o generalfnon- lobaratory) setting.

Mo does the form lend itself to assescing the risk posed by Biological Agents ander COSHH.

1. Basic Details

Assessor's Mame: Rahaf Oum

Contact Details

{Inc. emergency contact number)

Faculty/School Pharmacy and medical sciences

Location of Procedure H floor Richmiond building, University of Bradford
Academic/Supervisor Dr Khaled Assi, Prof Anant Pardkar

Date of Assessment 17-08-20

2z, Procedure:

| MName of procedure: | Chrysin NE genotoxicity [Comet assay method )

| 15 there a COSHH Assessment (Biological Agents) form in addition to this form? | v |

OVERVIEW OF PROCESS OR PROCEDURE

A glass slide will be covered with 1% normal melting point agarose (MMP) and left to dry owernight. §90pl
PRI 1640 will be added into Eppendort tube, 10pl of chrysin nano-emulsion will be added to the cell media
then 100p! of whole blood sample will be added to the previous mixture and incubated fior 30 mins at 379C.
The samples will be moved to a centrifuge for 5 mins at 3000 rpm. 900p! from the supernatant will be
removed from the samples and 100p] of 0.5% low melting point of agarose [at 409C) will be added to each
sample. The cell pellets will be disrupted gently and 100pl of the suspended cells will be transferred imto
previous coated glass slide with 1% MMP and distributed by a cover slip, and left on ice for around 5 min. The
cover slip will be removed carefully from the slide and then the slide will be kept in a lysis solution (2.5
MaCl, 100mM EDTA, 10mhk Tris, 10% DSRS0, 1% Tritom X-100, pH 10) at 42C for overnight. The slide them will
be transferred imto gel electrophoresis tank with cold alkaline buffer solution |300mM NaOH, 1mk EDTA,
pH«<13) and left for abouwt 30 mins at 48C. The electrophoresis will be conducted at 25 voltages and 300mA
for 30 mins at 42C. The samples slide will be washed with neutralising buffer solution [400mM Tris, pH 7.5)
and left for 5 min. Ethidium bromide (60pl, 20pg/mil]} will be added into the sample slides with a cowver slip

and incubated for 5 mins and then examined with a fluorescent microscope equipped with CCD camera. A
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computerised image analysis system, Komet 4.0, will be employed to measure the Comet parameters; the %

Olive tail moment will then be used for statistical analysis

Page 2 of 11
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3. Hazards Identified

MAME OF SUBSTANCE CAS THE SOURCE FORM OF GEMERAL HAZARD WORKPLACE | ROUTE OF | AMOUNT | HOW HAZARD
NUMBER | OF SUBSTAMCE- | HAZARDS- STATEMENTS EXPOSURE EXPOSURE | OF OFTEN SCORE
INFORMATION | SEE SEE LIMITS MATERIAL | THE
GUIDANCE- | GLUIDANCE- [WEL) USED USER I5
TABLE 2 TABLE 1 EXPOSED
TO THE
HAZARD
Chrysin 480-40-0 | M5DS solid Mot Avoid contact Inhalation, | S0mg Regular |0
classified as | with eyes and aye use
hazardous swiallowing contact
Dimethyl sulfoxide 67-68-5 MsD5 Solution Low risk Combustible Short term Inhalation, | < 10 mil Regular 3
Melting liquid 10 ppm skin
(DMs0) flammable, £ t
irritant,
VAOUT,
Increase
absorption
of dissolved
substances
Ethidium bromide 1239-45- MSDS powder Irritant, Harmful if Short term Inhalation, | 1mlis Regular 3
g carcinogen | swallowed. 10 ppm skin required use
Fatal if contact each time
Inhaled
Might cause
genetic defects

Page 3 of 11
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Methanol 67-56-1 MSD5 Saolution flammable | Toxicifingested | Shortterm Ingestion, | 5 mil Regular
or in contact 250 ppm inhalation Use
with skin, Highly and skin
flammable, contact

L Long term
explosive in 200 pom
absence of air PR

Sodium 1310-73- | M5SDS Powder Danger extreme skin Shortterm 2 | Ingestion, | dg Regular

hydroxide 2 burns and eye inhalation Use
damage ppm and skin
Causes corrosion contact
to metals

Tris Base 77-80-1 MSDS Powder Mot Causes severa eyes and 2 mil Regular

classified as <kin and eve skin
hazardous ¥ contact
damage
Low-melting point agarose | 9012-36 | M5D5S powder Mot Causes severe Inhalation, | S0mg Regular
6 classified as ) aye use
hazardous Sl g e contact
damage
Ethylenediaminetetraacetic | 60-00-4 MSDS powder Causes Causes severe Eye and I0g Regular
acid (EDTA) SETIOUS BYE | okin and eye skin Hse
irritation contact
damage
Triton™ ¥-100 9002-93- | M5DS Liguid Tomic, Harmful if Ingestion, | 1ml Regular
1 irritant, cwallowed. m..q._m and use
danger skin
Causes skin contact

irritation. Causes
SEFiOUS eye

damage. Very
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tomic to aguatic
life with long
lasting effects.

RPMI-1640 MEDILINM MSDS liquid Mot Avoid contact Inhalation, | 5mg Regular |0
classified as B aye use
hazardous with eyes and contact

swiallowing
sodium chloride Te47-14- | M5SDS Saolid Mot Avoid contact Inhalation, Regular |0
5 classified as ; aye use
hazardous with eyes and contact
swiallowing
Sodium phosphate 7558-80- | MSDS Powder Mot Avoid contact Inhalation, Regular |0
. 7 classified as B aye use
monobasic hazardous with eyes and contact
swiallowing
Sodium phosphate dibasic 7558-79- | M5DS Powder Mot Avoid comtact Inhalation, Regular |0
4q classified as . aye use
ith d
hazardous With eyes an contact
swiallowing
Mormal-melting point 9012-36- | MSDS powder Mot Causes severe inhalation, | 50mg Regular | O
6 classified as i d aye use
agarose hazardous skin and eye contact
damage

Will the combination of the hazardous substances listed abowve - or the sequence in which they are used - cause amy extra hazards over and above those presented by the
individual substances?

COMBINED EFFECTS? ¥

DM50 increases absorption of solutes, so can increase the risk of harmful effects from skin contact with solutions

Page 5of 11
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Feople at risk

The assessor must tailor the type and level of control to reflect the people who are at risk of exposure to the
hazard. What iz an appropriate control for an experienced, qualified member of staff may not be sufficient to
ensure a first year undergraduate.

Mote that your work might create a risk to co-workers. How will you keep them informed and safe?

WHO I5 AT RISK?

Faculty Member [Experienced ) ¥ Student Y

Mon-Laboratory UoB Personnel N | Contractor M

If YES, detail what you ore doing to control the risk(s):
Every student should wear proper PPE which includes lab coat, safety glasses, and nitrile disposable gloves

DOES THE WORK POSE A RISK TO PREGMANT/BREAST-FEEDING WORMEN? ¥

If YES, detail whot you ore doing to control the risk(s):
Ethidium bromide may cause harm to the embryo, hence proper warning on the containers and the lab
door is important.

5. Contrals Applied

@@ @@ BEFORE STARTING ANY EXPERIMENT (Check guidance)

| A less hazard substance can be used | | M

| The substance is a known CARCINOGEN | ¥ |

| The substance is a known MUTAGEN | ¥ |

| The substance is a known TERATOGEN | v |

| The procedure can enhance hazards | | M

| The procedure can create HARMFUL BI-PRODUCTS | | w
The procedure can cause an exothermic reaction N
(especially if you are scaling up a reaction)

| The procedure can cause a BUILD UP OF PRESSURE | | w

| 1 work can be carried out OPEN BENCH | |

| If fumehood must be used is FIRE FROTECTION needed | | M

| Has the duration of exposure been kept to the minimum level? | ¥ |

| Should ACCESS TO THE REAGENTS be restricted | | M
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| Has the frequency of exposure been kept to a minimum? | ¥ | |
| Are you likely to exceed the WEL? | | N |
Has the guantities of the substances = both in use and when being stored in the ¥
workplace = been kept to minimum levels

o How Controls are to be Applied

SHOULD ¥OU PREVENT EXPOSURE VIA INHALATION? | Y |

If YES, select method to be used below:
All local exhaust ventilation (LEV) is subject to a standard UoB testing and maintenance regime that complies
with, and exceeds, statutory requirements. For details, see UoB's FM Intranet Pages.

Fume Cupboard | Safety Cabinet | Dilution Ventilation | Respiratory Protective Eguipment [RPE) See Note

Is the proposed LEV included in the maintenance agreement? | Y |

NOTE Where it is not possible to control the inhalation risk at source, it will be mnecessary to use Respiratory
Protective Equipment (RPE). This must onky be used if other methods are to be impracticable.
IF RPE is use then there may be a requirement for face fit testing. Contact HSW to arrange for this.

SHOULD ¥OU PREVENT EXPOSURE WVIA INGESTION? | ¥ |
If YES, select method to be used below:

Glowes Handwashing Mot eating or drinking Good Hygiene
SHOULD ¥OU PREVENT EXPOSURE VIA SKIN / EYE CONTACT? | Y |

If YES, select method to be used below:

Safety Spectacles | Safety Goggles | Face Visor Protective Gloves Apron Boilersuit Cowverall

SHOULD ¥OU PREVENT EXPOSURE BY INJECTION? | ¥ |

If YES, detoil what yow are doing to control the mskfs):
Meedles once used should not be re-sheathed

FIRE AND EXPLOSION RISK: (delete / detoil as oppropriote)

Fire Risk? | ¥ | | Explosion Risk? | | M | Toxic Fumes Risk? | | ]

If ¥EX, detoil what you ore doing to control the risk[s):
Sources of ignition should be kept away.

Detail the action to toke in o fire: List specific fire extinguishers:
in case of fire carbon dixoide should be used to extinguish fire {if needed)
7. Action to take at the end of the experiment

MATERIALS TO BE RETAINED: (if applicable detail)

Materials: Specific Hazards: Cleaning Required: | Storage f Labelling:

Page 7 of 11
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DISPOSAL OF WASTE CHEMICALS: (if opplicoble detail)

Chemicals AND Quantity: Specific Hazards: Containers Required: (check | Storage /
correct number & type Labelling:
eg ventiloted lid ovailabile)

Labelled as
=100 ml ethidium bromide Tomic Labelled Winchester bottle non-
in a fume hood chlorinated
waste
<100m| Methanaol Highly flammable liguid Labelled Winchester bottle Labelled as
in a fume hood non-
chlorinated
waste

8. Information, instruction, training & supervision

DETAIL ANY FURTHER TRAINING REQUIRED TO PERFORM THE PROCEDURE SAFELY: (if applicoble detail)

9. Emergency Procedures

FIRST AID: (tick + as appropriate)

Ingested Inhalation Eye Contact Skin Contact
Ehpmlcl - croch oy | Medical | Rinselots [ Medical | Rinselots | Medical
erical attention resh A attention of water | attenmtion of water attention
Chirysin L v
DMSO v v v v ¥ v
Ethidium Bromide v v v v v v *
Methanol i v i v v »
Sodium
L v v v v v v
hydroxide
Tris Base v » > v o -
Low-melting point o o v >
AEATDS5E
Ethylenediaminetetr
v 4 v v v v v
aacetic acid (EDTA)
Page 8 of 11
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Triton™ X-100 "

RPMI-1840 MEDIUM

sodium chloride

Sodium phosphate
monaobasic

Sodium phosphate
dibasic

NN NN

NN NN NN
LS O L W N W N
A N Y LYY

Normal-melting point o
| agarose

Additiomnal First Aid oction to take if opplicable:
In case of ingestion, vomiting should not be induced. In case of spills clothes should be removed and the contaminated area
properly rinsed. Medical attention is required if symptoms persist.

SPILLAGE:

Large Scale Spill Procedure: (the largest container volume e.g. Winchester)

The area should be ventilated. Proper FPE should be worn. Absorbent material should be applied to the spill
to soak it up. Broken glass needs to be placed in glass bins.

Small Scale Spill Procedure:

The area should be ventilated and flammakle chemicals should be kept away. Proper PPE should be wom.
Absorbent material should be applied to the spill to soak it up. Broken glass needs to be free of
contamination and placed in glass bins

10. Risk Assessment

Colcwiations of Risk 5core taking into account the information listed in Sections 3 -7, to determine the likelihood
af o perzon involved with - or affected by - the work being exposed to o hormful substance
(=ee Guidaonce Notes for detoils of Likelihood "scores”).

Substance Name Hazard Score | Likelihood Score | Risk Score :f;p‘::;"
Chrysin 1 i) 1] Yes
DMSD 3 2 3 Yes
Ethidium bromide 3 2 ] Yes
Methanol 3 2 ] Yes
Sodium hydroxide 1 o 0 Yes
Tris Base 1 o 0 Yes
Low-melting point agarose 1 o i) Yes
:Eégy.rln:;led iaminetetraacetic acid 3 1 3 Yo
Triton™ X-100 4 2 8 Yes
RPMI-1640 MEDILM 1 ] 1] Yes
sodium chloride 1 i) 1] Yes

Page 9 of 11
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Sodium phosphate monobasic i 0 Yes
Sodium phosphate dibasic 1 i) 0 Yes
Mormal-melting point agarose 1 i) i) ‘fex

11. Muonitoring

Please check the boxes below if any of the substances you are using fall into the following cotegories:
Omgonophosphotes Carbomates Corcinogens

If you have checked any of the boxes, pow showld contoct UoB's Health ond Wellbeing Monager to arrange the
gppropriate Health Surveilionce regime for those involved in the work. If you are unsure whether Health
Surveillonce is required contact UoB's Occupotional Heaith Advisor.

DETAIL AMY REQUIREMENTS FOR HEALTH SURVEILLANCE (if applicable detail)

12. Review
REVIEW OF ASSESSMENT

A new risk assessment must be done when there is any change in the procedure or if new information about
the hazard becomes available. This assessment should be reviewed at least annually.

252

Proposed Actual Review . . Approval
Review Date: Date: e Approved by Date:
249721
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13.  Sign Off

DETAILS OF S1GN OFF

Signature of Author
If this is for student
project then the
student showld sign
here

Date

17-08-2020

Approved by

If this ix for a studemt
praject then their
supervisor showlid
sign here

Date

16092020

If this ix for a stude
praject then the Health
and Safety lead for the
refevarnt School should
counter sign here

HMS5

Date

24420

14.  Circulation of Information: This section to be completed by all those invoheed in the work covered by

this assessment.

Please sign here to confirm that you have read and understood the contents of this risk assessment:

Mame:

Signature

Date:
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4. Biological agents and materials risk form:

BIOLOGICAL AGENTS AND MATERIALS RISK FORM

Mote: A Biclogical Agent is defined as ‘any micro-organism, cell culture or human
endoparasite. ... which may cause any infection, allergy, toxicity, or otherwise create a hazard
to human health'

Name of worker:.....RahafOum.........................
Paosition:...PhD research student...................

Supervisor({s): Dr Khaled Assi. and Prof. Anant Paradkar

Sections A and F should be completed in all cases, and Sections B,C,D and/or E as
appropriate for the work to be done

You may delete the unused sections of the form before printing out and forwarding to
the Biological Safety Officer

SECTION A

OVERVIEW OF THE WORK
(A brief summary of the aims of the work and the methodologies to be used (text can be
copied from the overview section of a corresponding COSHH form)

A glass slide will be covered with 1% normal melting point agarose (NMP) and left to dry
overnight. 890ul PRMI 1640 will be added into Eppendorf tube, 10pl of chrysin nano-
emulsion will be added to the cell media then 100p] of whole blood sample will be added to
the previous mixture and incubated for 30 mins at 37°C. The samples will be moved to a
centrifuge for 5 mins at 3000 rpm. 900p] from the supernatant will be removed from the
samples and 100p] of 0.5% low melting point of agarose (at 40°C) will be added to each
sample. The cell pellets will be disrupted gently and 100p] of the suspended cells will be
transferred into previous coated glass slide with 1% NMP and distributed by a cover slip, and
left on ice for around 5 min. The cover slip will be removed carefully from the slide and then
the slide will be kept in a lysis solution (2.5M NaCl, 100mM EDTA, 10mM Tris, 10%
DMS0O, 1% Triton X-100, pH 10) at 4°C for overnight. The slide then will be transferred into
gel electrophoresis tank with cold alkaline buffer solution (300mM NaOH, lmM EDTA,
pH=13) and left for about 30 mins at 4°C. The electrophoresis will be conducted at 25
voltages and 300maA for 30 mins at 4°C. The samples slide will be washed with neutralising
buffer solution (400mM Trns, pH 7.5) and left for 5 min. Ethidium bromide (60pl, 20pg/ml)
will be added into the sample slides with a cover slip and incubated for 5 mins and then
examined with a fluorescent microscope equipped with CCD camera. A computerised image
analysis system, Komet 4.0, will be employed to measure the Comet parameters; the % Olive
tail moment will then be used for statistical analysis

Laboratory(s) in which most of the work will be done H30, Richmond
building. ...

Biomedical Sciences Biological Risk form Ver: 2019-20 Page 1of 6
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Does the work involve:

1. Deliberate culture of specific micro-organisms

{f ves, please complete section B

2. Eukaryotic cell culture

If ves, please complete section C

3. Isolation of micro-organisms from environmental,

human or animal sources
ff ves, please complete section O

4. Use of human or animal tissue, blood, saliva

or other related specimen
{f ves, please complete section £

Does the work involve the use of, or the
production of, Genetically Modified Organisms?

Yes

If yes, GMO approval number.............c.oooooiiiiiiiiiiiiiinn.

Does the work involve the use of material
which is subject to the Human Tissue Act?

SECTION B

Please list the specific Biological Agents fo be used. Add rows to the table as
necessary. List all transformants used or likely to be produced as well as original host

strains
Biological Agent Hazard Group | Maximum volume to be
handled at any one time
MA

WHAT ARE THE VIRULENCE MECHANISMS OF THESE AGENTS?

fe.g. do they produce toxins, are they invasive, elc)

MA

Biomedical Sciences Biological Risk form Ver: 2019-20
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WHAT IS THE MOST PROBAELE ROUTE OF INFECTION UNDER THE CONDITIONS TO

BE USED IN THE EXPERIMENTS?

MNA

SECTION C

Are the cells to be used primary cells [ immortalised lines [ orboth [

Please list cell lines to be used

Mame or source of cell line

Type of cell line
(e.g. epithelial cell,
macrophage etc)

Approximately how
many flasks will be
maintained or handled at
any time

NA

Are any of the above cell lines likely to be tumorgenic in humans ............No...........

WHAT SERUM OR GROWTH FACTOR WILL BE USED (IF ANY) FOR THE GROWTH OF
THE CELLS, AND WHAT IS THE POTENTIAL TO CONTAIN BIOLOGICAL AGENTS?
(Do not just list the composition of the media)

MNA

SECTION D

FROM WHAT SOURCE WILL THE BIOLOGICAL AGENTS BE ISOLATED?

MNA

Please list the Biological Agents (Genus level is acceptable) for which specific
isolation procedures will be used. Add rows to the table as necessary.

Biomedical Sciences Biological Risk form Ver: 2019-20
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Hazard Group
Biological Agent (Highest likely)

Max volume to be
handled at any time

Are any steps necessary to identify the possible presence of

Hazard Group 3 level organisms (e.g. E. coli 0157)

SECTIONE

Yes [ No O

Please list the human or animal derived tissue or specimen (e.g. skin, blood) to be

used

Bioclogical Material

Source

(e.g. volunteers,
patients etc)

Max volume or amount to
be handled at any time

Human blood \olunteer, patients

10-15 mi

Will the samples be collected/obtained within the School

Or from outside the School of Life Sciences (e.g. a hospital)

Or are they previously collected and stored samples

[
N
O

WHAT BIOLOGICAL AGENTS MAY BE PRESENT WITHIN OR ON THE SAMPLE OR

SPECIMEN?

g.g. bactena on skin, wiruses in blood. If none’ you will have to justify why the sample is

considered free from Biological Agents

Blood samples could potentially contain unknown infectious agents such as HIV, Hepatitis B,

C as well as other viruses or bacteria.

Is ethical permission needed for the use of any samples?

If yes, has ethical permission been granted

Biomedical Sciences Biclogical Risk form Ver: 2019-20
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Yes [ Ne [
Yes [ No [
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Approval code and date granted .. 12WHI04G64 . ... .l

Have you been vaccinated against Hepatitis B in Yes [ No [
the past 5 years?

SECTION F

To be completed in all cases

WHAT CONTROL MEASURES WILL BE USED TO PROTECT YOURSELF AND OTHERS
FROM EXPOSURE TO BIOLOGICAL AGENTS?

Use appropriate PPE- Always wear a lab coat in the labs and also wear gloves and goggles
where necessary. One must carry out aseptic technigues in addition to general good laboratory
practice throughout the work. Handle blood samples in a safety cabinet and avoid procedures
that may generate aerosols or droplets

IN THE EVENT OF AN ACCIDENT, TO WHAT EXTENT WILL BIOLOGICAL AGENTS BE
DISSEMIMATED? e.g. will the entire lab become contaminated, or just a small area of
bench?

A small amount of the bench i.e. immediate area to the spillage

EMERGENCY PROCEDURES TO BE USED IN THE EVENT OF ACCIDENT OR
SPILLAGE

Inform all those in the vicinity and subsequently, isolate the area. If spilt on personnel,
immediately remove all contaminated clothing, wash the skin with soap and water,
give all contaminated clothing to technical staff and obtain a clean coat. Spillages on
the floor or bench should be immersed in Virkon spray and left for 10-15 minutes.
After this time period, clean up the virkon with cotton wool and place in the Virkon
waste jug for decontamination. Other contaminated materials can be disposed of in
the autoclave bin,

HOW WILL THE BIOLOGICAL AGENTS OR MATERIAL CONTAINING BIOLOGICAL
AGENTS BE DISPOSED OF DURING OR AFTER. THE WORK?

Biological agents or material containing biclogical agents must be disposed of in the
autoclave bin apart from glassware which is placed in the glassware bucket for autoclaving.
Used pipette tips, slides and other sharp objects to be disposed of in the sharps bin for
incineration.
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Are you at additional risk? Yes [ No [

(for instance, are you pregnant, immunosuppressed, taking cortico-steroids, have a chronic
skin condition? Mone of these will automatically prevent you from working in the lab, but may
require an additional risk assessment to be undertaken plus extra precautions)

Could the experiments be redesigned to reduce Yes [ No [
the biclogical risk?

CONCLUSIONS MADE FROM YOUR RISK ASSESSMENT:

By handling biological hazards with care and taking necessary precautions, all risks can be
minimised, if not diminished. It is also important to utilise aseptic technigues whenever
possible.

Signatures and date: 22/09/2020

Lab worker Supervisor* e 23/09/2020

Countersigned and dated by the FLS Biclogical Safety Officer:

n + -
B ! . K,

25/9/20

* Where there are two supervisors for a project, the signature of only cne ks required
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