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Abstract 
Alendronic acid (ALD) is a drug used to treat osteoporosis and has low oral 

bioavailability of 0.7 %. Furthermore, ALD has a complicated dosing regimen and 

can cause oesophageal irritation. ALD is ionised in water causing it to be less 

permeable in the gastrointestinal tract. To improve the permeability and 

absorption of ALD in the gastrointestinal tract, encapsulation of ALD within a 

double emulsion formulation was examined. Double emulsions were fabricated 

using a single-step homogenisation process using ALD, soybean oil and two 

surfactants, Span 80 and Tween 80. Fabricated double emulsions were 

characterised for ALD encapsulation and imaged using a light microscope so that 

emulsion morphology and size could be analysed. Double emulsions with greater 

than 90% ALD encapsulation were selected for in vitro permeation studies with 

Caco-2 and HDLEC cells to assess the potential permeability of ALD in intestinal 

lymphatic cells. ALD permeation improved by approximately 40% when double 

emulsion was used on Caco-2 cells pre-treated with oleic acid and taurocholic 

acid (OCTC), compared to non-pre-treated cells. Similarly, when the double 

emulsions were evaluated using HDLEC cells, the permeation of ALD was 

approximately 65% to 73%, with formulation B18 displaying the highest 

permeation. Interestingly, both studies revealed the integrity of the tight junction 

was not affected by the ALD double emulsion formulation. These studies also 

suggested improvement of ALD permeation could be from the absorption of 

double emulsion could be either via transcellular or paracellular pathways. These 

findings reveal that there may be potential to formulate ALD with improved 

permeation gastrointestinal tract.   
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Impact Statement 
The oral route is the most patient-friendly route of administration of a drug. 

However, some drugs show low oral bioavailability due to their solubility and 

permeability properties and require special formulations to improve their oral 

bioavailability. Alendronic acid (ALD) a very low oral bioavailability and has a 

difficult administration regime, restricting the patient's lifestyle and causing side 

effects if not followed correctly. A new formulation for ALD is required that would 

simultaneously improve its oral bioavailability, reduce its side-effects, and 

alleviate the administration issues. 

Double emulsion approach was used in attempt to improve the oral 

bioavailability of ALD. This method enables a highly water-soluble drug to be 

encapsulated in the inner water droplet and effectively hidden from the body. The 

body will then treat the oily emulsion droplet as dietary lipid and be tricked into 

absorbing the drug hidden in the inner aqueous core, resulting in increased drug 

permeation, and increased oral bioavailability. This thesis explores the potential 

for double emulsions to improve the oral bioavailability of ALD. 

Formulation and analytical studies conducted here confirmed that ALD-

loaded double emulsions could be made reproducibly with high ALD 

incorporation. In vitro studies  using  caco-2 and human dermal lymphatic 

endothelial cells (HDLEC) identified ALD permeation was improved when double 

emulsion was used. Furthermore, permeation of double emulsion with ALD 

indicated both paracellular and transcellular pathway were used to permeate the 

ALD. Hence, providing additional pathway for ALD to cross the cell caco-2 and 

HDLEC cells. This finding lead to the potential of overall improvement of ALD 

bioavailability and absorption in the body.  

 

The impact of this work can be summarised below: 

1. As the oral bioavailability is increased, the dosage required for the same clinical 

effect is reduced, leading to a reduction in the cost production of the drug.  

2.The double emulsion formulation could potentially improve the administration 

issues of ALD by eliminating oesophageal irritation due to reduced contact and 

removing the requirement for fasting around the time of administration.  
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3. The double emulsion approach is a platform technology and can be used for 

other similar drugs. Only standard ingredients and processes are used, making it 

easily accessible to the pharmaceutical industry. 

4.This study created a platform to compare the permeation of drugs and 

formulations through the intestinal and lymphatic systems. This can be easily 

used for other drugs and formulations.  
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1.0 Challenges for the oral route of administration 
The oral route is popular due to ease of administration and patient compliance 

(Homayun et al., 2019). However, the oral route has its challenges, including low 

drug bioavailability due to poor drug absorption in the gastrointestinal system. To 

achieve therapeutic bioavailability a drug needs to be permeable and in solution 

at the site of absorption (Viswanathan et al., 2017).Absorption of a drug through 

the gastrointestinal (GI) tract depends on the physicochemical properties of the 

drug including pKa, aqueous solubility, lipophilicity, colloid size and surface area 

(Karalis et al., 2010). Biopharmaceutical class system (BCS) I drugs are soluble 

and permeable. Depending on drug potency, absorption of biopharmaceutical 

Class II-IV drugs will tend to have suboptimal absorption due to low solubility or 

low in permeability.  

The solubility of the drug also depends on drug interactions with other 

material present in the gastrointestinal area. For example, alendronate interacts 

with calcium, magnesium and aluminium to form insoluble chelates to hinder 

alendronate solubility and permeability in the gastrointestinal (Pazianas et al., 

2013). The solubility and permeability of a drug are also affected by the pH in the 

gastrointestinal system and its control of the ionization and lipid solubility of the 

drug (Aulton & Taylor, 2018). A drug is more permeable in the gastrointestinal 

membrane when it is un-ionised. A different section in the gastrointestinal system 

has a different pH value. The pH value of the stomach during the fasted state is 

in the range of 1-3; while in small intestine i.e., the duodenum the pH is 5-6, and 

in the jejunum and ileum the pH is 6-7. In the fed-state, the stomach has a pH in 

the range of 4-5, duodenum 4.5 and 5.5, while jejunum and ileum has a pH range 

of 6.5 to 7.5 (B. Shekhawat & B. Pokharkar, 2017). This variation in pH affects 

the ionization state of the drug and can influence the site of absorption for the 

drug.  

Drugs that are either weak acids or bases could be un-ionised may have 

improved absorption in the intestinal area (Aulton & Taylor, 2018). A weak acid 

drug is more lipid-soluble in acidic solution compared to the alkaline solution. 

Hence, it will be more soluble in the jejunum area (pH6.5 in a fasted state) (B. 

Shekhawat & B. Pokharkar, 2017). If the drug is a strong acid, the drug will be 

ionised at pH 7.5 becoming less lipid-soluble resulting in reduced absorption in 

the intestinal area.  
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A drug can be absorbed via several pathways in the gastrointestinal area, 

which include paracellular and transcellular transport, endocytosis, transcytosis, 

membrane protein-mediated influx and efflux of drug molecules (Viswanathan et 

al., 2017). Each pathway has different properties which allow or limit the 

absorption of drugs. Using the paracellular pathway, a drug could cross the 

epithelium (intestinal) cells through a gap in between the cells. The process 

happens via diffusion where there exists a difference in drug concentration, 

electrical potential and hydrostatic pressure between the luminal (apical) and 

blood (basolateral) sides of the intestinal epithelium causing extracellular passive 

diffusion (Breemen & Li, 2005).  

The permeation of certain classes of a drug is controlled by the tight 

junctions located at the gap in between the cells (Lee et al., 2018; Ma & 

Anderson, 2006). The tight junction is effectively acting as a semipermeable 

membrane, due to the presence of various types of protein, for example, zonula 

occludes (ZO-1, ZO-2 and ZO-3), claudin, and occludin which control the 

movement of drug from the apical to the basolateral side of the epithelium of 

intestinal area (Lee et al., 2018; Ma & Anderson, 2006). Hence, not all types of a 

drug could be absorbed via the paracellular pathway. Only drug molecules that 

fit through a tight junction will be absorbed by moving across the intestinal cells.   

In the transcellular pathway, the drug crosses the epithelium by moving 

through the cells by either passive diffusion or by active transport. Taking the 

advantage from the large surface area of  >300 m2 of the intestine and abundance 

of enterocytes in different parts of the intestine makes transcellular absorption 

the main route of drug absorption (Homayun et al., 2019). However, not every 

drug type can be absorbed by the transcellular pathway due to charge and size. 

Generally, drugs need to have a molecular weight of less than approximately 500 

Daltons to pass via the transcellular pathway. Additionally, the interaction 

between a drug and the lipidic cell membrane necessary for permeation will be 

possible only in the neutral, uncharged state. In contrast, active transport 

processes in the transcellular pathway require energy and use adenosine 

triphosphate (ATP) hydrolysis to move ions against the electrical or concentration 

gradient (Ma & Anderson, 2006). For a drug to use active transport to be 

absorbed, it must resemble some extent a natural ligand for which there is an 

active transporter. Hence, a suitable detection method is needed to identify the 

permeation of drug either by using active or passive transport. 
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The physicochemical properties of the drug affect the absorption and 

permeability across the intestinal cells. For example, the lipophilicity of the drug 

is an important factor which affects the permeability across the intestinal cells. 

Drugs with high lipophilicity able to partition at a higher level into the lipid bilayer 

of the cell membranes and diffuse more rapidly across cellular barriers (Wils et 

al., 1994). However, high lipophilic drugs can also cause problems when trying 

to determine in vitro transport using caco-2 cells monolayers (Yamashita et al., 

2000). A drug with high lipophilicity (LogP >5) has the capabilities for metabolic 

turnover, low solubility and poor absorption (Arnott et al., 2013; Lipinski et al., 

2001; Wils et al., 1994). The lipophilicity of the drug can be determined using the 

partition coefficient (P), which is the ratio of the solubility in an organic solvent 

(typically octanol) to that in an aqueous solution. Knowing the value of the LogP 

will help to predict the solubility of a drug in the immiscible biphasic system of 

lipids (fats, oils, and organic solvents) and water. LogP is also known as log10 

P(partition coefficient), and the partition coefficient can be determined as shown 

in Equation 1.1 

 

partition	coefficient, P = [	#$%&'#(]
[&*+,#+-]      Equation 1.1 

 

When the value of LogP = 0 this indicates the drug is equally partitioned 

between the octanol and aqueous phases, while a positive value of LogP shows 

a higher concentration of solute in the octanol phase (the drug is more lipophilic), 

e.g., logP =1 indicates a ratio 10:1 (octanol: aqueous) with more drug dissolved 

in octanol. A negative LogP indicate the drug has a higher partition into the 

aqueous phase (i.e., the drug is more hydrophilic).   

The hydrophilicity of a drug compound will play a role in the logP. 

Hydrophilicity can be approximated by the number of hydrogen bond donors and 

acceptors. Lipinski et al stated that the permeability of a drug would be negatively 

affected if the number of hydrogen bond donors or hydrogen bond acceptors was 

excessive (Lipinski et al., 2001). The sum of nitrogen and oxygen ions in a drug 

is a rough measure of hydrogen bond accepting ability and the sum of NHs and 

OHs in a drug is a rough measure of hydrogen bond donating ability (Lipinski et 

al., 2001) 
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Lipinski summarised the factors affecting the likely oral bioavailability into 

the "rule of 5" (Lipinski et al., 2001). The rule of 5 depends on all the parameters 

mentioned earlier being either 5 or a multiple of 5. Additionally, the molecular 

weight of the drug was included in this determination. According to the rule of 5, 

poor absorption or permeation of the drug is more likely to occur in the following 

cases, summarised in Table 1.1 (Lipinski et al., 2001). 

 

Table 1.1 The parameters which determine whether the drug has a poor oral 
absorption    

Parameters Condition 
Molecular weight Over 500 g/mol 

H-bond donors More than 5 H-bond donors 

H-bond acceptors More than 10 H-bond acceptors  

LogP Log P is more than 5 or MLogP is 

more than 4.15 

Exceptions Substrates for biological transporters 

are exceptions to the rule 

  

  

Lipinski studied the absorption of a drug across the intestinal area to 

predict early preclinical leads in the development of BCS class 1 drugs. However, 

drugs which belong to BCS classes II, III and IV will not be favoured by the rule 

of 5 due to low permeability, low solubility, or both. Therefore, such drugs which 

may be of benefit to the patient will not receive much attention and may not be 

developed. However, if the overall absorption of BCS classes II, III or IV drugs 

can be improved by formulation, then these drugs may be of more clinical use. 

Therefore, a different method of delivery of drug needs to be included to ensure 

low bioavailability could be improved.  
 

1.1 Improvement of Tight Junctions Opening for drug delivery  
The tight junction is a junction running between the apical and basolateral sides 

of two neighbouring intestinal cells and governs the entrance to the blood. The 

tight junction is a potential route of entry to the blood for a drug which is not 

lipophilic, and which cannot be absorbed via the transcellular pathway. Although 
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the tight junction allows hydrophilic drugs to pass through to the basolateral side, 

there is a restriction on molecular size: tight junctions only allow small hydrophilic 

drugs through but filters out larger drugs even if they are hydrophilic (Ward et al., 

2000) 

A tight junction is made from a combination of transmembrane and 

cytosolic proteins which interact with each other and with other membrane and 

cytoskeleton proteins (Ward et al., 2000). These proteins include the 

transmembrane proteins (claudin, occludin) and PDZ-scaffolding proteins (ZO-1, 

ZO-2, ZO-3 and MUPP1). More details of the tight junction proteins can be found 

in (Ma & Anderson, 2006). Claudin, Occludin, ZO-1, ZO-2 and ZO-3 are the 

important proteins at the tight junctions due to their ability to control the entry of 

drugs into the pores (Ma & Anderson, 2006; Ward et al., 2000). The structure of 

the tight junction can be seen in Figure 1.1. Control of movement of the drug into 

the tight junctions and this across the intestinal layer is based on the size, charge 

and conductance properties and the first barrier is at the protein claudin (Ma & 

Anderson, 2006).  

 

 

 

 

 

Figure 1.1 Schematic representation of interaction among tight junctions. 
Abbreviations: D, desmosome, LS, lateral space, mv, microvilli, ZA-zonula 
adherents (adherens junction), ZO, zonula occludens (tight junction). Adapted 
from (Ward et al., 2000). 
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Disruption of cell-cell adhesion also could be a possible method to improve 

permeability. A Ca2+ chelator like EDTA could be used to disrupt the cell-cell 

adhesion by depleting the extracellular Ca2+ required for interaction of 

components of the adherents junctions (Ward et al., 2000). Hence, by physically 

disrupting the tight junction, the permeability of drugs can be improved. 

The use of a non-ionic surfactant such as Tween 80 in a lipid-based 

formulation can disrupt the cell monolayer to loosen the tight junction. This could 

be an added advantage to improve the absorption of lipid delivery method, where 

it could be absorbed via the tight junction. Exposure of soybean oil with Tween 

80 at ratio 1:1 on caco-2 cells monolayer shown a reduction of the TEER value, 

compromising the cell monolayer integrity and the tight junction become loose 

(Buyukozturk et al., 2010). The concentration Tween 80 used in the formulation 

determines the effect on the cell monolayer. Tween 80 may be incorporated 

within the cell lipid bilayer and changed its physical structure when at low 

concentration (Wooster et al., 2017). Usage of Tween 80 concentration above 

critical micelles concentration (CMC), surfactant micelles will disrupt the cell’s 

integrity by a solubilising lipid membrane (Wooster et al., 2017).  

A lipid delivery system can be a suitable system to improve the 

permeability of the drug, either by allowing more of the small-sized drug through 

or allowing larger molecules to penetrate. Studies by Lindmark et al showed that 

the medium-chain length fatty acid sodium caprate (C10) was able to improve the 

permeability through the tight junction of drugs with molecular weights less than 

1200 g/mol when tested on Caco-2 cells (Lindmark et al., 1998)  

 

1.2 Intestinal lymphatic system to improve absorption of the drug 
The intestinal lymphatic system has an important role to transport dietary lipids, 

immunosurveillance and removal of interstitial fluid (Cifarelli & Eichmann, 2018). 

Furthermore, it has a role to return the fluid in the interstitial space back to the 

blood (O’Driscoll, 2002) due to the unidirectional transport system (Cifarelli & 

Eichmann, 2018).  

The lymphatic system plays an important role in the absorption of fat-

soluble vitamins, food-derived lipids and water-insoluble peptide-like molecules 

into the systemic circulation (Yáñez et al., 2011). Therefore, this effect could be 

advantageous if used by the drug formulator to deliver the drug into the lymphatic 
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area following oral administration. Formulating the drug or the drug carrier to 

mimic the properties and processes of lipid absorption in the body will hopefully 

increase the oral bioavailability of the drug.  

Anatomically location of lymphatic capillaries or lacteals in the intestine is 

located in the intestinal villi while collecting lymphatic vessels are present in the 

mesentery (Cifarelli & Eichmann, 2018). Lacteal is in the middle of the villus 

surrounded by arterial and venous blood capillaries in the form of a highly 

organised cage-like structure and treelike set of smooth muscle fibre (Figure 1.2). 

Absorption of a compound into the lacteal is due to the specialised cell-cell 

junctions which contain both adherents and tight junction proteins, such as 

vascular endothelial cadherin and claudin-5. Lymphatic endothelial cells  (LEC), 

structure are interconnected by discontinuous button-like junctions at the initial 

site of lymphatic, whereas, at the downstream of LEC zipper-like junction with no 

opening are available (Cifarelli & Eichmann, 2018).  

 

 

 

 

Figure 1.2 Functional structure of lacteals. Schematic showing lacteal structure 
and drainage of dietary lipids in the intestine. The Lacteals are surrounded by 
villus smooth muscle fibres (in red). (Cifarelli & Eichmann, 2018). 
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The buttons and zipper-like shape on lacteal indicated specific functions 

for absorption in the lymphatic system (Figure 1.3). The button-like shape is for 

specialised fluid uptake due to the flaps-like openings between adjacent ‘buttons’ 

allowing access of the interstitial fluid and immune cells into the lymphatic 

capillary lumen, whereas the zipper-like shape is for the lymph transport, making 

the lacteal less permeable to avoid lymph leakage during transport from 

capillaries to lymph nodes (Cifarelli & Eichmann, 2018) 

 

 

Figure 1.3 Regulation of chylomicron uptake by VEGF-A. Schematic model of 
cell-cell junctions in the intestinal ECs and LECs regulating chylomicron 
absorption. EC (endothelial cells), LEC (lymphatic endothelial cells), CM 
(Chylomicron), VEGF (vascular endothelial growth factor), VEGFR(vascular 
endothelial growth factor receptor) also known as FLT, NRP (neuropilin), VE-Cad 
( VE-cadherin). Adapted from (Cifarelli & Eichmann, 2018). 

 

The bioavailability of a drug may be enhanced by targeting the drug to be 

absorbed through the intestinal lymphatic system. The enterocyte will modify the 

structure of the lipid by becoming a chylomicron which is absorbed in the 

lymphatic system. Certain criteria need to be adhered to for such absorption of a 

drug to happen. Normally small and macromolecules (<10 nm) will be freely 

permeable, crossing endothelium in both blood and lymphatic capillaries. 

According to Trevaskis et al, the flow of the blood through vascular capillaries is 

100 to 500 times faster than the flow through lymph capillaries (Trevaskis et al., 
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2015). Therefore, these small and macromolecules will be carried away from the 

interstitial through the blood capillaries. This will be advantageous for larger 

molecules as they could be transported via the lymphatic system through 

diffusion and convection. Convection is more desirable for interstitial transfer as 

the diffusion is slow for larger molecules; furthermore, convective flow is typically 

directed from the blood to the lymph, so larger materials are delivered more 

effectively in the lymph. The parameter has its limitation for larger material (>100 

nm in diameter) to pass through the interstitium as the water channels are around 

100 nm in diameter (Trevaskis et al., 2015). As a result, particle size in the range 

of 10 to 100 nm is desired for lymphatic transfer (Trevaskis et al., 2015).  

Uptake of the drug via the lymphatic system occurs via a combination of 

the drug with lipid absorption and lipoprotein assembly pathway diffusion across 

intestinal absorptive cells enterocytes (Figure 1.4) (Trevaskis et al., 2015). The 

drug-lipoprotein complexes are transported across the basement membrane and 

trafficked from the intestinal lamina propria via the lymphatics as being exocytosis 

from enterocytes (Trevaskis et al., 2015). Transportation of the lipophilic drug via 

the intestinal lymphatic system happens when the drug is administered with a 

source of lipid (from food or a formulation) which can stimulate lipoprotein 

formation (Charman & Stella, 1986; Trevaskis et al., 2015). For lymphatic 

transportation, it is essential to know the type and dose of lipid combined with the 

drug to be administered, as, after absorption, most of the long-chain (>C14) lipids 

are assembled into intestinal lymph lipoproteins while medium-chain (<C12) 

lipids will mostly diffuse across the enterocytes and directly enter the bloodstream 

(Trevaskis et al., 2015). If the drug has a log P > 5 and long-chain triglyceride 

solubility >50 mg/g, it could be directed to the lymphatic system (Charman & 

Stella, 1986; Trevaskis et al., 2015; Yáñez et al., 2011) by modifying the lipid into 

a chylomicron form. Hence, the chylomicron will be absorbed in the lymphatic 

system.   
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Figure 1.4 Lymphatic system target delivery could be used by incorporating lipid 
as a carrier to deliver drug (Trevaskis et al., 2015). 

 

1.3 Absorption problem of alendronic acid via the oral pathway  
Alendronic acid is a drug well known under the tradename Fosamax®. Alendronic 

acid is an amino bisphosphonate, an inhibitor of bone resorption. Normally this 

drug is used to reduce the amount of bone being resorbed in the body and reduce 

osteoporosis, especially in women after the menopause (Inderjeeth et al., 2016; 

McCombs et al., 2004; Yoon et al., 2017). Bone density is very important to 

maintain bone function to support the weight of the body. Bone has a unique 

feature, where the old bone tissue will be broken down and will be replaced with 

new tissue. These two processes are in balance and with age, the relative 

balance of these two processes changes, with old tissue being broken down and 

less new tissue being formed, hence the reservoir of the bone tissue will be 

reduced. Oestrogen plays a role in these processes, but it also creates more 

problems for women: as a woman reaches menopause, osteoporosis is more 

likely to develop. This is due to the level of semaphoring 3A (Sema3A) is reduced 
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when the level of oestrogen is low in the body(Hayashi et al., 2019). Sema3A is 

a protein expressed by osteocyte serves to reduce bone reabsorption and 

enhance bone formation(Hayashi et al., 2019).  

The chemical nomenclature for alendronic acid is (4-amino-1-

hydroxybutylidene) bisphosphonic acid. Alendronic acid is usually used in the 

form of the mono-sodium salt and is supplied as the trihydrate. This form of 

alendronic acid is known as alendronate sodium trihydrate and abbreviated as 

ALD here. The empirical chemical formula of ALD is C4H12NNaO7P2.3H2O and 

the molecular weight is 325.12 g/mol. The structural formula is shown in Figure 

1.5.  

 

Figure 1.5 The chemical structure of ALD 

 

ALD is soluble in water with a solubility of 10 mg/mL being quoted by 

Sigma, and value of "very soluble" being given in the British Pharmacopeia 

(British Pharmacopeia, 2016). The BP definition of "very soluble" is that less than 

1 mL of solvent is required to dissolve 1 g of drug. ALD is also very slightly soluble 

in alcohol and very insoluble in chloroform (British Pharmacopeia, 2016). 

Formulated products of ALD are commercialised under the tradename of 

Fosamax® and are administered orally by the patient. The oral formulation 

contains the equivalent of 10 or 70 mg alendronic acid, incorporated as 

alendronate monosodium salt trihydrate. 

ALD works by associating itself to sites of bone resorption, specifically in 

osteoclasts. Osteoclasts are large multi nuclei cells which serve as regulators of 

calcium in the blood by breaking down bone tissue, ultimately leading to bone 

resorption. Inhibition of bone resorption by ALD happens via inhibiting 

osteoclastic activity (Porras et al., 1999; Rogers et al., 2011). This occurs when 
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the bisphosphonate acid from ALD binds to bone hydroxyapatite (Porras et al., 

1999). 

ALD is efficient at reducing osteoporosis; however, this drug comes with 

its problems. As mentioned earlier, the patient needs to take either 10 or 70 mg 

of alendronic acid (given as the equivalent amount of ALD) (daily or weekly, 

respectively), but not all the drug is given to the patient is absorbed orally. The 

oral bioavailability of ALD in humans is around 0.7 % (Miladi et al., 2015). The 

poor absorption of ALD is due to its highly polar structure and the fact that it is 

negatively charged at intestinal pH, and chelation of Ca2+ becoming non- 

absorbable (Cremers & Papapoulos, 2011; Ochiuz et al., 2016). The insoluble 

complexes may also cause side effects in the intestine such as upper 

gastrointestinal problem, gastro-oesophageal inflammation and ulceration(Brandi 

& Black, 2013). Alendronic acid has four pKa values, 2.72, 8.73, 10.5 and 11.6 

due to its zwitterionic configuration causing complex basic or acidic behaviour 

(Cornelio et al., 2009). Hence, ALD cannot be absorbed transcellularly but uses 

the paracellular pathway (Porras et al., 1999).  

The administration regime of ALD causes some patients to not take it 

properly. Warriner & Curtis mentioned that in a  2-years study 30 % of patients 

stopped taking the treatment within 6 months and 50 % of patients stopped after 

2 years (Warriner & Curtis, 2009). The main reason for stopping treatment was 

the complicated dosing regimen. Less frequent dosing would improve the 

persistence of taking ALD (Warriner & Curtis, 2009). ALD cannot be taken with 

any foods or beverages other than plain water, as these can reduce its absorption 

in the gastrointestinal area. To ensure ALD can be absorbed properly, the drug 

needs to be taken first thing in the morning with plain water only, at least one and 

a half hours before the patient can consume anything else. The patient needs to 

stand or sit upright for at least 30 minutes after taking the drug and drink a full 

glass of water (200 to 250 mL) to avoid any oesophageal irritation (Merck, 2015).  

Regardless of the low bioavailability of ALD, osteoporosis treatment using 

either 10 or 70 mg daily or weekly of alendronic acid (given as the equivalent 

amount of ALD) is usually successful. According to the Fosamax® monograph 

(Merck, 2015), studies using 10 mg once daily on postmenopausal women aged 

44 to 84 years with osteoporosis showed significant increases of bone mineral 

density after 3 years of circa 10%, 6% and 8% on the lumbar spine, femoral neck 

and trochanter, respectively, in the US population and circa 7%, 5%, and 7% on 
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the lumbar spine, femoral neck and trochanter, respectively, among a 

multinational population. This result is a good indicator that the treatment is 

working despite the side effects and patient compliance issues of taking ALD. 

Due to the beneficial effect of ALD on the reduction of BMD issues and 

hence the reduction of osteoporosis, ALD is a suitable drug to be chosen to 

improve its bioavailability. Even a small increase in oral bioavailability would 

result in a significant decrease in the amount of drug that needs to be taken and 

this would then reduce the amount of drug needing to be manufactured. A Lipid-

based delivery system like the double emulsion method could be used to improve 

the absorption of ALD. This method is changing the site of absorption by using 

the transcellular pathway as the site of absorption to carry ALD through the cells. 

Furthermore, the double emulsion is preventing ALD to be chelated with Calcium 

ions in the intestinal area to form insoluble compounds.  

 

1.4 Lipid-based drug delivery to improve absorption 
A significant factor in determining the permeability of the drug is its lipophilicity. 

As the intestinal site is lipid-based, it is possible that incorporating the drug into 

lipids could improve the permeability and improve the overall absorption of the 

drug. Lipids are suitable compounds to be used to improve the permeability, as 

the human body can digest and absorb lipid (Thomas et al., 2012). Lipids are 

essential nutrients needed in the body, and a normal human being needs up to 

170 g of lipid daily (Thomas et al., 2012). It has been demonstrated that for some 

drugs, a lipid-based formulation is a good medium to carry the drug through the 

oral route leading to better absorption and systemic exposure (Porter et al., 

2007).  

Lipid-based drug delivery systems are becoming a popular way of 

improving the permeability and absorption of the drug, and some drugs 

formulated into a lipid delivery-based system are available commercially. 

Examples of such drugs are amprenavir (Ageneraseä (HIV treatment) from 

GlaxoSmithKline), calcitriol (Rocaltrolä (Calcium regulator) from Roche), 

cyclosporin A (Sandimmune™ (prophylaxis against organ transplant rejection) 

from Novartis) and dronabinol (Marinolä (treatment for anorexia or nausea) from 

Roxane and Unimed) (Strickley, 2004). 
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Lipid-based drug delivery systems can improve the permeability and 

absorption of drugs via three mechanisms: by alteration of the composition and 

character of the intestinal milieu, by interaction with enterocyte-based transport 

processes and by the recruitment of intestinal lymphatic drug transport, as shown 

in Figure 1.6 (Porter et al., 2007).  

 

 

 

 

 

Figure 1.6 Potential effect of lipids and lipid excipients on drug absorption. 
Adapted from (Porter et al., 2007).  

 

Lipid-based formulations of drugs are usually developed in the form of gels 

where they are normally made of lipid (the hydrophobic sink), surfactants (to aid 

emulsification/solubilisation) and co-solvents (to aid solvation/dispersion) 

(Feeney et al., 2016). The specific mixture of different components and 

proportions in lipid formulation will affect the drug solubility, formulation 

dispersibility, transport, stability and viscosity (Feeney et al., 2016). The presence 

of surfactants and co-solvents with the lipid allows the production of emulsions 

and is used in the formulation of a self-emulsifying drug delivery system 

(SDEDDS). Here, the surfactants reduce the interfacial tension between the GI 

fluid and the formulation lipids, giving rise to emulsification with little energy input 

required (Feeney et al., 2016). Particular combinations of surfactants, co-solvents 

and lipids can produce emulsions with very small droplet sizes and are known as 

self microselfemulsifying formulations (SMEDDS). Pouton classified the 
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combination of lipids, surfactants, and co-solvents within a formulation produce 

the "Lipid formulation classification system”(Pouton, 2000, 2006), re-produced in 

Table 1.2.  
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Table 1.2 The lipid formulation classification system (LFS) adapted from (Feeney et al., 2016; Pouton, 2000, 2006) 

Excipients Increasing hydrophilic content à 
Type I Type II Type IIIA Type IIIB Type IV 

Typical 
composition (%) 

 

Triglycerides or 
mixed glycerides 

100 40-80 40-80 <20 - 

Water-insoluble 
surfactants 
(HLB<12) 

- 20-60 - - 0-20 

Water-soluble 
surfactant 
(HLB>120) 

- - 20-40 20-50 30-80 

Hydrophilic co-
solvents 

- - 0-40 20-50 0-50 

Particle size 
dispersion (nm) 

Coarse 100-250 100-250 50-100 <50 

Significant of 
aqueous dilution 

Limited 
importance 

Solvent capacity 
unaffected 

Solvent loss of solvent 
capacity 

Significant phase 
changes and 

potential loss of 
solvent capacity 

Significant phase 
changes and 

potential loss of 
solvent capacity 

      
Significance of 

digestibility 
Crucial 

requirement 
Not crucial but 
likely to occur 

Not crucial but may be 
inhibited 

Not required Not required 

Characteristic Non-
dispersing; 

require 
digestion 

SEDDS without 
water-soluble 
components 

SEDDS/SMEDDS with 
water-soluble 
components 

SMEDDS with 
water-soluble 

components and low 
oil content 

Oil-free formulation 
based on 

surfactants and co-
solvents 

 

  



 18 

Advantages GRAS status, simple 
excellent capsule 

compatibility 

Unlikely to lose 
solvent capacity 

on dispersion 

Clear or almost 
clear dispersion; 
drug adsorption 
without digestion 

Clear dispersion; 
drug adsorption 
without digestion 

Good solvent 
capacity for many 

drugs  disperses to 
micellar solution 

Disadvantages The formulation has 
poor solvent capacity 
unless a drug is highly 

lipophilic 

Turbid O/W 
dispersion 

particle size 
0.25-2!m 

Possible loss of 
solvent capacity on 

dispersion, less 
easily digested 

Likely loss of 
solvent capacity 

on dispersion 

Loss of solvent 
capacity on 

dispersion, may not 
digestible 
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Based on Pouton’s classification system, lipid-based drug delivery 

systems are categorised into four groups based on the ratio of lipid, surfactants, 

and co-solvent. Type I is simply the drug dissolved in triglyceride only or mixed 

glycerides, while type II is the combination of glycerides and lipophilic surfactants 

(HLB<12) and could lead to the production of SEDDS in the GI tract (Feeney et 

al., 2016). Type III formulations have a mixture of glycerides, more hydrophilic 

surfactants (HLB>12) and may include co-solvents. Type III is further classified 

into two categories, which are type IIIA and IIIB, where type IIIA contains a larger 

amount of lipid and a lower amount of surfactants and co-solvent, whereas type 

IIIB has a lower amount of glycerides (<20%) and larger quantities of hydrophilic 

components. However, type IV is different from the other types as it does not use 

traditional lipids, but only a mixture of surfactants and co-solvents (Feeney et al., 

2016). 

 

1.5 Emulsions as a method to improve the drug delivery  
An emulsion is a two-phase system composed of two immiscible liquids stabilized 

by the addition of surfactant, which acts to reduce surface tension between the 

surfaces of the two immiscible liquids. An emulsion could be in the form of water 

in oil, w/o or oil in water, o/w. An emulsion is normally used to encapsulate the 

lipophilic type of drug, where the lipophilic drug will be encapsulated within the 

emulsion i.e., oil in water, o/w emulsion. Studies of a lipophilic compound like 

coumarin shown encapsulation of coumarin in the emulsion improve the 

absorption gastrointestinal system (He et al., 2013). Emulsions could be 

absorbed either by using active transport or passive transport. Endocytosis is one 

absorption mechanism through active transport for the emulsion to be absorbed 

in the gastrointestinal system.   

The size of an emulsion is one of the factors enabling the endocytosis 

process to happen. Improvement of emulsion absorption is possible when the 

interfacial region on the emulsion/micelles solubilise poorly soluble molecules 

and direct absorption happened when the nanoparticle size smaller than 100 nm 

(Wooster et al., 2017). Nanoemulsions improved the absorption of sodium 

caseinate (Fan et al., 2017) and coumarin 6 (He et al., 2013) via endocytosis 

process. Wooster et al  identified, there is a cut off size for optimum absorption 

of Nanoemulsion around 80 -120 nm (Wooster et al., 2017). The smaller size of 
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Nanoemulsion was identified to be absorbed within the cells i.e. through the 

transcellular pathway, however, nanoemulsions at 380 nm may be absorbed 

through the paracellular pathway due to reduction of trans epithelial electrical 

resistance (TEER) value on the caco-2 cells (Wooster et al., 2017). 

Passive transport (transcellular or paracellular) pathway is another 

mechanism for the emulsion to be absorbed in the gastrointestinal system. As 

mentioned above in Section 1.2 (intestinal lymphatic), when lipid is absorbed into 

the enterocyte, depending on the fatty acid chain of the lipid determine the 

pathway of lipid to be released from the enterocytes. Normally, a long-chain free 

fatty acid is used to produce an emulsion. It has been identified, emulsion 

production using long-chain free fatty acid able to enhance the absorption of 

vitamin E into the caco-2 by transforming the fatty acid into chylomicron and 

released from enterocytes (Yang et al., 2017). A normal type of emulsion like oil 

in water, o/w is normally used to improve the absorption of a lipophilic drug. 

Therefore, using this concept a delivery of the hydrophilic type of drug-like ALD 

could be used to deliver or improve the absorption in the intestinal area. However, 

direct encapsulation of ALD within the lipid will be not possible, due to the ALD 

cannot be attached with lipid. Hence, a different mechanism of encapsulation 

needs to be done to enable ALD to be delivered using an emulsion method.  

 

1.6 Double emulsion to improve absorption of ALD 
 Improvement of ALD absorption in the intestinal area may be improved by 

encapsulation of ALD within a lipid formulation such as an emulsion. 

Encapsulating ALD within an emulsion may be able to reduce ALD interaction 

with calcium ion within the gastrointestinal tract to improve ALD permeability by 

preventing the formation of insoluble complexes. A w/o emulsion will not entirely 

solve the problem for improved ALD permeability because for a lipid to be 

absorbed into the intestinal area, it must be broken into a smaller size. Therefore, 

the w/o emulsion structure will be broken and the ALD cannot be absorbed via 

the transcellular pathway. However, if the lipid is already broken up in the form of 

oil in water, o/w emulsion may be easier for the lipid to be absorbed. Hence, by 

utilising a double emulsion (w/o/w) formulation of ALD it is possible that 

gastrointestinal permeation ALD could potentially be improved.   
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Using a double emulsion formulation, the ALD might be encapsulated 

within the inner aqueous core of a  w/o emulsion, which itself is emulsified in 

water to produce a water-in-oil in water emulsion, w/o/w. This formulation 

approach is quite complex as a combination of different types of surfactants is 

required to produce the double emulsion. The process is started by the formation 

of w/o emulsion using a lipophilic surfactant such as Span 80 which has a larger 

lipophilic part compared to hydrophilic part. Hence, Span 80 more readily 

associates with the oil and to form a w/o emulsion. In contrast, the hydrophilic 

part of surfactant like Tween 80 is larger than the lipophilic part. Therefore, it will 

associate more with water. By combining these two surfactants, a double 

emulsion could be formed as shown in Figure 1.7 

 

 

 
 

Figure 1.7 Double emulsion structure formation when lipophilic and hydrophilic 
surfactants are used (adapted from Salvia-Trujillo et al, 2018). The lipophilic 
surfactant (the tail part of the surfactant) associating itself to lipid, causing the 
interfacial tension of the lipid to bend and encapsulated the water and hydrophilic 
bioactive compound (ALD) and forming the w/o emulsion. While the hydrophilic 
surfactant is associating itself to the water molecule and having a bigger head 
compared to the tail caused it to bend and later encapsulated the lipid along with 
w/o emulsion to form w/o/w emulsion.  
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Efforts to improve the permeability drugs using an emulsion-based 

formulation strategy has been studied by many researchers (Aditya et al., 2015; 

K. Frank et al., 2012; Qi, Wang, Zhu, Hu, & Zhang, 2011; W. Xu et al., 2018). For 

example, insulin is a BCS type III compound, was among the first compounds 

attempted to be encapsulated within double emulsion (Motoaki Shichiri et al., 

1978). The pre-clinical studies encapsulation of insulin within double emulsion 

enabled more absorption of insulin to be absorbed in the intestine of alloxan 

diabetic rats to reduce the blood glucose (Motoaki Shichiri et al., 1978). Further, 

more studies using double emulsion to improve the absorption of the hydrophilic 

drug are being summarised in Table 1.3.  
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Table 1.3: Summarized of water in oil in water (w/o/w) emulsion production, encapsulated drug and method of delivery used to 
deliver a drug in the intestinal area. w/o/w, water in oil in water (double emulsion); SDEDDS, self-double emulsion drug delivery 
system.  

Type of 
emulsion  

Formulation 
approach 

Drug/ additive   Delivery 
method 

Absorption properties References  

w/o/w Two steps 
method 

Insulin Catheter to the 
stomach and 
jejunal of rabbits 
and rats 
 

Reduction of blood glucose identified 
when insulin in w/o/w compared to control  

(M. Shichiri et 
al., 1974) 
 

w/o/w Two steps 
method 

Insulin Injection at 
Ligated jejunal 
loop on rabbit  

w/o/w emulsion with insulin at 
concentration 10U/kg reduce the blood 
glucose.  

(Motoaki 
Shichiri et al., 
1978) 

w/o/w Two steps 
method  

Insulin  Eteral loop in rats 
 

3-5% of w/o/w with gelatine reduce blood 
glucose.  
Promote lymphatic absorption.  
Possible endocytosis mechanism for 
enhancing absorption  

(Matsuzawa, 
Morishita, 
Takayama, & 
Nagai, 1995) 
 

w/o/w Two steps 
method  

Insulin Subcutaneous 
injection or oral 
route 

Multiple emulsion with sodium insulin 
(dimers) can reduce glycemia of diabetic 
rats.  

(Silva-Cunha 
et al., 1998) 

w/o/w Two steps 
method  

Insulin-DHA  
Insulin-EPA 

Administration 
through the colon 
or rectum  in rat 

Incorporation of DHA with multiple 
emulsion able to improve the intestinal 
absorption and not cause serious damage 
to epithelial cells  

(Suzuki et al., 
1998) 

w/o/w  Two steps 
method 

Insulin  Administration 
through rectum 

Improve absorption of insulin by addition 
of gelatine and oleic acid  

(Onuki, 
Morishita, & 
Takayama, 
2004) 

w/o/w Two steps 
method 

Insulin  Caco-2 cells and 
oral 
administration  

Hydrolysed soybean oil showed more 
absorption in caco-2 cells 

(Shima et al., 
2006) 
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Linoleic acid showed enhancement of 
absorption in caco-2 cells 
Coarse W/O/W improved absorption 
compared to a fine size. 
  

w/o/w Two Steps 
method 

Octanoic acid 
triacylglycerol 
(C8TG) 
 

Caco-2 cells Medium-chain free fatty acid enhances 
the absorption of W/O/W  
Smaller size W/O/W enhance the 
absorption in caco-2 cells 

(Shima, 
Tanaka, 
Kimura, 
Adachi, & 
Matsuno, 
2005) 

w/o/w Two steps 
method 

5-
fluoro[3H]uracil 

Oral 
administration on 
rat 

Increased gastrointestinal absorption is 
probably due to increased gastric 
retention time. 
Hydrophilic surfactant emulsifier at the 
external phase of w/o/w may be 
responsible for improving absorption. 
w/o/w emulsion enables absorption of 5-
fluoro[3H]uracil to mesenteric lymph node 

(Omotosho, 
Florence, & 
Whateley, 
1990) 

w/o/w Two steps 
method 

6-coumarin Caco-2 cells  The smaller size of microparticle (0.1!") 
being absorbed more 
Smaller size better access toward Peyer’s 
patch tissue and mesenteric lymph node 

(Desai, 
Labhasetwar, 
Walter, Levy, 
& Amidon, 
1997) 

w/o/w Two Steps 
method 

6-
mercaptopurine 
(6-MP) 

Intravenous 
injection on rats 

Prolong the released of 6-mercaptopurine 
( 6-MP).  

(Khopade & 
Jain, 1999) 

w/o/w Two steps 
method  

6-
mercaptopurine 
( 6-MP) 

Administration at 
caudal vein 

Coated multiple emulsion with Con-A 
prolongs half-life by 8.28 time more.  
Enhance the absorption in the lymphatic 
system.  

(Khopade & 
Jain, 2000) 

w/o/w  SPG 
membrane 

Calcein  Inter duodenal 
method 
 

Calcein loaded within w/o/w improve 
absorption after intraduodenal 
administration  

(Koga, 
Takarada, & 
Takada, 2010) 
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emulsifier 
method  

Double emulsion helps to protect and 
enhance absorption  

 

w/o/w Two steps 
method  

Pidotimod Oral 
administration on 
rat 

Pidotimod absorption increase with w/o/w 
compared to control 
Possible absorption in the lymphatic 
circulation due to sustaining absorption 
and slow elimination  

(Qi, Wang, & 
Zhu, 2011) 

SDEDDS O/W 
spontaneously 
transform into 
W/O/W 

Pidotimod Oral 
administration of 
rat 

Pidotimod-SDEDDS improved the 
absorption compared to control by 
prolonging the absorption 

(Qi, Wang, 
Zhu, et al., 
2011) 

SDEDDS  O/W 
spontaneously 
transform into 
W/O/W 

Hydroxysafflor 
yellow A ( 
HYSA) 
 
 

Caco-2 cells and 
intragastric 
administration on 
rat 

Inhibition of P-gp (Liang Zhong 
et al., 2012) 

w/o/w Two steps 
method 

Curcumin and 
catechin 

In vitro lipid 
digestion assay  

- (Aditya et al., 
2015) 

w/o/w Two steps 
method  

Lisinopril  Franz cells 
method using rat 
intestine 

w/o/w improve absorption compared to 
control  

(Sawant, 
Mundada, & 
Patel, 2017) 
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Encapsulating of ALD within the double emulsion could potentially improve 

its permeability. By encapsulating ALD within the double emulsion, it is preventing 

the ALD to be ionised before it could be absorbed in the intestinal area (Miladi et 

al., 2015). Encapsulating ALD within the lipid droplet of double emulsion could 

also prevent the ALD from being chelated with Ca2+ ions the intestinal side and 

preventing the ALD to be non-absorbable complex (Miladi et al., 2015).  

The double emulsion will act as a dietary lipid to be absorbed in a 

lymphatic intestinal site via a transcellular pathway on the intestinal epithelium as 

described in Section 1.2. Using the dietary lipid absorption process, the lipid 

droplet will attach itself onto the intestinal epithelium and will be absorbed either 

using passive or active transport (Brocks & Davies, 2018; Yáñez et al., 2011). 

The process of absorption of the double emulsion could be depended on the size 

of the double emulsion, the type of lipid and surfactant used in the formulation; 

and surface charge of the double emulsion (Meng & Hu, 2011). The study for 

incorporating vancomycin within double emulsion using a purified unsaturated 

acid indicated that this emulsion was able to improve the absorption and 

bioavailability of vancomycin by 40% in the intestine Male Wistar rats when 

compared to vancomycin only (Kajita et al., 2000). Similarly, when acyclovir is 

encapsulated within the double emulsion, it showed an improvement of 

absorption by 4.25 to 4.6 times more than acyclovir solution the intestine of male 

albino rats (Paul et al., 2013).  

Lipid is normally absorbed in the form of micelles (i.e., o/w emulsion) in 

the lymphatic endothelial system. Using that concept, delivery of the ALD will be 

aimed to be delivered through the lymphatic endothelial system within a double 

emulsion formulation. The double emulsion is believed be absorbed as a whole 

component since the lipid has to be broken into a smaller size and in the form of 

o/w emulsion (K. Frank et al., 2012; Liang Zhong et al., 2012; W. Xu et al., 2018). 

When a double emulsion is absorbed in the intestinal area, it is believed it will be 

broken up to enable the lipid to be excreted from the endothelial cells. The 

process of excreting the lipid will be depending on the type of lipid and length of 

the fatty acid chain used in the double emulsion formulation and it determines the 

intracellular processing of the double emulsion as described in Section 1.2. If the 

chain of the fatty acid is either a short or medium chain (C<12) it will generally 

diffuse across enterocyte cells. However, if the fatty acid chain is a long chain 

(C>12), it will be further channel into the Golgi apparatus and further modified to 
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becoming chylomicron which shown in Figure 1.4. Hence, the chylomicron will be 

absorbed into the lymphatic area. For example studies from Tang et al, identified, 

when chylomicron formation is blocked from being produced, it has impacted the 

secretion of the drug (Tang et al., 2013). This situation postulated that; the drug 

encapsulated within double emulsion will be carried through across the 

enterocytes in the form of chylomicron. Similarly, this situation could happen 

when ALD is encapsulated within the double emulsion. For example, Baek et al 

had identified encapsulation of ALD within double emulsion improves its 

permeability when tested on caco- 2 cells (Baek et al., 2011). They also stated, 

ALD able to cross the epithelium of the intestinal cells when caco-2 cells were 

used as a model.  

Other advantages of using double emulsion to improve the absorption of 

ALD may be due to the usage of surfactant in the formulation. Surfactants may 

inhibit P-glycoprotein (P-gp) which is a glycosylated plasma membrane protein 

and belong to the ATP binding cassette superfamily, express on the apical 

surfaces of the enterocytes cells (J. K. Yan et al., 2016). The role of P-gp is to 

limit the absorption of harmful substances into the gut by pumping out the 

substances (J. K. Yan et al., 2016). For example, Tween 80 used in the double 

emulsion formulation able to inhibit the P-gp on the cells (J. K. Yan et al., 2016). 

Inhibition of P-gp by Tween 80 is by portioning itself into the plasma membrane 

and P-gp inhibited through a membrane fluidising mechanism (Cornaire et al., 

2004; Hugger et al., 2002) and later on inhibit P-gp by inhibiting Pept-1 (influx) 

transporter (Cornaire et al., 2004). Liang Zhong et al demonstrated Tween 80 

used in the formulation of SDEDDS able to improve the absorption of 

Hydroxysafflor yellow A (HYSA) by inhibiting the P-gp (Liang Zhong et al., 2012). 

Addition of Tween 80 in the formulation improve the absorption of curcumin in 

caco-2 cells (J. Frank et al., 2017). 

  

1.7 Hypothesis and aims 

Lipid-based formulations are known to enhance the absorption of poorly soluble 

drugs in the intestinal area. A similar approach may be used for poorly permeable 

soluble drugs to enhance their intestinal absorption. To improve the absorption 

of alendronate (ALD) a double emulsion (w/o/w) formulation with entrapped ALD 

within the aqueous compartment will be evaluated. This approach is thought to 
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behave similarly with normal lipid delivery system in the intestinal area. The 

double emulsion is believed to be absorbed as a whole component in the 

intestinal area via transcellular transport and with release into the systemic area 

or being absorbed in the lymphatic system.  

The project aims to develop double emulsion formulations that could 

improve the oral absorption of ALD. The first objective of this study is to formulate, 

characterise and determine correlations for a double emulsion formulation with a 

high encapsulation of ALD. The second objective is to study the ALD formulations 

using a gastrointestinal and lymphatic system cell culture model to identify the 

possibility to improve ALD absorption from a double emulsion formulation.  
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2.1 Materials  

2.1.1 Alendronic sodium trihydrate (ALD)  

Alendronic acid in the neutral state is a free acid but is mainly used as the mono-

sodium salt and is supplied as the trihydrate, in which case it is known as 

alendronate sodium trihydrate. Alendronate sodium trihydrate (ALD) was 

purchased from TCI (UK). Further details about ALD are listed in Table 2.1.  

 

Table 2.1 Physical properties of Alendronate Sodium Trihydrate 

Properties Value 

Molecular weight 271.08 g/mol (free acid, anhydrous) 

325.12 g/mol (mono-sodium salt, trihydrate) 

Molecular formula C4H12NNaO7P2.3H2O 

pKa 2.72 at 25oC (Merck Index 1996) 

LogP -4.3 (DrugBank) 

Water solubility 10 mg/mL (Sigma, UK) 

Very soluble (British Pharmacopeia, BP).  

The BP definition of "very soluble" is that less 

than 1 mL of solvent is required to dissolve 1 

g of solute 

Colour and appearance Fine white powder 

 

2.1.2 Soybean oil 

Soybean oil was obtained from Sigma (UK). It is commonly used in food 

production and has been categorised as generally recognised as safe (GRAS). 

Furthermore, soybean was chosen due to it is a widely used type of oil for lipid-

based drug delivery system and well categorised in the pharmaceutical area. 

Soybean oil consists of tri-, di- and mono-acylglycerols, free fatty acids and polar 

lipids such as phospholipid (T. Wang, 2011). It has a high percentage of linoleic 

and linolenic acid. The details of the fatty acid composition of soybean oil are 

given in Table 2.2. The first section in the carbon chain number indicates the 

length of the free fatty acid. Free fatty acids can be categorised into three groups, 
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which are short, medium, and long chain. For short chain fatty acids, the carbon 

chain number is from 1 to 5, while medium chain fatty acids have 6 to 12 carbons, 

and long chain fatty acids have 14 or more carbons.  

The second element in the carbon chain number represents the degree of 

saturation in the free fatty acid with the number of double bonds in the free fatty 

acid chain. For example, myristic acid from Table 2.2 has only 14 carbons in the 

free fatty acid chain with no double bond, thus it belongs to saturated carbon 

chain group, while oleic acid has a carbon chain of 18 with one double bond in 

the configuration, thus is known as an unsaturated free fatty acid. 

 

Table 2.2 Soybean oil fatty acid composition.  Adapted from (T. Wang, 2011)  

Fatty acid Carbon chain number Weight percentage (%) 

Myristic 14:0 0.1 

Palmitic 16:0 11.0 

Palmitoleic 16:1 0.1 

Stearic 18:0 4.0 

Oleic 18:1 23.4 

Linoleic 18:2 53.2 

Linolenic 18.3 7.8 

Arachidic 20:0 0.3 

Behenic 22:0 0.1 

 

2.1.3 Surfactants  

In this study, Span 80 and Tween 80 were used to produce the double emulsion. 

Span 80 and Tween 80 have different hydrophilic-lipophilic balance (HLB) values 

due to their predominantly hydrophobic and hydrophilic properties respectively, 

as seen in Table 2.3. Based on the HLB system, a surfactant with lipophilic 

properties will be assigned a low HLB value while a hydrophilic surfactant will 

have a high value. 
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Table 2.3 HLB value of surfactants and their usual function. Adapted from (Griffin, 
1946) 

HLB range Use 

4-6 w/o Emulsifier 

7-9 Wetting agents 

8-18 o/w Emulsifiers 

13-15 Detergents 

15-18 Solubilisers 

 

2.1.3.1 Span 80 

Span 80, sorbitan monooleate, is a lipophilic surfactant and has an HLB value of 

4.3 indicating that it is hydrophobic and should generate a water-in-oil (w/o) 

emulsion. It was purchased from Sigma, UK. The chemical structure and details 

of Span 80 are shown in Figure 2.1 and Table 2.4. 

 

 

Figure 2.1  The structure of Span 80. 

 

Table 2.4: Physical properties of Span 80 Adapted from Sigma, UK 

Properties Value 

Molecular weight 428.60 g/mol 

Molecular formula C24H44O6 

Colour and appearance Amber liquid 

Type of surfactant  Non-ionic  
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2.1.3.2 Tween 80  

Tween 80 or polysorbate 80, is a non-ionic hydrophilic surfactant. It has an HLB 

value of 15, which indicates that the type of emulsion produced will be oil-in-water 

(o/w). Tween 80 was obtained from Sigma, UK. The chemical structure and 

details of Tween 80 are given in Figure 2.2 and Table 2.5.  

 

 

 

Figure 2.2 Tween 80 

 

Table 2.5: Physical properties of Tween 80. Adapted from Sigma, UK.  

Properties Value 

Molecular weight ~1310 g/mol 

Molecular formula C32H60O10 

Colour and appearance Yellow to orange liquid 

Type of surfactant Non-ionic  
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2.1.3.3 Calculation of the HLB value of a mixture of surfactants  

Both Span 80 and Tween 80 were mixed to produce the double emulsion 

formulation. Different ratio of each surfactant was used, hence producing a 

different value of HLB after mixed compared to the original value. New HLB value 

indicated the new type of mix surfactant and calculated as in Equation 2.1. 

 

HLB	!"#$%&' =
()*!×%-
%-.%*

+
()*"×%*
%-.%*

            Equation 2.1 

 

HLBA and HLBB is the value of HLB for each of surfactant A and B 

%A is the percentage of surfactant A 

%B is the percentage of surfactant B  

 

2.1.4 9-Fluorenylmethoxycarbonyl chloride (Fmoc) 

Fmoc is one of the most important chemicals used in this research. Fmoc is 

generally used in synthetic chemical reactions, where it is an amino protecting 

group which is stable towards acid and catalytic hydrogenation. It is easily 

cleaved under mildly basic, non-hydrolytic conditions enabling it to be easily 

removed from the protected group after completion of the reaction (Carpino & 

Han, 1972). In this study, Fmoc was used to derivatise the ALD enabling the ALD 

to be detected using UV-based methods such as HPLC with UV analysis. The 

details of this chemical are listed in Table 2.6 and its structure is shown in Figure 

2.3. 

 

Table 2.6 Physical properties of FMOC 

Properties Value 

Molecular weight 258.70 g/mol 

Molecular formula C15H11ClO2 

Melting point 62-64℃ 
Solubility Soluble in organic solvents 

(chloroform, tetrahydrofuran, 
methanol, ether)  

Reactivity Reacts with alcohols, amines and 
water 

Colour and appearance White crystalline solids 
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Figure 2.3 Structure of Fmoc 

 

2.2 Methodology 

2.2.1 Initial formulation development of double emulsions 

The initial formulation studies were conducted to investigate whether a water-in-

oil-in-water (w/o/w) double emulsion could be produced from a combination of 

soybean oil, water, and surfactants (Tween 80 and Span 80) using a single-step 

method. In these early studies, water was used as the aqueous phase, rather 

than a solution of ALD, to avoid wastage. In this study, the total weight of double 

emulsion was 5g (w/w). To produce the double emulsion, soybean oil, water and 

surfactants were weight to make up to the total weight of 5 g and placed into 10 

mL glass containers. Fabrication of the double emulsion was based on Table 2.7. 

Then, the amount of surfactants (Tween 80 and Span 80) used was based on 

Table 2.8. The glass container was inverted 10 times and the double emulsion 

was produced and evaluated simplistically by microscopical observation.  

 

Table 2.7 Formulation sets for double emulsion production  

Formulation 
set 

Soybean oil 
(%w/w) 

Water 
(%w/w) 

Total surfactant 
(%w/w) 

A 50 40 10 
B 60 30 10 
C 70 20 10 
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Table 2.8 The template to produce a double emulsion. Each of the quantities was 
sufficient to produce 5g of double emulsion. Total percentage of surfactant ratio 
was 10% (w/w).*FN is the formulation number 

FN Surfactant ratio 

(Span 80: Tween 80) 

%Span 80 %Tween 80 

1 1:1 5.0 5.0 

2 2:1 6.7 3.3 

3 3:1 7.5 2.5 

4 4:1 8.0 2.0 

5 5:1 8.4 1.6 

6 1:2 3.3 6.7 

7 3:2 6.0 4.0 

8 5:2 7.2 2.8 

9 1:3 2.5 7.5 

10 2:3 4.0 6.0 

11 4:3 5.7 4.3 

12 5:3 6.3 3.7 

13 1:4 2.0 8.0 

14 3:4 4.3 5.7 

15 5:4 5.6 4.4 

16 1:5 1.7 8.3 

17 2:5 2.9 7.1 

18 3:5 3.8 6.2 

19 4:5 4.4 5.6 

 

 

2.2.2 Production of ALD loaded double emulsions 

Following production and evaluation of the double emulsions, the production of 

ALD loaded double emulsions was investigated the drug-loaded systems were 

prepared to utilise the same method as described in Section 2.2.1, simply 

substitute water in the formulation with ALD at different concentrations (1, 2.5 and 

5 mg/mL). 
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2.2.3 Production of double emulsions using homogenisation 

The double emulsions were fabricated by inverting the glass container for 10 

times and relying on the formulation balance to generate the double emulsions 

like self-emulsifying systems. However, using this method, the structure of the 

emulsion formed was based on the operator’s strength and could not be easily 

controlled or reproduced. Thus, the inversion method was substituted with 

homogenisation method. A homogeniser was used to provide a greater and more 

consistent energy input and hopefully lead to a more consistent and reliable 

product.  

Using the formulation template in Table 2.7 and 2.8, all the components 

were weighed and placed in a 10 mL glass container. Then the mixture was 

stirred using a homogeniser (Yellow line DI 18 basic homogeniser, UK) at a 

different speed (6000, 10000, 14000 and 18000 rpm) for 5 minutes. Then, the 

emulsion structure was viewed under a light microscope.  

 

2.2.4 Characterization of double emulsions 

2.2.4.1 Microscopic determination of double emulsion appearance 

The double emulsions produced were visualised using a light microscope Leica 

DM 2700M (Leica, UK) and attached video camera (Leica infinity 2). The images 

were visualised and captured at ocular magnification 10×/22 and lens 

magnification L20×/0.4. Visualising and capturing the images enabled 

interpretation of the type of emulsion produced, whether water or ALD was 

incorporated within the emulsion system. Evaluation of the emulsion was based 

on Table 2.9. 
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Table 2.9: Criteria used to select a good double emulsion formation 

 

Desired criteria of double 
emulsion 

Further explanation 

High numbers of water droplet 
within a double emulsion 

 

Include the small water droplet or big 
water droplet or combination of both 

water droplets. This indicates the 
formation of water in oil in water, w/o/w 

emulsion. 
 

No gap between one lipid droplet to 
another lipid droplet 

 

The lipid droplet must close to each 
other but not coalesce and maintaining 

the shape of emulsion 
 

The lipid droplet is a round shape Indicating the interfacial tension of the 
lipid is lower due to the Span 80 

adsorbed onto the soybean. Enabling 
the soybean layer to be bend and form 

a round shape structure. 
 

No Single emulsion If a single emulsion is formed, the 
formulation will not be considered as a 

double emulsion. 
 

2.2.4.2 Size detection using Image J 

Image J was used to measure the size of the double emulsion. Automatic 

counting from the software was used by assuming all the double images were 

circular. Automatic measurement was used by selecting the analysing particle 

size options in Image J. Before the double emulsion could be measured, the 

length of the measuring scale was calibrated to pixel/µm. After that, the colour of 

the double emulsion image was changed to black and white by using the colour 

threshold options. Black and white colour enabled the system to differentiate the 

area need to be measured and quantify the area of the particles (double 

emulsion). The area of the double emulsion was determined using a circular 

formula, a back-calculation was conducted to identify the radius of the double 

emulsion. Radius value was multiplied by two to identify the diameter of the 

double emulsion. Size of the double emulsion was based on the diameter value 

obtained. After the diameter of the double emulsion was determined, the 

histogram was plotted based on the number of count and size of the double 

emulsion. The mean and standard deviation of the double emulsion size was 
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determined using Origin Pro 9.1 (Originlab, US). The mean value indicated the 

average size of the double emulsion. 

 

2.2.5 Detection of ALD using HPLC method 

2.2.5.1 ALD Derivatisation Process  

ALD is a compound without chromophore and cannot be detected using a UV-

based detection method. ALD needs to be tagged with another chemical 

compound that does possess a UV chromophore to be detected by UV analysis. 

9-fluorenylmethoxcycarbonyl (Fmoc) is a compound that is used to protect 

sensitive amine groups in chemical reactions (Raillard, Mann, & Baer, 1998), 

thus, can be bind with amine group in ALD. Therefore, Fmoc will be able to attach 

to the amine group in ALD and form an ALD derivative compound. Hence, 

enabled ALD-Fmoc it to be detected by UV spectroscopy at 266 nm. The 

derivatization of ALD was undertaken following the method of De marco et al, as 

detailed below (De Marco, Biffar, Reed, & Brooks, 1989). 

The derivative process was conducted by mixing 1.0 mL of 1mg/mL of ALD 

solution in water with 1.0 mL of 0.1 M sodium tetraborate decahydrate (pH 9.0) 

and 0.8 mL of FMOC (0.5 %w/w in acetonitrile) and vortexed for 30 seconds. The 

sample was left to stand for 30 minutes. After 30 minutes, 5.0 mL of 

dichloromethane was added to the mixture. The mixture was vortexed for 10 

seconds and left to stand for 5 minutes. Then the mixture was centrifuged at 1000 

rpm for 5 minutes. The supernatant was taken, filtered through a 0.22 µm filter 

and the amount of ALD was detected using HPLC (see Section 2.2.5.2). The 

derivatised ALD needed to be detected within 24 hours due to instability of the 

derivative process. 

The overall chemical reaction the Fmoc derivatisation of ALD is an amine 

acylation reaction (Figure 2.4). The derivatisation process happens when both 

Fmoc and ALD are dissolved in sodium tetraborate buffer at pH 9.0, causing the 

FMOC to release the chloride ion, thus making the FMOC negatively charged. 

This then undergoes reaction with the amine group in ALD to form an amide bond.  
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Figure 2.4 Derivatisation process of ALD with Fmoc 

 

2.2.5.2 HPLC quantification assay 

The column used in this study was a 250 × 4.1 mm internal diameter (i.d.) 

stainless steel prepacked column. The stationary phase was 10 µm PRP-1 

(poly(styrene-divinyl-benzene) which is a reversed-phase material and has a 

pore size of 100 Å (Hamilton, Reno, NV, USA). This column was used due to its 

resistance to a wide range of pH and good sample recovery due to the absence 

of silanol groups which could cause sample loss. The column used is non-polar, 

thus it will attract the non-polar components in the test sample and release the 

polar components to be eluted and detected first. The mobile phase used in this 

study is an isocratic mobile phase consisting of 0.05 M sodium citrate and 0.05 

M potassium phosphate buffer (pH 8.0)-Acetonitrile-Methanol (75:20:5 %v/v), 

with a flow rate of 1.0 mL/min at 35°C. As the sample is eluted it passes through 

a UV detection cell where an absorbance wavelength of 266 nm was used to 

detect both the ALD-Fmoc and Fmoc. The retention time for derivatised ALD was 

~ 7 min. In these experiments, a 50 µL volume of sample is injected into the HPLC 

machine. 
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2.2.5.3 Limit of detection and quantification 

Validation of ALD detection and determination could be determined by setting up 

the limit of detection and limit of quantification. Limit of detection is the lowest 

amount of analyte in a sample which can be detected but necessarily quantified 

as an exact value. Whereas the limit of quantification is the lowest amount of 

analyte in a sample which can be quantitatively determined with suitable 

precision and accuracy. Calculation of the limit of detection could be determined 

using Equation 2.2, while the limit of quantification in Equation 2.3.  

 

Limit of detection 

LOD =
/./1
2

        Equation 2.2 

 

Where LOD  = limit of detection 

 * = the standard deviation of the response 

 S  = the slope of the calibration curve.  

 

The slope, S may be estimated from the calibration curve of the analyte. The 

estimate of * may be carried out either based on the standard deviation of the 

blank or calibration curve.  

 

Limit of Quantification 

LOQ =
341
2

         Equation 2.3 

 

Where LOQ =limit of quantification 

  * = the standard deviation of the responses 

 S = the slope of the calibration curve. 

The slope S may be estimated from the calibration curve of the analyte. The 

estimate of * may be carried out either from the standard deviation of the blank 

or calibration curve.  

 

The standard deviation of the blank: The range of determination of the analytical 

background responses was determined using an appropriate number of blank 

samples and calculating the standard deviation of the responses. Based on the 

calibration curve, the standard deviation could be obtained from the residual 
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standard deviation of a regression line or the standard deviation of the y-intercept 

of the regression line. Hence, the range of limit of detection obtained only specific 

to specific calibration curve on samples containing analyte in the range of the 

limit of detection. 

 

2.2.5.4 Optimisation of the ALD derivatisation process  

The derivatisation method made the detection of ALD possible using the HPLC 

assay; however, the method used was only able to detect ALD concentrations of 

less than 0.625 mg/mL. Therefore, a few modifications were needed to improve 

the detection limit. Using a similar derivatisation method as Section 2.2.5.1, the 

effects of increasing the concentration of Fmoc from 0.5 mg/mL to 5 mg/mL was 

investigated and the detection was detected using HPLC as in Section 2.2.5.2. 

The standard curve of the optimised derivation method was produced and used 

for detection and quantify of ALD in double emulsion formulation.  

 

2.2.6 Separation of double emulsion with Free ALD in the continuous 

phase 

2.2.6.1 Initial separation methods to separate between ALD 

encapsulated within the double emulsion and free in the continous 

phase  

Two initial techniques were employed to separate between the ALD encapsulated 

within the double emulsion and ALD free in the continous phase. The first method 

used was size exclusion separation using a Sephadex G50 column. This method 

was aimed to eliminate larger molecules quickly (i.e., the double emulsion droplet 

in this case) and retains smaller molecules on the column (i.e., the ALD in this 

case). Before separating the double emulsion using this technique, Sephadex 

G50 powder was soaked in a distilled water at a ratio of 1 g of Sephadex G50 to 

10 mL of distilled water, allowed to swell and left overnight. The Sephadex G50 

used has a bead size 50 to 150 ,-. The swelled Sephadex G50 was then filled 

inside a 20 mL syringe tube with a 0.45 ,- pore size membrane at the inside of 

the syringe tube to prevent the Sephadex G50 being eluted out from the syringe. 

The Sephadex G50 was filled up to 5 cm and placed inside a 50 mL centrifuge 
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tube. Then, the double emulsion was placed inside the syringe filled with 

Sephadex G50 and centrifuged at various speeds to accelerate the process. The 

double emulsion with ALD inside the emulsion will be at the bottom of the 

centrifuge tube and ALD in the continuous phase will be trapped inside the 

Sephadex G50. 

 The second method was a centrifugation method to separate between 

ALD encapsulated within double emulsion and free ALD entrapped in the 

continous phase. The double emulsion prepared was placed inside a centrifuge 

tube and centrifuged at various speeds. Two layers were expected where the free 

ALD will be at the bottom and the double emulsion will be on the top of the 

centrifuge tube.  

 

2.2.6.2 Dialysis process to identify the time taken for ALD to reach 

equilibrium 

After 2 initial methods were failed to separate the double emulsion, a dialysis 

method was attempted. This method was chosen due to the non-disruptive 

capabilities to maintain the structure of the double emulsion. The initial study was 

conducted to determine the time taken for ALD to cross the dialysis tube and 

reached an equilibrium between the ALD in dialysis sac and dialysate area.  

A dialysis study was conducted using a dialysis tube with mesh size 13 to 

14 kD (Medicell membrane, UK). Before it can be used, the dialysis tube was cut 

and soaked in water for 30 minutes to remove the sodium azide. Then, 1.2 mL of 

ALD 1 mg/mL was loaded within the dialysis tube, which was sealed at both ends 

and placed in a 200 mL glass beaker. Then, 95 mL of distilled water was added 

to the beaker, ensuring that the dialysis tube was completely covered with the 

water. A magnetic stirrer was used to stir the solution at a very low speed. A 1 

mL sample from the dialysate area was taken out for analysis every 15 minutes 

until 300 minutes (5 hours). Each 1 mL of the sample being removed was 

replaced with 1 mL of fresh distilled water to maintain the total volume of the 

system. The concentration of the ALD eluted into the dialysate area was 

measured using the optimised derivatisation and HPLC methods (see Section 

2.2.5.4. An illustration of the experimental set up is shown in Figure 2.5.  
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Figure 2.5 Illustration of the dialysis set up. ALD solution was added within the 
dialysis bag. During the dialysis process, distilled water was stirred until the end 
of the experiment. for every 15 minutes, 1 ml of sample in the dialysate area was 
taken out and substitute with 1 mL of fresh distilled water.  

 

2.2.6.3 Purification of  ALD encapsulated within the double emulsion  

The initial study described in Section 2.2.6.2 identified that ALD achieved an 

equilibrium between the inner (dialysis sac) and dialysate area (bulk aqueous) 

phases at 195 minutes. Hence, the purification process was conducted similarly 

to the method described in section 2.2.6.2. Two changes were made by 

substituting the ALD with 5g of ALD with double emulsion and the time used for 

dialysis was shorten from 300 minutes to 210 minutes. The concentration of the 

ALD eluted into the dialysed area was detected using the optimised derivatisation 

and HPLC methods (see Section 2.2.5.4). The amount of ALD released in the 

dialysed area was plotted based on concentration detected and time. The highest 

ALD encapsulated within the double emulsion was determined. 
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2.2.7 Permeation studies of double emulsion via in vitro 

2.2.7.1 Caco-2 cells maintenance 

The caco-2 cells were donated by the Department of Pharmaceutics, UCL School 

of Pharmacy, from passage 49. The caco-2 cells were grown inside a T-flask and 

cultured in High Glucose DMEM (Gibco, UK) supplemented with 20 %v/v Fetal 

bovine serum (FBS) (Gibco, UK), 1 %v/v penicillin-streptomycin (10,000 U/mL) 

(Gibco, UK) and 250 μg/mL Amphotericin B (Gibco, UK). The cells were kept in 

an incubator at 37 °C, with 5% carbon dioxide. The culture medium was changed 

every 2 days until the cells reached 70 to 80 % confluency by visualisation under 

the inverted microscope.  

 

2.2.7.2 Human Dermal Lymphatic Endothelial Cells (HDLEC) culture 

and maintenance 

HDLEC cells were purchased from PromoCell (UK) and were from a juvenile 

foreskin at passage 2. HDLEC cells were cultured in endothelial cell media MV2 

(PromoCell, UK) supplemented with Endothelial Cell Growth Medium MV2 

(PromoCell, UK) and incubated at 37 °C, with 5% carbon dioxide. The media was 

changed every 2 days until the cells reached 70 to 80 % confluency by 

visualisation under an inverted microscope.   

 

2.2.7.3 Sub-culturing caco-2 and HDLEC cells 

Sub-culturing cells were conducted to detach the cells from the T-flask and 

transfer the cells to another T-flask or to seed the cells into another medium i.e., 

to place onto the semipermeable membrane of the 96 well plates. This process 

was conducted when both cell types were at 70 to 80 % confluency and needed 

to be transferred into a new flask to ensure only monolayers of cells grew. Sub-

culturing the cells is also known as trypsinisation, where trypsin is used to detach 

the cells from the T-flask.  

 For sub-culturing caco-2 cells, the culture medium was removed, and the 

cells were washed twice with pre-warmed phosphate buffered saline (PBS) buffer 

at pH 7.4 (Gibco, UK). Then trypsin-EDTA (0.25 %) with phenol red (Gibco, UK) 

was used to detach the cells from the T-flask. Then, the caco-2 cells were placed 
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inside the incubator at 37C and 5% Carbon dioxide for 5 minutes (it cannot be 

more than 5 minutes, as the trypsin will start killing the cells). After 5 minutes, 

detachment of cells was observed under the inverted microscope, and gentle 

tapping was used if some of the cells were not detached. The detached cells were 

neutralised with culture medium at a similar volume to that of the trypsin solution, 

to stop the trypsin reaction. Then, all the detached cells were placed inside a 

centrifuge tube and centrifuged for 10 minutes at 1000 rpm. The centrifugation 

process produced a cell pellet at the bottom of the centrifuge tube and 

supernatant on top. The supernatant was removed, and the cells were 

resuspended using the culture medium. Then, the cells were either counted or 

placed at a lower concentration inside a new T-flask.  

A similar process was conducted on the HDLEC cells. The only difference 

was that detachment of the cells was performed using the detachment kit 

purchased from Promocell (UK). The detachment kit contained HEPES buffer, 

Trypsin/EDTA solution at ratio 0.025 % / 0.01 % and TNS (trypsin neutralisation 

solution). Special care was used with the HLDEC cells, as these cells are primary 

cells and harsh treatment may affect their growth. 

 

2.2.7.4 Cell counting and seeding using a haemocytometer 

Before the cells are subcultured or seeded at the desired concentration, they 

were counted using a haemocytometer. A haemocytometer is a specialised 

microscope slide that has a 3-dimensional counting chamber with a known 

volume. The slide is composed of two parts, where the heavy glass part contains 

the two counting chambers with engraved grid and silvered surface separated by 

a trough. The second part is the coverslip placed on top of the raised supports of 

the ‘H’ shaped tough, thus enclosing both chambers. Normally there is a ‘V’ or 

notch at either end where the cell suspension is loaded into the haemocytometer. 

The heavy glass with an engraved grid on the surface of the counting chamber 

ensures the number of particles in a defined volume of liquid counted as shown 

in Figure 2.6.  
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Figure 2.6 Images of the haemocytometer plate with magnified images of the 
counting chambers  

 

Each counting chamber has nine large 1.0 × 1.0 mm squares each 

separated with each other by triple lines. Within each of the larger corner, 1 mm2 

square are 16 small squares that are there to help to orient during counting and 

avoid counting cells more than once. Four of the corner squares with dimension 

1 mm2 are used to count the number of cells placed on the heavy glass. The 

central 1 mm2 square is divided into 25 small squares, every 0.004 mm2 and each 

of these is marked into a further 16 tiny squares as shown in Figure 2.7. 
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Figure 2.7 Magnified image on side of the counting chamber on the 
haemocytometer. The image illustrated shows nine large squares inside the 
counting chamber, and 4 large squares at end of each corner which are divided 
by a cross line in the middle of the counting chamber. Only the 4 large squares 
were used to count the cells.  

 

Counting the concentration of the cells began after trypsinisation of the 

cells as stated in Section 2.2.7.3. 100 ,. of the cell suspension was taken out 

and placed inside a small Eppendorf tube. The cell suspension was mixed with 

trypan blue due at a ratio of 1:1 of the volume of cells. After the cells were mixed 

with the trypan blue solution, 100 ,.	of the mixture was placed at both ends of 

the haemocytometer and the cover glass was placed on top of the heavy glass, 

and the haemocytometer was visualised using the inverted microscope. Trypan 

blue was used to differentiate between dead and alive cells, where dark blue 

shows a dead cell. Only cells located at the four corners from the nine large 

square were counted. The calculation of the cell concentration was as shown 

below. 

Each square of the haemocytometer represents a total volume of 0.1 mm3 

or 10-4cm3 equivalent to 1 µL. 
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Average	count	per	square =
$5$67	9	:5%;$

<
             Equation 2.4 

Cells	per	mL = average	count	per	square	 × 	dilution	factor	 × 10=    Equation 2.5  

 

Where total X count is the total of all counted cells in all 8 large squares. 

The haemocytometer comes with 2 sides, each side has 4 large square. 

Therefore, the concentration of cells in 1 mL of the sample can be calculated, and 

dilution to the desired concentration can be performed.  

 

2.2.7.5 Cytotoxicity study 

The cytotoxicity study was conducted using the MTT (3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide; thiazolyl blue) assay, purchased from Thermo 

Fisher (UK). 12 mM of MTT stock solution was prepared by mixing 5 mg of MTT 

into 1 mL of sterile PBS buffer pH 7.4 (Gibco, UK). This is enough for 100 tests, 

by using 10 ,F of the stock solution per well (in a 96 well plate). The mixture was 

vortexed until dissolved. Any particulates that were not dissolved were removed 

by filtration through a 0.22 µm sterile filter or centrifuge. Then, the MTT solution 

was stored inside a fridge at 4°C only up to 4 weeks and protected from light.  

The cytotoxicity study was conducted by using caco-2 cells, which were at 

70 to 80 % confluency. Then, the cells were trypsinized and seeded at a 

concentration of 1× 105 cells/mL in each well of 96 well plates (100	,F volume of 

cells per well) using the haemocytometer method outlined as in Section 2.2.7.4. 

The cells were left to grow with the culture medium inside an incubator chamber 

at 37°C with 5% carbon dioxide for 24 hours. After 24 hours of incubation, the 

culture medium was removed from the 96 wells and the cells were washed twice 

with PBS buffer at pH 7.4. Then ALD of different concentrations in the culture 

medium was placed in the individual wells inside the 96 well plate. The cells were 

replaced inside the incubator at 37°C with 5 % carbon dioxide and left for a further 

24 hours. The next day, the ALD was removed, and the cells washed twice with 

PBS buffer at pH 7.4. Then 10 ,F of the 12 mM of MTT stock solution was placed 

in each well and 90 ,F of culture medium with added serum and antibiotic was 

added. The cells were incubated for 4 hours in an incubator at 37°C with 5 % 
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carbon dioxide (a longer incubation period will decrease the sensitivity of assay). 

After 4 hours incubation 25 ,L of the supernatant solution was removed and 

replaced with 50	,. of DMSO. This was mixed with the remaining solution in the 

well slowly, using a pipette to ensure no bubbles were produced. The samples 

were incubated inside the same incubator for another 10 minutes, then the 

sample supernatant was remixed carefully, and the optical density was read at 

540 nm using a microplate reader spectraMax® (VWR, UK). The positive control 

was the cells without ALD and the negative control (blank) was cell culture media 

alone with MTT Solution. Calculation of the toxicity was determined using 

Equation 2.6 For HDLEC cells, a similar method used for the caco-2 cells was 

followed. 

 

%	viability	of	cells	 = 	
	>?	5@	A6BC7'D>?		E76;F	

>?	5@	C5A"G'	:5;$&57D>?	E76;F
× 100	  Equation 2.6 

 

where 

OD is the optical density of the sample 

 

2.2.7.6 Selection of cell culture medium for determination and 

quantification of ALD via in vitro 

Previously, in Section 2.2.5.1 ALD was dissolved in water during the development 

of the analytical procedures and in Section 2.2.2 ALD was dissolved in water to 

fabricate the double emulsions. All stages of the formulation, derivatisation, and 

quantification processes for ALD were conducted using water as the solvent. 

However, in this section, the ALD will be collected from cell culture media during 

the permeation studies and the effect of these media on the derivatisation and 

detection processes needs to be considered. It is not possible to run the 

permeation studies without an appropriate cell culture medium, i.e., just in the 

presence of water as the cells will die. 

 Three commonly used cell culture media were tested which were High 

Glucose DMEM, Hank’s balanced salt solution (HBSS) buffer (with 25 mM 

HEPES solution at pH 7.4) and HBSS buffer without Ca2+ and Mg2+ (with 25 mM 

HEPES solution at pH 7.4). ALD was dissolved in each of these solutions at a 

range of concentrations, then the ALD in each solution was derivatised and 
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detected as described in Section 2.2.5.4. Then, the standard curve was prepared 

for permeation studies via in vitro.  

 

2.2.7.7 Cultivation of caco-2 cells in Transwell plates  

After the caco-2 cells reached 70 to 80 % confluency, they were detached from 

the T-flask by trypsinisation as described in Section 2.2.7.3. Then, the cells were 

counted using a haemocytometer as in Section 2.2.7.4.  

The caco-2 cells were seeded at a concentration of 1×105 cells/mL onto a 

pre-wetted (soaked with culture medium, overnight) transmembrane (Transwell 

insert) inside the Transwell plate. The experimental set-up used was a 6-well 

plate with a 24 mm diameter Transwell insert and a 4.67 cm2 insert membrane 

growth area (Corning, UK). The cells were cultured for 21 to 28 days and the 

culture medium was replaced every 2 days. The monolayer integrity and tight 

junction development of the cells were determined by looking under the inverted 

microscope and measured using the trans-epithelial electrical resistance (TEER) 

method as described in Section 2.2.7.9 

 

2.2.7.8 Cultivation of HDLEC cells into Transwell plates 

After the HDLEC reached approximately 70 to 80 % confluency, the cells were 

trypsinized, as described in Section 2.2.7.3. HDLEC were seeded at 1×105  

cells/mL onto the pre-wetted Transwell similarly to the caco-2 cells as described 

in Section 2.2.7.7. Then the cells were cultured for 14 days before being ready to 

be used for the next experiment. The culture medium was changed every 2 to 3 

days. The monolayer integrity and tight junction development of the cells were 

determined by looking under the inverted microscope and measured using TEER 

method as described in Section 2.2.7.9. 

 

2.2.7.9 Tight junction  integrity studies on caco-2 and HDLEC cells 

Before a permeation study was conducted, the compliance of the tight junctions 

was confirmed. The tight junction is a regulator for allowing compounds to enter 

the cells, especially in the gastrointestinal system. Caco-2 cells represent the 

intestinal mucosa and HDLEC cells are used to mimic the lymphatic system in 

this study.  
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Transepithelial/transendothelial electrical resistance (TEER) method was 

chosen. This method is very sensitive and reliable to confirm the integrity and 

permeability of the monolayer (Srinivasan et al., 2015). In this study, the TEER 

measurement was conducted using the EVOM2 TEER machine with chopstick 

electrodes (World Precision Instruments, UK) as shown in Figure 2.8.  

 

Figure 2.8 Redrawn images of transepithelial/transendothelial electrical 
resistance (TEER) measurement with chopstick electrodes from (Srinivasan et 
al., 2015). The total electrical resistance includes the ohmic resistance of the cell 
layer (Rteer), the cell culture medium (Rm), the semipermeable membrane inserts 
(Ri) and the electrode medium interface (Remi). 

 

These two electrodes have different lengths, where the shorter one was 

placed on the apical side and the longer one was placed on the basolateral side 

when tested on caco-2 or HDLEC cells. Electrical resistance was measured to 
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determine the tightness of the tight junction. The higher the electrical resistance 

value, the tighter the tight junction.  

The semi-permeable membrane on which the cells were grown will give a 

measurable background resistance in its native state (cell-free), so this 

background reading needs to be subtracted from the experimental reading to give 

the corrected resistance value for the cells. For caco-2 cells, the monolayer and 

tight junction were considered to be completely formed, and thus useable 

experimentally, when the value of the TEER was measured as 150 to 400 W.cm2  

as described in (Srinivasan et al., 2015). Due to the lack of information in literature 

for HDLEC cells, a similar value was used to show HDLEC cells have the right 

amount of tight junction.  

The TEER value was identified by firstly measuring electrical resistance 

value (Ω) of the transwell without cells (also known as blank resistance (Rblank)). 

Then, measuring the electrical resistance value of transwell with cells was 

measure (also known as (Rtotal)). Then, the value of (Rtotal) was substracted with 

(Rblank) to obtain the value of (Rtissue)  as shown in Equation 2.7. 

 

KHIJJKL	(	Ω) = KHMHNO − KPONQR      Equation 2.7 

 

where: 

Rtissue  : Resistance of the cell layer 

Rblank : Blank resistance of the semipermeable membrane only (without cells)  

Rtotal  : Resistance across the cell layer on the semi-permeable membrane 

 

After obtaining the value of (Rtissue), the value was multiplied with the area 

of transwell membrane (Marea) as shown in Equation 2.8. This is due to the 

electrical resistance is inversely proportional to the effective area of the insert of 

the Transwell membrane. The TEER value for the cells is reported in units of 

Ω. P-S.  

 

TEER&'C5&$'T = R$"AA%'(W) × M6&'6(cm
S)      Equation 2.8 

where: 

Marea: the area of the semi-permeable membrane 
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2.2.7.10 Permeation studies of ALD through caco-2 cells 

The initial permeation studies were conducted to set the parameters for the 

further studies exploring in detail the permeation of ALD  across the caco-2 from 

both the ALD and the double emulsion formulations. This experiment was 

performed to study the movement of the ALD from the apical to basolateral sides 

of the monolayer (A®B) and was conducted for 6 hours to represent the 

maximum absorption time of drugs in the gastrointestinal area. 

 The caco-2 cells were cultured inside the Transwell for 21 days as stated 

in Section 2.2.7.7 to prepare the cells for permeation study. During the culturing 

time, the monolayer and tight junction integrity was determined using the TEER 

machine as described in Section 2.2.7.9. The permeation study was conducted 

by placing 1.5 mL of 0.27 mg/mL solution of ALD in HBBS buffer without Ca2+ 

and Mg2+ (with 25mM of HEPES at pH 7.4) on the apical side of the of caco-2 

cells. Then, 2.6 mL of blank HBSS buffer without Ca2+ and Mg2+ (with 25 mM 

HEPES at pH 7.4) was placed in the basolateral (receptor) side. The permeation 

studies were run for 6 hours and at each time point, 2.6 mL of solution from the 

basolateral were taken and replaced with another 2.6 mL HBSS buffer without 

Ca2+ and Mg2+(with 25 mM of HEPES at pH 7.4). 

The collected samples from the basolateral side were stored in a 

refrigerator at 4 °C)	 until analysed for ALD content using the derivatisation and 

HPLC methods described in Section 2.2.7.6. The apparent permeability 

coefficient (Papp, with units cm s-1) was calculated according to Equation 2.9 as 

described by (Artursson & Karlsson, 1991; Hubatsch, Ragnarsson, & Artursson, 

2007) based on the amount of compound (ALD) transported per time. 

 

P
6CC	U	

	$%
$&
V '
!()

W
          Equation 2.9 

where: 

X*
X+	

 is the steady-state flux (,mol s-1) 

C0  is the initial concentration in the donor chamber (,W) 

A  is the surface area of the filter (cm2)  
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Visual images of the caco-2 cells before and after the experiment was 

conducted were obtained using an inverted light microscope (Evos, Fisher 

Scientific, UK). Similarly, the TEER of the cell monolayer was re-measured after 

the treatment, to identify the effect of the treatment on the caco-2 cells.  

 

2.2.7.11 Permeation studies of double emulsion with ALD through 

caco-2 cells   

Based on the results of the initial permeation studies (Section 2.2.7.10 above) 

and calculation of the efficiency of the analytical method, it was decided to run 

permeation studies using a single sampling time point at 2 hours, to maximise 

the observable differences between the various formulations of the double 

emulsion. 

The caco-2 cells for this study were prepared as described in Section 

2.2.7.7. Two parallel sets of experiments were performed: one with untreated 

caco-2 cells without OCTC and one where the caco-2 cells had been treated with 

1.6 mM Oleic acid and 1.0 mM taurocholic acid (OCTC) added to the culture 

medium for 16 hours before the permeation study. OCTC was added to promote 

the production of chylomicrons (Dixon et al., 2009) and assess whether this 

affected the permeation of the ALD. The studies conducted were one off sampling 

session, where after 2 hours of incubation, the sample from the apical and 

basolateral side was collected and later stored at 4 °C in a refrigerator.  

The samples studied in these experiments were 1.5 mL of ALD 

(concentration 0.27 mg/mL) and 1.5 mL of ALD in the double emulsions (overall 

concentration 0.27 mg/mL). The samples (either ALD or double emulsion) were 

placed on top of the caco-2 cells at the apical side, whereas 2.6 mL of blank 

HBSS buffer without Ca2+ and Mg2+ (with 25 mM HEPES at pH 7.4) was placed 

at the basolateral side.  

After the 2 hours of incubation in the incubator, the solutions in both the 

apical and basolateral chambers were collected (kept in a refrigerator at 4 

°C)	and, later analysed using the derivatisation and HPLC methods detailed in 

Section 2.2.7.6. The images of the cells before and after the treatment were taken 

using the inverted light microscope (Evos, Fisher Scientific, UK). The TEER value 

after the treatment was determined as described in Section 2.2.7.9. The 

permeation calculation was determined as described in Equation 2.9.  
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2.2.7.12  Permeation studies of ALD through HDLEC  

The permeation study was continued to identify any differences between the 

permeation of ALD in aqueous solution and ALD in the double emulsions through 

HDLEC monolayers. Before the permeation study was conducted, HDLEC cells 

were cultured as in Section 2.2.7.2 and prepared into the transwells as described 

in section 2.2.7.8. OCTC was not added in this study as chylomicrons are not 

produced in HDLEC cells. The HDLEC study was conducted exactly as the caco-

2 study using 1.5 mL of 0.27 mg/mL ALD  and 1.5 mL of ALD in the double 

emulsions and placed on top of the cells at the apical side. After addition of the 

sample, the cells were placed in the incubator for two hours. After two hours in 

the incubator, the solutions from the apical and basolateral sides were removed 

(kept in a refrigerator at 4 °X) and derivatised and quantified by HPLC as in 

Section 2.2.7.6. Images of the HDLEC cells before and after the treatment were 

acquired using the inverted light microscope (Evos, Fisher Scientific, UK) as 

before. The TEER values before and after the treatment were determined using 

the methods described in Section 2.2.7.9. The permeation calculation was 

determined as described in Equation 2.9.   

 

2.2.8 Statistical analysis  

The statistical analysis was conducted using the independent T-test and all the 

experiments were conducted in triplicate.  
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Chapter 3 

Double emulsion fabrication and 

characterisation  
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3.0 Chapter Overview 

Fabrication of a double emulsion containing ALD solution using the single step 

method was attempted. Combination of different relative amounts of soybean oil, 

ALD solution and surfactants (Span 80 and tween 80) were used to formulate the 

double emulsion. The double emulsion was formed by mixing all the formulation 

components in one container followed by some shaking.  

For the control group, water was used instead of ALD to determine if water 

can be encapsulated within oil emulsion to form the double emulsion. Soybean 

oil was chosen for the lipid-based of the double emulsion for its digestibility 

property and able to enhance drug the absorption in the gastrointestinal system 

(Porter et al., 2008). While surfactants (Span 80 and Tween 80) could reduce the 

interfacial tension for both water and soybean oil by associating itself either on 

the lipophilic side of soybean or hydrophilic side of water/ALD. Therefore, 

enabling the formation of double emulsion (Lv et al., 2014). The non-ionic 

surfactants were because it  does  not having interaction with ALD (Walash et al., 

2012) and not changing the chemical properties of the ALD. 

After the successful fabrication of double emulsion using water, ALD was 

attempted to be incorporated within the double emulsion formulation. Using the 

same single step, the formation of the double emulsion was evaluated and 

compared using the microscope images. The images of double emulsion 

formation with water (control) and ALD were compared based on its formulation 

set.  

Mechanical shear force i.e., different speed of homogeniser was used to 

substitute the shaking process to produce more uniform and smaller size.  

Although, a higher speed of homogeniser able to produce a smaller size of 

emulsion, number of emulsion droplets within the emulsion needs to be 

considered. Hence, the balance between the formation of double emulsion 

formation with desired criteria needs to be considered.  

ALD concentration at concentration 1 mg/mL, 2.5 mg/mL and 5 mg/mL 

were tested to determine the formation of double emulsion. Formation of the 

double emulsion was determined concurrently with the size of double emulsion, 

amount of emulsions within the double emulsion and the close packing of the 

double emulsion. The best formulation set was identified and used in the next 

chapter 
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3.1 Results and Discussion 

3.1.1 Initial formulation development of control double emulsions  

In these early studies, water was used as the aqueous phase, rather than a 

solution of ALD, to avoid wastage of the drug. It is also acting as a control group 

to determine if double emulsion could be fabricated using the single step method. 

All components were enough to produce 5 g of product, were weighed and placed 

into 10 mL cylindrical shape glass containers. Shaking method was employed to 

fabricate the double emulsion by shaking the mixture in a glass container for 10 

times using hand. The double emulsion produced was evaluated using a light 

microscope. The method aimed was to identify if the different ratios of soybean 

oil, water and surfactant could produce a double emulsion.   

 Surfactants play an important role in the formation of the double emulsion, 

by reducing the interfacial tension between oil and water. Hence, to produce a 

double emulsion, both Span 80 and Tween 80 are required. Table 3.1  showed 

nineteen sets of combination of surfactants ratio were identified and used to 

formulate the double emulsion formation. Using this table different ratio of 

surfactants, soybeans oil and water/ALD which made up 5 g of total formulation 

weight of Double emulsion was formulated.  
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Table 3.1 The template used to produce a double emulsion. The surfactant ratio 
comes from the total combination of Span 80 and Tween 80 percentage 10% 
(w/w). The percentage of soybean oil (w/w/) and water (w/w) were depending on 
the percentage required.  *FN is the formulation number 

FN Surfactant 

ratio 

(Span 80: 

Tween 80) 

%Span 80 %Tween 
80 

%Soybean 
oil 

%Water/ 
ALD 

1 1:1 5.0 5.0   

2 2:1 6.7 3.3   

3 3:1 7.5 2.5   

4 4:1 8.0 2.0   

5 5:1 8.4 1.6   

6 1:2 3.3 6.7   

7 3:2 6.0 4.0   

8 5:2 7.2 2.8   

9 1:3 2.5 7.5   

10 2:3 4.0 6.0   

11 4:3 5.7 4.3   

12 5:3 6.3 3.7   

13 1:4 2.0 8.0   

14 3:4 4.3 5.7   

15 5:4 5.6 4.4   

16 1:5 1.7 8.3   

17 2:5 2.9 7.1   

18 3:5 3.8 6.2   

19 4:5 4.4 5.6   

 

The experiment conducted identified a total combination of Span 80 and 

Tween 80 at 10 % (w/w) were able to form a double emulsion (Data is not shown 

here). The total percentage surfactant ratio used was chosen to reduce the cell 

cytotoxicity effect of the surfactant when later used on cell studies. This also 

ensuring soybean oil was the main base to encapsulate water/ALD within the 

emulsion. After numerous considerable experimentations with different ratio of 
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soybean oil, water, and surfactants combinations, three formulations were 

identified that able to produce a double emulsion with water shown in Table 3.2.  

From Table 3.2, double emulsion was fabricated, and each formulation set 

produced different shape, sizes, and characters. Hence, to select the best 

formulation following the desired characteristic needed in the next experiments, 

selection of double emulsion formulation set was based on Table 3.3. The images 

of the fabricated double emulsion following the formulation set from Table 3.2 are 

listed in Table 3.4.  

 

Table 3.2 Formulation sets for double emulsion production with different ratio of 
soybean oil, water (control) and total surfactants mixture (Span 80 and Tween 
80). Each of the formulation was set to produce 5 (w/w) of double emulsion 
formulation. Fabrication of the double emulsion was made by following the 
template in Table 3.1.  

Formulation 
set 

Soybean oil 
(%w/w) 

Water 
(%w/w) 

Total surfactant 
(%w/w) 

A 50 40 10 
B 60 30 10 
C 70 20 10 

 

Table 3.3 Criteria used to select the double emulsion formulation set based on 

the desired needs for the next experiment.  

Desired 
criteria of 

double 
emulsion 

Further explanation 

High numbers 
of water droplet 
within a double 

emulsion 
 

Include the small water droplet or big water droplet or 
combination of both water droplets. This indicates the 

formation of water in oil in water, w/o/w emulsion. 
 

No gap 
between one 
lipid droplet to 
another lipid 

droplet 
 

The lipid droplet must close to each other but not coalesce 
and maintaining the shape of emulsion 

 

The lipid droplet 
is a round 

shape 

Indicating the interfacial tension of the lipid is lower due to 
the Span 80 adsorbed onto the soybean. Enabling the 

soybean layer to be bend and form a round shape 
structure. 

 
No Single 
emulsion 

If a single emulsion is formed, the formulation will not be 
considered as a double emulsion. 
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Table 3.4 Images of the double emulsions formed from Formulation set A with a 
percentage of (50%:40%:10%), Formulation set B (60%:30%:10%) and 
Formulation set C (70%:20%:10%) of soybean oil, water, and a total mixture of 
surfactants (Span 80 and Tween 80) respectively to make up the total weight of 
5 g of the double emulsion. This experiment was a control experiment to 
determine if the double emulsion could be fabricated when water was used to be 
encapsulated within the lipid droplet of the double emulsion. Furthermore, it was 
intended to test if the single step method able to form a double emulsion.*FN: 
Formulation. All the formulations were repeated 3 times and using single step 
method to be fabricated. The colour difference was due to the light intensity used 
when the images were captured. Images were one of the images when double 
emulsion produced in triplicate.   

FN (Span 
80: 

Tween 
80) 

ratio 

Formulation A Formulation B Formulation C 

1 1:1 

   
2 2:1 

   
3 3:1 

   
4 4:1 

   



 63 

5 5:1 

   
6 1:2 

   
7 3:2 

   
8 5:2 

   
9 1:3 

   
10 2:3 

   
11 4:3 
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12 5:3 

   
13 1:4 

   
14 3:4 

   

15 5:4 

   
16 1:5 

   
17 2:5 

   
18 3:5 
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19 4:5 

   
 

From the images of Table 3.4, Formulation set A (Table 3.2) showed none 

of the formulations fit the desired criteria as stated in Table 3.3. Most of the 

emulsions formed were a single emulsion (oil in water, o/w emulsion). Only a few 

formulations like Formulation number 5 and 13 were demonstrating a double 

emulsion formation but with a low amount of water droplets within the emulsion. 

Furthermore, the gap between one lipid droplet to another lipid droplet was quite 

far from each other. Hence, it did not fit the criteria listed in Table 3.3 and not 

used for the next experiment.   

When more than 50% (w/w) of soybean oil used in the formulation, more 

double emulsions were found to fit the desired criteria as stated in Table 3.3. This 

can be seen in Table 3.4 on Formulation Set B and C at Formulation number 

1,6,8, 12, 17 and 19 and formulation number 4, 6, 11,12, 13, 16, 17 and 19 

respectively. Hence, formulation set B and C were used for the next experiment 

to determine if ALD could be encapsulated within the double emulsion.  

  

3.1.2 Production of double emulsion loaded with ALD 
An ALD concentration of 1 mg/mL was found to be suitable to fabricate the double 

emulsion structure in this single step method. This finding was identified and 

further explained in Section 3.1.5. When ALD was dissolved in water, the ALD 

solution becoming an electrolyte, hence the addition of electrolyte in the formation 

of double emulsion could disturb the stability of a double emulsion. Stated by Jiao 

& Burges, the existence of electrolyte in the aqueous solution of w/o/w emulsion, 

causing osmotic pressure to build up in the inner phase and continuous phase of 

the double emulsion, and lead to swelling and eventually to burst (Jiao & Burgess, 

2007). To avoid this to happen, electrolytes concentration needs to be high 

enough to counter the Laplace pressure but sufficiently low to avoid osmotic 

effects (Jiao & Burgess, 2007). 
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 Later on, in section 3.1.5, encapsulation studies using ALD at 

concentration 1 mg/mL, 2.5 mg/mL and 5 mg/mL were used to determine the 

effect of increasing the ALD concentration toward the formation of a double 

emulsion. Here in this section, the comparative form of a double emulsion 

between control and ALD (1 mg/mL) are discussed as shown in Tables 3.5.  
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Table 3.5 Comparison images/behaviour of double emulsion formation between water (control) and ALD  at 1 mg/mL added in 
the formulation. Two Formulations set B and C were used to see the effect of incorporating the ALD solution in the formulation. 
Formulation set B (60%:30%:10%) and Formulation set C (70%:20%:10%) of soybean oil, water/ 1mg/mL of ALD, and a total 
mixture of surfactants (Span 80 and Tween 80) respectively to make up the total weight of 5 g of the double emulsion. The 
double emulsion structures were produced using a single step method. Images of the double emulsion were one of the triplicate 
studies. Images were taken at 20× magnification. Different colour on the double emulsion images was due to the light intensity 
used to capture the images. FN: Formulation 

  Formulation B Formulation C 
FN (Span 80: 

Tween 80) 
ratio 

Water ALD  Water ALD 

1 1:1 

    
2 2:1 
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3 3:1 

    
4 4:1 

    
5 5:1 

    
6 1:2 
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7 3:2 

    
8 5:2 

    
9 1:3 

    
10 2:3 
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11 4:3 

    
12 5:3 

    
13 1:4 

    
14 3:4 
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15 5:4 

    
16 1:5 

    
17 2:5 

    
18 3:5 
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19 4:5 
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From Table 3.5, it can be seen Incorporation of ALD in Formulation B 

showed more prominent double emulsions were produced compared to the 

control. This fit the desired criteria as listed in Table 3.3. Example of the double 

emulsion loaded with ALD produced can be seen in formulation B  3, 4, 8, 10, 13, 

14, 15, 16,18, 19.   

 Similarly, in Formulation C, a comparison is made in the formation of a 

double emulsion between water (control) and ALD solution. However, it was 

identified, when ALD was used to fabricate the double emulsion, less formation 

of the double emulsion was formed compared to the control group. This can be 

shown in Table 3.5 in Formulation C at the control group Formulation number 4, 

5, 6, 11, 12, 13,14,16,17,19 has more inner emulsion in the double emulsion 

compared to formulation C with ALD. This finding indicated when ALD used to 

fabricate double emulsion using Formulation set  C, the double emulsion formed 

was not able to fit the criteria mentioned in Table 3.3. 

 By comparing between Formulation set B and C to produce a double 

emulsion with ALD, it could be said formulation set B was better. Hence, 

formulation set C was discounted and only Formulation set B used for the next 

experiment.  

 

3.1.3 Interpretation of the double emulsion preparation studies 
For an emulsion to be formed, new droplets of the dispersed phase in the 

continuous phase must be created. This requires work (W) to create a new 

surface area of the dispersed phase (Equation 3.1). 

 

W = 	$ ×	∆'         Equation 3.1  

 

where γ is the interfacial tension and the DA represents the increase in the area 

of the interface under consideration. Hence, for emulsions to form, the interfacial 

energy needs to be reduced as much as possible. 

The presence of emulsifier at some or all of the interfaces in the system 

significantly changes the amount of work required to expand those interfaces by 

reducing the interfacial energy between the oil and water phases (Goddard, 

1989) and makes the production and maintenance of the emulsion more likely.   
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A double emulsion is a complex structure, where it has three distinct 

phases (water in oil in water)  in one system compared to normal emulsion (water 

in oil or oil in water)(Jiao & Burgess, 2007). Hence, to fabricate a double emulsion 

two or more emulsifiers are needed to stabilise the structure. A hydrophobic 

emulsifier is used to stabilise the water in oil structure, while oil in water structure 

is stabilised by hydrophilic emulsifier (Jiao & Burgess, 2007). In this experiment, 

Span 80 and Tween 80 were used as the emulsifier and responsible for water in 

oil emulsion and oil in water emulsion, respectively.  

The Laplace pressure occurs at curved interfaces between two liquids, 

such as would be expected in a droplet and is related to the radius of curvature 

of the droplets. Assuming that the droplet is spherical, Equation 3.2 applies. 

 

∆( = !g
"                  Equation 3.2 

 

where DP is the Laplace pressure, g is the interfacial tension and r is the particle 

radius.   

 

Based on Equation 3.2, the smaller the droplet the greater the Laplace 

pressure for the same interfacial tension. Therefore, for a double emulsion, the 

Laplace pressure will be greater for the inner emulsion compared to the outer 

emulsion, so will be more significant for the preparation and stability of these 

emulsions. The inward-facing Laplace pressure will be offset to some extent by 

the osmotic pressure exerted from the ALD content of aqueous phase used here. 

The ALD solution will exert a higher osmotic pressure than water, so the balance 

between the Laplace pressure and the osmotic pressure in the droplets will be 

different in the control and drug-loaded systems. Based on equation 3.2, this will 

result in an expansion of the droplet radius as the effective pressure difference 

(ie the Laplace pressure minus the osmotic pressure) across the droplet surface 

decreases. Hence, it is maybe not so surprising that the emulsion size changed 

when ALD was added to the system. 
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3.1.4 Effect of homogeniser speed on double emulsion droplet size 
In the previous section, the double emulsions were produced using the single 

step method by shaking the 10 mL glass container. This method was enough to 

allow initial investigation of the double emulsion production and to identify 

promising formulations but was not ideal for more in-depth studies as it is to some 

extent operator-dependent and is not scalable.  

Ideally, a smaller droplet size should promote emulsion stability and 

maximise interaction with the intestinal cell surface (Sawant et al., 2017). Studies 

by Tang et al identified a smaller size of oil in water emulsion was able to improve 

its absorption in the intestinal lymphatic system (Tang et al., 2013). Therefore, 

smaller size and more consistent of double emulsion formation were looked for. 

Hence an alternative method of mixing which provided a consistent but higher 

energy input was sought to produce emulsions with smaller external droplet sizes 

and homogenisation method was selected. 

A homogeniser was used to mix the formulations and aimed to reduce the 

size of the double emulsion formed. From Section 3.1.2, Formulation set B was 

identified as the most suitable to be used for the formation of ALD-loaded double 

emulsions and fitted with the criteria listed in Table 3.3. Using the homogeniser, 

the formulation mixture was homogenised at four different speeds (6,000, 10,000, 

14,000 and 18,000 rpm) for 5 minutes and it had been identified as a suitable 

mixing time in preliminary studies (data for optimum time is not shown here). 

Images of the double emulsions load with ALD  produced are shown in Table 3.6.  
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Table 3.6 Images of double emulsions with ALD at 1 mg/mL using formulation set B fabricated using a homogeniser at different 
speeds for 5 minutes. Formulation set B (60%:30%:10%) of soybean oil, 1mg/mL of ALD, and a total mixture of surfactants 
(Span 80 and Tween 80) respectively to make up the total weight of 5 g of the double emulsion. The images were taken at 20× 
times magnification. All the images of the Double emulsion were one of the triplicate studies. Different colour on the images was 
due to different light intensity used when the images were taken. Different scale format on the images was due to the scale was 
added later of the experiment, but similar scale measurement was used. This was due to some technical errors that occurred 
when the images were taken on that time.  *FN for formulation 

FN (Span 
80: 

Tween 
80) 

ratio 

6000 rpm 10,000 rpm 14,000 rpm 18,000 rpm 

B1 1:1 

    
B2 2:1 
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B3 3:1 

    
B4 4:1 

    
B5 5:1 

    
B6 1:2 
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B7 3:2 

    
B8 5:2 

    
B9 1:3 

    
B10 2:3 
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B11 4:3 

    
B12 5:3 

    
B13 1:4 

    
B14 3:4 
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B15 5:4 

    
B16 1:5 

    
B17 2:5 

    
B18 3:5 
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B19 4:5 
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The higher speed of homogeniser, causing smaller double emulsion 

formation. From Table 3.6, when homogenisation speeds of 14,000 and 18,000 

rpm were used, a smaller size lipid droplet of double emulsion but with a low 

volume of inner emulsion within lipid droplet was produced which can be seen at 

Formulation B 9, 12, 14, 16 and 19. This finding suggesting homogenisation 

speed at 14,000 and 18,000 rpm were having a higher shear rate compared to 

the lower speed of homogeniser (6,000 and 10,000 rpm), which could cause inner 

emulsion formed within the double emulsion to be dispersed out. Hence only 

fewer inner emulsions were able to be retained and not forming the desired 

double emulsion structured as stated in Table 3.3. 

 Combination of homogeniser speed and ratio of surfactants used could 

affect the formation of the double emulsion formation. This can be seen in 

Formulations B4 and B5 via the images in Table 3.6. For formulation B4, the two 

lowest speeds  (6000 and 10000 rpm) produced double emulsions which were 

fitting the criteria mentioned in Table 3.3, whereas at speed 14,000 rpm, the 

double emulsion structure was not in a round shape structure potentially indicate 

the structure was not stable and distance between the double emulsion structure 

was far from each other. At the highest speed of 18,000 rpm, no double emulsion 

droplets were produced. Formulation B5 showed a similar condition like 

Formulation B4 with no double emulsion formation being seen at 14,000 rpm. It 

was noticeable that these two formulations contained the highest ratios of Span 

80 (Formulations 5 and 4 = 83.3 and 80.0 % of the total surfactant concentration, 

respectively), with consequently lower Tween 80 percentage. The relative lack of 

Tween 80 may have left the oil in water  interface of the outer droplet less 

protected so more easily damaged in the high shear conditions of the high-speed 

homogenisation, resulting in complete loss of emulsification. 

A balance between the small size of double emulsion and volume of inner 

emulsion within the double emulsion is required in this study. Therefore, after 

visually inspect all the images from Table 3.6, it is identified homogenisation 

speed at 10,000 rpm fit the criteria as mentioned in Table 3.5, where the size is 

smaller when compared to homogenisation speed 6000 rpm and has more 

amount of inner emulsion within the double emulsion when compared to 

homogenisation 14,000 and 18,000 rpm.  
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In comparison to the double emulsions produced using single step method 

via manual shaking in the previous sections, homogenisation produced more 

consistent double emulsions structure, with a generally higher volume double 

emulsion with inner emulsion which can be visually from Table 3.6. In general, 

the higher the speed of homogenisation, the smaller the external droplet size of 

double emulsion produced. However, higher speeds also resulted in a low 

volume of inner emulsion within the double emulsion structure. Therefore, after 

visually inspect all the images from Table 3.6, it is identified homogenisation 

speed at 10,000 rpm fit the criteria as mentioned in Table 3.3, 

 

3.1.5 Effect of incorporating different concentrations of ALD within the 

double emulsion 
As it was hoped to use the ALD-loaded double emulsions to improve the 

permeation of ALD across the intestinal mucosa, higher concentrations of ALD 

within the double emulsion would be better to reduce the overall dosing volume. 

Thus, the possibility of loading higher concentrations of ALD into the double 

emulsion structure was investigated. Formulation set B was identified as being 

the most suitable to be used for encapsulating the ALD within the double 

emulsion, thus was used to assess the encapsulation of stronger concentration 

of ALD (2.5 mg/mL and 5 mg/mL).The formulations were homogenised at 10,000 

rpm which found to be good homogenisation speed and then evaluated by light 

microscopy as before, with the results being shown in Table 3.7.  
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Table 3.7 Comparison of the double emulsion formed from Formulation set B with 
different concentrations of ALD (1mg/ml, 2.5 mg/mL, and 5 mg/mL). Formulation 
set B (60%:30%:10%) of soybean oil, ALD, and a total mixture of surfactants 
(Span 80 and Tween 80) respectively to make up the total weight of 5 g of the 
double emulsion. Each of the double emulsions fabricated was homogenised at 
10,000 rpm for 5 minutes using a single step method. The images were taken at 
20× magnification and the images were one out of triplicate studies. The colour 
on the images was varied due to the light intensity used to capture the images. 
The scale bar was different due to some of the scale bar was placed later after 
the experiment but with the same length of the scale bar. This was due to some 
technical errors when the images were taken* FN, formulation 

FN (Span 
80: 
Tween 
80) 
ratio 

ALD 1.0 mg/mL ALD 2.5 mg/mL ALD 5 mg/mL 

B1 1:1 

   
B2 2:1 

   
B3 3.1 

   
B4 4:1 

   
B5 5:1 
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B6 1:2 

   
B7 3:2 

   
B8 5:2 

   
B9 1:3 

   
B10 2:3 

   
B11 4:3 

   
B12 5:3 
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B13 1:4 

   
B14 3:4 

   
B15 5:4 

   
B16 1:5 

   
B17 2:5 

   
B18 3:5 

   
B19 4:5 
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Based on the images shown in Table 3.7, double emulsion production 

could only be seen at an ALD concentration of 1 mg/mL, with no double emulsion 

production seen at ALD concentrations of 2.5 and 5 mg/mL. This can be seen on 

the images of Formulation B9,10,11,13,14,15,16 and17 at Table 3.7. The 

emulsion produced using 2.5 and 5 mg/mL of ALD were mostly single emulsion 

and not fitting the criteria in Table 3.3. Increasing the ALD concentration from 1 

mg/mL to 2.5 and 5 mg/mL could increase the amount of electrolyte in the mixture 

and causing a low formation of inner aqueous emulsion within the lipid droplets. 

The high amount of electrolyte, increase the osmotic pressure within the inner 

emulsion and could lead to the burst of the inner structure of the double emulsion 

(Jiao & Burgess, 2007).  

Lack of inner aqueous emulsion within the lipid droplet also due to the low 

number of surfactants used to hold the osmotic pressure coming from a higher 

concentration of electrolyte and reduce the interfacial tension between soybean 

oil and ALD concentration. The concentration of surfactant used in these 

formulations especially the Span 80 was not enough to reduce the interfacial 

tension sufficiently when ALD solutions at 2.5 and 5 mg/mL were used to form 

the inner emulsion. This is shown in Table 3.7 on formulation number B9, 13 and 

16. The surfactant ratio used between Span 80: Tween 80 of the Formulation B9, 

13 and 16 were 1:3, 1:4 and 1:5 respectively. Indicated the Span 80 which is 

responsible for the formation of w/o emulsion is only 1 part of the ratio between 

Span 80 and Tween 80, hence the concentration of Span 80 is not enough to 

counter the force from osmotic pressure from the inside of the inner emulsion 

when a high concentration of ALD is used. When the low concentration of Span 

80 is available, less of interfacial tension on the surface of the w/o emulsion is 

reduced, hence, the o/w emulsion within the lipid droplets is becoming bigger 

(Jiao & Burgess, 2007). Furthermore, the osmotic pressure from the inner 

emulsion is forcing from the inside of the emulsion to the surface of inner 

emulsion and lead the inner emulsion to burst. Hence, no formation of water 

droplets within the oil droplet could be seen in Table 3.7. The levels of Span 80 

may need to be increased, as this surfactant is likely to have the dominant effect 

on the inner emulsion droplet formation. The speed and energy of the 

homogenisation process used could also potentially have affected the formation 

of the double emulsion by disrupting any delicate emulsion droplets that may 

have initially formed. As no double emulsion formation was produced when 2.5 
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and 5 mg/mL of ALD solution were used, these formulation sets are discarded 

from future experiments. 

 

3.1.6 Microscopy and image J size determination 
The light microscopic method was used to measure the size of the double 

emulsion droplet. The droplet size was measured using the scale bar from the 

images produced. For each double emulsion formulation, automatic counting was 

used to measure the size of double emulsion using image J software, and a 

histogram of the measured droplet sizes was drawn. The droplet size data are 

summarised in Table 3.8 along with light microscope images of the double 

emulsions. 

 

 



 89 

Table 3.8 Double emulsions loaded with ALD at 1 mg/mL. Images were after homogenisation at 10,000 rpm using Formulation 
set B and the range of the double emulsion size was recorded in the histogram. Formulation set B (60%:30%:10%) of soybean 
oil, 1mg/mL of ALD, and a total mixture of surfactants (Span 80 and Tween 80) respectively to make up the total weight of 5 g 
of the double emulsion. The images were view under a microscope at 20× magnification and histograms were one of the 
examples from triplicate. The mean value of the double emulsion size range was recorded and represented the overall size of 
the double emulsion. Different colour of the double emulsion was due to the light intensity used to capture the images.  

FN (Span 80: 
Tween 80) 

ratio 

Double Emulsion Histogram of the double emulsion 
size in µm. 

Mean 
droplet 
size(µm) 

B1 1:1 

  

 
 

1.222± 
0.906 
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B2 2:1 

  

 
 

1.295±  
 0.996 

 

B3 3:1 

  

 
 

1.097±	 
0.878 
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B4 4:1 

  

 
 

1.094±	  
0.94 

B5 5:1 

  

 
 

1.179± 
	0.802 
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B6 1:2 

  

 
 

1.479±	 
0.976 

B7 3:2 

  

 
 

1.246±	 
0.966 
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B8 5:2 

  

 
 

1.125±	 
0.989 

B9 1:3 

  

 
 

1.362± 
 0.931 
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B10 2:3 

  

 
 

1.463±	 
0.961 

B11 4:3 

  

 
 

1.043±	 
0.991 



 95 

B12 5:3 

  

 
 

1.273 ±  
0.853 

B13 1:4 

  

 
 

1.278± 
 0.995 



 96 

B14 3:4 

  

 
 

0.817±  
1.043 

B15 5:4 

  

 
 

1.229 ±  
0.964 
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B16 1:5 

  

 
 

1.532 ± 
 1.139 

B17 2:5 

  

 
 

1.310±  
0.991 



 98 

B18 3:5 

  

 
 

1.304 ±  
0.998 

B19 4:5 

  

 
 

1.184 ±  
0.954 
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Based on Table 3.8, after homogenisation at 10,000 rpm the size of double 

emulsion obtained was in the range 0.5 to 30 !m. Automatic measurement 

method from Image J was used by measuring the diameter of the double 

emulsion structure. Measurement was made by assuming a double emulsion 

structure was a circle (2D image) and identify the area of the circle. Then, by 

identifying the radius, the diameter of the circle was determined. Each of the 

double emulsion sizes was counted and classified in a different group of sizes 

range to form histogram in Table 3.8.  

Different formulations were produced with different droplet sizes in the 

double emulsion. The mean smallest size of double emulsion was Formulation 

14 at 0.817± 1.043 !m, while the biggest mean size was formulation 16 at 1.532 

± 1.139. The range of double emulsion size also affected by the ratio combination 

of the surfactants (Span 80 and Tween 80), however, the was no significant 

different (P>0.05) between the mean size of  all the double emulsion produced.  

The histogram in Table 3.8 is showing the breakdown of double emulsion 

size classified in a group, against the number of counts. Each of the subgroups 

in the size range of double emulsion is showing the effect of combination 

surfactants (Span 80 and Tween 80 combination) towards the production of 

double emulsion. For example, Formulation 14 where it has a prominent count 

(1400 counts) at subgroup 0-2 !m, however, the rest of the double emulsion 

produced are varies from 2 to 24 !m. Another example that could be seen on 

formulation 16 and 18 where they have a broad range of double emulsion size 

from one subgroup to another when categorised against counts number. The 

different size and range of size of the double emulsion produced could be 

because of the energy supplied by the homogeniser and the reduction of 

interfacial tension between the soybean oil and ALD solution from the amount of 

surfactants (Span 80 and Tween 80 ratio combination) used in the formulation. It 

is also suggesting a uniform size double emulsion in each formulation is not easy 

to be achieved using this single step method, but a large quantity of small double 

emulsion size could be achieved with the right ratio of Span 80 and Tween 80 

used. Hence, this finding in term of double emulsion size will be helpful in the 

permeation studies of double emulsion in, in vitro. It is believed a smaller size of 

double emulsion will be able to enhance the permeation of ALD into the intestinal 

lymphatic system. This will be later discussed in Chapter 5.  
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3.2 Conclusion 
This part of the study explored the formulation and production of double 

emulsions using a simple one-step method. Double emulsions could be easily 

produced using either a gentle manual shaking process or a more aggressive 

homogenisation process. The presence of ALD in the aqueous phase affected 

the formation of the double emulsion structure, with the external droplet size 

appearing to increase in some cases. This was ascribed to a change in the 

surface tension of the aqueous phase and effects on the balance of the Laplace 

pressure over the emulsion droplet interfaces and the osmotic pressure exerted 

by the aqueous phases, similar result from Jiao et al., (2002). The degree of 

encapsulation of ALD solution within the double emulsion droplet is discussed in 

Chapter 4. The energy input to the production process was found to be important, 

with homogenisation at low to medium speeds producing smaller double 

emulsion structure than the manual shaking method, but higher homogenisation 

speeds in some cases led to the apparent loss of double emulsification. This is 

due to the combination of surfactants ratio percentage with homogenisation 

speeds more than 10, 000 rpm in the formulation to cause the double emulsion 

to lose it apparent. Overall, formulations composed of 60 %w/w soybean oil, 30 

%w/w  of ALD 1 mg/mL aqueous solution and 10 %w/w of surfactant (Span 80 

and Tween 80)  homogenised at 10,000 rpm were identified to be the best 

formulation to produce a desired double emulsion structure and carry forward to 

study the encapsulation of ALD within the double emulsion.  
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4.0 Chapter Overview 
 The double emulsion formulation with the highest ALD encapsulation within the 

double emulsion is identified as described in this chapter. ALD encapsulated 

within the double emulsion was detected via HPLC. ALD does not have a 

chromophore, so was derivatised with 9-fluorenylmethoxycarbonyl chloride 

(Fmoc) for detection. Detection only can happen when Fmoc binds with amines 

group in ALD and emit fluorescent (Ho, 2005). The Fmoc derivatisation ALD was 

first confirmed based a method described in the literature (De Marco et al., 1989) 

which as then optimised for the detection of ALD.  

From Chapter 3, formulation set B was identified to have the best 

encapsulation of ALD. However, the double emulsion produced was mixed with 

ALD encapsulated within the lipid droplet and free ALD in the continuous phase. 

Hence, separation needs to be conducted and the dialysis method was identified 

to be most suitable. This method was chosen due it able to maintain the amount 

of encapsulated ALD and the shape of the double emulsion after the free ALD in 

the continuous phase was removed. 

The separation occurred based on the time of double emulsion being 

dialysed. It was observed, the biphasic trend appeared when the double emulsion 

was dialysed at a certain period. The first phase trend indicated the free ALD in 

the continuous phased was diffused into the dialysate area. While the second 

phase pointing, ALD encapsulated within the double emulsion started to be 

diffused into the dialysate. These biphasic trends suggesting, the needs to know 

the right time for the dialysis process need to be stopped and discussed more in 

this chapter. Further, knowing the right time to stop the dialysis process, enabling 

the amount of ALD encapsulated within the double emulsion could be identified. 

Hence, the best formulation was identified to have the highest ALD encapsulated 

within the double emulsion and later used for the next study in Chapter 5.  
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4.1 Results and discussion  

4.1.1 Development of an analytical method to quantify ALD 
An ALD detection system needs to be established before it can be used to detect 

ALD within the double emulsion. ALD-Fmoc should be detected at 266 nm at 

approximately 7 minutes using HPLC method (De Marco et al., 1989; Ochiuz et 

al., 2016; Samdancioglu, Calis, Kir, & Sumnu, 2003). Figure 4.1 A and B show 

the chromatogram of Fmoc without the addition of ALD in the solution and the 

derivative of ALD with Fmoc (ALD-Fmoc) respectively. ALD-Fmoc in this study 

represents the conjugation between ALD and Fmoc and it does change the 

properties of ALD. In this study, the ALD-Fmoc was detected at a retention time 

of approximately 10 minutes (Figure 4.1A) while ALD-Fmoc has a retention time 

of approximately 7 minutes (Figure 4.1B). This study indicated, when ALD was 

derivatised with Fmoc, ALD could be detected using the UV method. However, 

some limitation could be identified for the detection of ALD. One of the limitations 

is, this method is not a direct detection method. Pre-treatments need to be 

conducted on HPLC to ensure it can be detected. Therefore, if the pre-treatment 

is not done right in this stage, the ALD value detected will not be accurate. 

Secondly, the dependency of the excess of Fmoc in the derivative process. If the 

amount of Fmoc less than the amount of ALD to be detected, the real value of 

ALD could not be detected. This is discussed more in this section.  
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Figure 4.1: Chromatograph of derivatised ALD with or without Fmoc to determine 
and quantify using HPLC method.  (A) Chromatogram of 0.5 mg/mL of Fmoc 
without ALD. Showing no ALD detected at about 7 minutes retention time but 
exhibited a peak at about 11 minutes showing Fmoc was detected. The earlier 
elution in minutes 2.5 was due to the detection of unreacted sodium tetraborate 
used to derivative ALD and Fmoc. (B) Chromatogram of ALD 0.5 mg/mL 
derivatised with 0.5 mg/mL of Fmoc. At about 7 minutes, ALD was able to be 
detected when derivatised with Fmoc, indicating derivative method was 
successfully identified ALD which is lack of chromophore.  

 

 

Fmoc only 

Derivatised Fmoc  
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 From figure 4.1, ALD was able to be detected when derivatised with Fmoc. 

Hence, different concentration of ALD was used to determine the concentration 

of ALD could be detected using HPLC method. Different concentration of ALD 

was used and the graph was plotted as in Table 4.1 and Figure 4.2.  

 

Table 4.1 The effect of different concentration of ALD used for derivative process 
and quantification using HPLC method. For all runs, the concentration of Fmoc 
used was 0.5 mg/mL, equal to 1.546 x 10-6 moles in 0.8 mL of solution. AUC 
(Area Under Curve), mAU*min (milli-Absorbance unit × minute).  

ALD concentration 
(mg/mL) 

ALD moles in 1 mL AUC, mAU*min 
(water) 

1 3.08 x 10-6 13800.00 

0.1 3.08 x 10-7 1819.19 

0.01 3.08 x 10-8 111.53 

0.001 3.08 x 10-9 20.01 

0.0001 3.08 x 10-10 13.51 

 

 

 
Figure 4.2  HPLC analysis between the derivative of ALD-Fmoc solution. Log 
function was used on the x-axis to ensure the lower concentration of ALD were 
not offset by the AUC value from a higher concentration of ALD when regression 
lines were drawn.  
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Based on the finding from Table 4.1 and Figure 4.2, different concentration 

of ALD was able to be detected when ALD derivatised with 0.5 mg/mL of Fmoc. 

However, from Table 4.1, it could be notified that 1 mg/mL of ALD could be 

derivatised with 0.5 mg/mL of Fmoc. This seems to be odd to have a complete 

derivatisation process when the ratio of ALD and Fmoc should be at least 1:1 

ratio as shown in Figure 4.3. Furthermore, studies from De Marco et al stated, to 

have a complete derivation process, the concentration of Fmoc is needed to be 

double than the concentration of ALD (De Marco et al., 1989).  

 

 
Figure 4.3 Derivatisation process of ALD with Fmoc to form ALD-Fmoc.  

 

Continuity from finding in Table 4.1 and Figure 4.2, the concentration limit 

of Fmoc could be used to derivatise ALD was investigated. In this study, the Fmoc 

concentration used was 5 times higher than the concentration of ALD to provide 

excess concentration Fmoc. The aim was to ensure all the concentration of ALD 

will be fully derivatised with Fmoc. From Table 4.2 it was identified all the ALD 

was able to be derivatised when Fmoc concentration used was 5 folds higher 

than the ALD concentration. Furthermore, from Figure 4.4, it was identified, a 

linear correlation was observed from the initial concentration of ALD until 2 mg/mL 

of ALD after derivatised with Fmoc. Later, when both ALD and Fmoc 

concentration was increased, the graph started to show a plateau state. This may 

suggest, the concentration of ALD and Fmoc had reached saturation point as 

seen in Figure 4.4.  
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Table 4.2 Determination the effect of high concentration of Fmoc towards, 
derivative, determination, and quantification at different concentrations of ALD. 

Fmoc mg/mL ALD mg/mL AUC, mAU*min SD (n=3) 
0.50 0.10 5857.45 151.93 

2.50 0.50 31450.00 776.21 

5.00 1.00 61350.00 377.49 

10.00 2.00 107811.50 775.40 

20.00 4.00 147235.50 2065.72 

30.00 6.00 164991.00 5432.15 

40.00 8.00 187111.00 13688.52 

50.00 10.00 202422.67 18281.07 

 

The relative concentrations of Fmoc and ALD should give a linear 

response after derivatisation and HPLC analysis, as the Fmoc and ALD ratio in 

this experiment was greater than the 1 to 1 ratio required for derivatisation. The 

AUC value was giving a linear reaction in the beginning and started to plateau as 

shown in Figure 4.4. This could be explained further by looking at the 

chromatograms of the ALD derivative generated from different concentrations of 

ALD and Fmoc, shown in Figure 4.5. In Figure 4.4, the regression line was drawn 

from ALD at 2 mg/mL and below to show the linear correlation between ALD and 

Fmoc when both concentrations were increased. Based on the linear correlation, 

it could be highlighted that complete derivatisation between Fmoc and ALD could 

only be produced when ALD concentration was less than 2 mg/mL and Fmoc less 

than 20 mg/mL. If a higher ALD concentration is used, the sample will need to be 

diluted to be in the correct analytical range. 
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Figure 4.4 Determination the effect of higher concentration of Fmoc towards the 
derivative higher concentration of ALD solution. ALD at higher concentration able 
to be detected using a higher concentration of FMOC. The high concentration of 
Fmoc only able to derivatise ALD solution up to 2 mg/mL, then the reaction 
becoming plateau when both ALD solution and Fmoc concentration used.   
 
 

Based on Figure 4.5, the peak width became wider when concentrations 

of ALD and Fmoc were used above 2.0 mg/mL and 10 mg/mL, respectively. This 

finding suggested that saturation started above this level. This may be also due 

in part to the unreacted Fmoc-Cl is not being completely consumed during the 

derivatisation process. Hence, this concentration may affect the determination 

and quantification of ALD within the double emulsion formulation. Reduction of 

Fmoc concentration at 5 mg/mL may be able to reduce the saturation and 

enabled all the ALD up to 2 mg/mL able to be derivatised. This finding fit with the 

result from De Marco et al(De Marco et al., 1989), stated to have a complete 

derivation between Fmoc and ALD, it requires 2 fold concentration of Fmoc from 

the value of ALD (De Marco et al., 1989).  
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Figure 4.5 The chromatograms of the derivatised ALD generated from different 
concentrations of ALD and Fmoc. All the peaks were determined at about 7 
minutes indicted all of ALD-Fmoc was able to be detected. (A) ALD at 1 mg/mL 
with 5 mg/mL of Fmoc. (B) ALD at 2 mg/mL with 10 mg/mL of Fmoc. (C) ALD at 
4 mg/mL with 20 mg/mL of Fmoc. (D) ALD at 10 mg/mL with 50 mg/mL of Fmoc. 
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4.1.2 Determination of the standard curve of ALD 
Further investigation was conducted to obtain the standard curve for detecting 

the Fmoc derivative of ALD. The investigation was conducted by using ALD-

Fmoc at 2 mg/mL and serial dilution by half-fold as shown in Table 4.3. The 

standard curve graph was plotted as shown in Figure 4.6. Limit of detection (LOD) 

and limit of quantification (LOQ) were at 0.13 mg/mL and 0.40 mg/mL 

respectively. Using this HPLC method, 0.13 mg/mL was the least amount of ALD-

Fmoc could be detected, while 0.40 mg/mL was the lowest concentration of ALD-

Fmoc able determined with any amount of replication. However, due to 

complication of ALD determination (lack of chromophore and need to be 

derivative prior) using any UV-vis method, LOD value (0.13 mg/mL) was 

considered for the limit of analytical in this project. The LOD and LOQ were 

obtained by three individual experiments on three different days.  

  

Table 4.3 Determination of the standard curve for detection of ALD derivative with 
FMOC at 5mg/ml. LOD (limit of detection), LOQ (limit of quantification).  

ALD mg/mL AUC, mAU*min SD (n=3) 
2 118267 2626.94 

1 69067 975.11 

0.5 32700 100.00 

0.25 19300 278.39 

0.125 8521 49.75 

0.0625 3994 73.92 

*LOD (0.13 mg/mL) and LOQ (0.40 mg/mL) 

 

Figure 4.6 shows the linear correlation between the ALD-Fmoc and the 

AUC. Based on this finding, the regression value showed was like the initial 

findings shown in Figure 4.4. Therefore, this finding suggested that these values 

could be used as the standard curve for detecting the derivative of ALD with 

Fmoc.  
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Figure 4.6: The standard curve for determination of  Fmoc-ALD detected at 266 
nm and retention time about 7 minutes 

 

The determination of the right concentration of Fmoc to be used with ALD 

was a bit challenging. This was due to some of the data being irreproducible and 

the HPLC detection sometimes gave odd values. Furthermore, the HPLC process 

was quite tedious because the derivatisation process needs to be completed 

before ALD could be detected because it lacks a chromophore. Additionally, the 

stability of the derivative of ALD with Fmoc presents other issues, since the 

bonding between ALD and Fmoc lasts only 24 hours (De Marco et al., 1989). 

Therefore, it needs to be detected within that period. Hence, based on this finding, 

5 mg/mL of Fmoc is the suitable concentration to be used to derivatise ALD at 1 

mg/mL. Furthermore, the standard curve in Figure 4.6 was identified as being the 

standard curve to be used for quantification of ALD in the HPLC assay. 

 

4.1.3 Separation techniques to separate ALD in lipid droplet and Free 

ALD in disperse phase of the double emulsion  
The double emulsion structure is thermodynamically unstable as it depends on 

the balance of osmotic pressure, as discussed in Chapter 3, and is potentially 

sensitive to environmental stresses, such as encountered during centrifugation 

used for separation. One example could be shown when Sephadex G50 used to 

separate the double emulsion from free ALD in the continuous phase. Sephadex 

G50 gel was chosen due to it has a pore size around 50 to 150!$. Using the gel 

filtration concept,  the larger molecules (or in this case, lipid droplets) would elute 
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first as they would have less contact with the pores of the column material, while 

ALD in continuous phase eluted later. However, this process was failed to 

separate free ALD from double emulsion due to the lipid droplet was broken when 

filtered and centrifuged.  

 The second method used was the centrifugation method at different 

speeds. This method also failed to separate between free ALD and double 

emulsion. The double emulsion structure was destroyed. Both free ALD in the 

continuous area and within double emulsion was mixed. Hence, neither of these 

two methods were suitable for further investigation and an alternative method for 

the separation of the unentrapped ALD from the double emulsion droplets was 

sought. Therefore, a gentler method was required to ensure that the overall 

double droplet structure remains intact to retain the ALD solution encapsulated 

in lipid droplet and eliminating the ALD solution in the dispersed phase.  

 

4.1.4 Time taken for ALD to reach equilibrium using dialysis technique 
Dialysis process was chosen a gentler approach to separate free ALD in the 

continuous phase and retained the ALD within the double emulsion. However, 

the dialysis process is a slow process due to the movement of in and out of 

compounds to reach equilibrium. In this study, the time for ALD to be diffused out 

from the dialysis bag was unknown. Thus, the time taken for the free ALD to move 

from the dialysis tube to the dialysate area needs to be determined.  

  The diffusion study of ALD into dialysate area was conducted for 300 

minutes (5 hours) to determine the rate of diffusion. The samples taken from the 

dialysate area were derivatised (ALD-Fmoc) and analysed by HPLC as described 

earlier. The HPLC standard curve from Figure 4.6 was used to determine the 

recovery of ALD within the dialysate. Table 4.4 shows the sampling time and the 

recovery concentration (mg/mL) of ALD at each time point. The graph of the 

recovery was plotted in Figure 4.7. The concentration of the ALD recovered was 

calculated using the steps below. This calculation was a back-calculation from 

the concentration of ALD detected from HPLC assay, the dilution process during 

derivatisation and volume of water inside the dialysate, considering losses due to 

analytical sampling.  
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 ALD was quantified using the standard curve in Figure 4.6, with Equation 

4.1 being the calibration equation. 

 

%! = 61532	-!									       Equation 4.1 

Where yt is the value of the area under the curve of the HPLC peak at the 

sampling time (t) and xt is the concentration of ALD in the injected sample at that 

timepoint. Therefore, xt was determined in equation 4.2.  

 

-! =
"!

#$%&'															       Equation 4.2 

The concentration of ALD in the sample removed from the dialysis experiment 

(Dt) was calculated by multiplying xt with the total dilution factor used in the 

derivatisation process, as shown in equation 4.3.  

 

.!	 = -! × 2.8			       Equation 4.3 

The value of 2.8 comes from 1 mL of sample, 1 mL of sodium tetraborate solution 

and 0.8 mL of Fmoc solution being used in the derivatisation process.   

 

The total amount of ALD recovered in the bulk external phase from the dialysis 

experiments, Rt, is shown in equation 4.4.  95 mL is the total volume of the 

aqueous phase in the receiving area. 

 

1! = .! × 95																					      Equation 4.4 

Therefore, to determine the cumulative amount of ALD recovered in the receiving 

area at each timepoint (ALDt), the amount of ALD in receiving area (Rt) is added 

to the amount of ALD extracted out from previous sampling points, as shown in 

equation 4.5. 

 

34.! = 1! + (.!)$) + (.!)') + ⋯…+ (.!)!*$)          Equation 4.5 

where t=1 is the first sampling time point, t=2 is the second sampling timepoint, 

t=t-1 is the sampling time point immediately before the one of interest. 
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Based on Table 4.4, the recovery of the ALD was maximal at minute 210 

with a total recovery value of 1.19 mg/mL. This is coming from 1.2 mL of ALD 

solution from a concentration of 1 mg/mL when loaded within a dialysis bag and 

the dialysis bag sink within 95 mL of distilled water. Total recovery value is the 

total addition of ALD concentration detected from each 1 mL dialysate taken out 

at every 15 minutes. Each 1 mL of dialysate taken out was replaced with 1mL of 

fresh distilled water. This recovery value showed 99.16 % of the ALD was 

recovered into the dialysate and detected. This is close to the expected value of 

(95 / (1.2 + 95)) = 98.75 % as there will be some residual amount of ALD left 

within the dialysis tube once equilibrium of concentration has been established 

across the dialysis membrane. Given the numerous steps involved in the 

experimental and analytical processes, this result was encouraging. 

 

Table 4.4 The sampling time and the ALD recovery concentration at designated 

time points. Total recovery was the amount of ALD released to the disperse area 

certain period. 1.2 mL of ALD 1.0 mg/mL was used as the test sample.  

Sampling time, min Total recovery, mg SD (n=3) 
1 0.06 0.00 

15 0.19 0.02 

30 0.30 0.03 

45 0.36 0.04 

60 0.51 0.05 

75 0.56 0.11 

90 0.66 0.10 

105 0.78 0.12 

120 0.87 0.14 

135 0.88 0.20 

150 0.97 0.12 

165 1.10 0.14 

180 1.08 0.19 

195 1.15 0.18 

210 1.19 0.19 

225 1.19 0.18 

240 1.18 0.14 

255 1.19 0.09 
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270 1.17 0.11 

285 1.19 0.00 

 

Figure 4.7 showed a linear correlation of ALD recovery in the dialysate 

with time, until a plateau stage was reached at minute 210. This finding confirmed 

the movement of ALD through the dialysis tube into the dialysate area. The 

plateau stage from the graph suggested that it had reached equilibrium at which 

point net movement of the ALD into the dialysate will stop. As a result, this 

suggested at minute 210, all (most) of the ALD will have entered the dialysate 

area. Therefore, 210 minutes could be used as a benchmark point for the 

acquisition of data in the double emulsion separation studies.  

 

 

Figure 4.7  The graph showed the recovery of ALD from dialysis tube into the 
acceptor medium. Recovery of ALD was the amount of ALD released into the 
dialysate area at a certain period. Dialysis method was run for 300 minutes and 
the equilibrium was reached at minutes 210. 1.2 mL of ALD 1.0 mg/mL was used 
as the test sample. 
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4.1.5 Separation of double emulsion with ALD from free ALD in 

continuous phase  
The study from section 4.1.4 had determined ALD diffusion rate reached 

equilibrium at 210 minutes. Using that study, separation of double emulsion with 

ALD  from free ALD in the continuous phase was attempted. The dialysis process 

was conducted by using a 5 g double emulsion and placed in a dialysis tube, 

which was then placed in a large volume of distilled water (95mL) i.e. the dialysate 

area. The double emulsion was fabricated using formulation set B as stated in 

Chapter 3. Formulation set B consist of (60%:30%:10%) soybean oil, 1mg/mL of 

ALD, and a total mixture of surfactants (Span 80 and Tween 80) respectively to 

make up the total weight of 5 g of the double emulsion. The concentration and 

volume of ALD used were 1.0 mg/mL and 1.5mL, respectively. This volume 

making up the ALD entrapped in the double emulsion and free ALD in the 

continuous phase. The dialysis tube used, was a semi-permeable membrane with 

a mesh size of 13 to 14 kD with a tubing diameter of 44.4  mm and length of 60 

mm. The process was constantly stirred with a magnetic stirrer at low speed until 

it reached equilibrium.   

 Samples of the dialysate phase were collected and analysed for ALD 

content using the derivatisation and HPLC methods described previously. The 

amount of ALD collected was plotted against time of sampling as shown in Figure 

4.8. From this, the amount of ALD remaining entrapped in the double emulsion 

was calculated by subtracting the free ALD recovered in the dialysate area and 

the initial amount of ALD used in the formulation.  
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Figure 4.8 The dialysis process conducted on the ALD-loaded double emulsions. 
The dialysis process was conducted for 210 minutes. Graphs showing the 
amount of ALD being detected in the dialysate area until it reached equilibrium in 
the dialysis system. Five graphs (A, B, C, D, E) were plotted according to the unit 
amount of Tween 80 used in the surfactant ratio in the formulation as seen in 
Table 4.5. Each of the experiment was repeated three times. All the Y-axis were 
standardised to enable easier comparison between formulations. The ALD 
concentration and volume was 1.0 mg/mL and 1.5 mL, respectively. 
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Table 4.5 Showing the formulation number with the surfactant ratio between Span 
80 and Tween 80. The formulations were classified based on the unit amount of 
Tween 80. FN is the formulation number, Gp is the group where the percentage 
ratio between Span 80 and Tween 80 was used.  

 
 

Increased 
concentration 
of Span 80 

 Increased concentration of Tween 80 
 
FN Gp  

1 

FN Gp  

2  

FN Gp  

3 

FN Gp  

4 

FN Gp 

 5 

1 1:1 6 1:2 9 1:3 13 1:4 16 1:5 

2 2:1 7 3:2 10 2:3 14 3:4 17 2:5 

3 3:1 8 5:2 11 4:3 15 5:4 18 3:5 

4 4:1   12 5:3   19 4:5 

5 5:1         

  

From Figure 4.8, the five graphs of double emulsion dialysis were drawn 

and categorised based on the mixture of Span 80 to Tween 80 ratios (shown in 

Table 4.5). The graphs represent the amount of ALD being recovered from the 

dialysate area. Time frame 210 minutes was used as a benchmark to determine 

the time for the free ALD within the continuous phase and ALD within the double 

emulsion could diffuse into the dialysate area. However, each of the formulations 

has it owns time point to reach the plateau stage, due to different amount of ALD 

existed in the continuous phase and within the double emulsion formulation. 

Diffusion rate from Figure 4.8 does not have a similar time point to reach a plateau 

as in Figure 4.7, due to only ALD solution was used in that experiment. The main 

study objective in Figure 4.8 was to separate the free ALD in the continuous 

phase from the double emulsion and identify the amount of ALD encapsulated 

within the double emulsion.  

As seen in Figure 4.8, different amounts of ALD were recovered from the 

different double emulsion formulations, indicating variable amounts of ALD 

remaining entrapped in the double emulsion core. Free ALD diffused from the 

dialysis tube was expected to show approximately linear kinetics before 

plateauing at the endpoint, as seen in Figure 4.8 when compared to the study on 

ALD in Figure 4.7. However, the response was not observed for all formulations, 

but rather there was a suggestion of a biphasic response for some formulations. 

Biphasic respond happened could be due to different stages of ALD moving out 

from the dialysis tube. The first stage is the free ALD in the continuous phase 
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which is relatively quick, and the second stage is the ALD within the double 

emulsion once the emulsion is broken or punctured during the experiment. This 

is shown quite similarly with the studies from X. Xu et al, where they stated at the 

end of the dialysis study, a small portion of drug detected and when surfactant 

was added in exterior solution, more drug are released (X. Xu, Khan, & Burgess, 

2012). Examples of this can be seen in Figure 4.8 (B) and (E), for Formulations 

B7 and B19 where there appeared to be an increased in the removal rate at 75 

and 60 minutes, respectively. This process also is shown diagrammatically in 

Figure 4.9.  

 

 
Figure 4.9 Movement of ALD in the disperse phase and inner phase to enter the 
receiving phase. The semipermeable membrane was used to prevent the double 
emulsion droplets to pass through into the receiving area. Two different 
movements occurred in the process, movement of ALD in disperse phase into 
the receiving area and movement of ALD from inner droplet to lipid layer, and 
ALD from lipid layer entering the dispersed phase and to the receiving phase.  
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 Due to this finding, it is suggested the end of the first phase of ALD removal 

represents the endpoint of removal of free ALD in the continuous phase and that 

comparisons of ALD incorporation should be taken at that point. 

In some double emulsion samples, this biphasic trend was not so clearly 

defined, with an initial plateau being reached and maintained for some time 

before an increase in ALD recovered starting again. For these samples, the time 

to reach the plateau was taken as the endpoint. Finally, some of the double 

emulsion formulations, e.g., Formulations B16 and B18 in Figure 4.8 (E), showed 

very little change across the whole of the experimental time. 

From Figure 4.8, two broad trends were identified, i.e., low, and high 

recovered values of ALD. For example, in Figure 4.8(E) formulations B16, B17 

and B18 showed the trend of low ALD recovery, while formulation B19 showed 

the trend of high ALD recovery. Samples that demonstrated the high ALD 

recovery trend tended to show a biphasic release pattern, whereas those that 

showed low release tended to follow a more linear removal pattern. 

Lower amounts of ALD recovered during the dialysis process are 

indicative of higher initial encapsulation of ALD within the double emulsion 

droplets, while higher ALD recovery showed lower amounts of ALD encapsulated 

initially. Therefore, knowing the amount of free ALD in the continuous phase 

enabled the concentration of ALD in the double emulsion to be calculated. For 

example, Formulation B19 in Figure 4.8 (E) were showing the first peek at 

minutes 60 and recovered ALD detected at each formulation 0.14 mg. The 

percentage of ALD encapsulated within double emulsion could be calculated 

using Equation 4.6. 

 

:;<=>?@A=BCD;	34.(:+,-	) = 1.5	$E − 1.			   Equation 4.6 

 

Where EALD is the amount of ALD encapsulated in the double emulsion 

droplet, while 1.5 mg is the initial quantity of ALD used in the formulation and Rx 

is the cumulative value at the relevant endpoint as discussed above.  

 

Then, the percentage of ALD encapsulated is calculated using Equation 4.7. 

  

:;<=>?@A=BCD;	>GH<G;B=EG = I
/"#$
$.% J ∗ 100							   Equation 4.7 
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Formulation B19 showed 1.36 mg ALD encapsulation and a percentage 

encapsulation of 91%. Although formulation B19 showed more than 90 % of 

encapsulation at 60 minutes, prolonged dialysis resulted in more ALD being 

recovered, indicating the formulation is not stable for long periods. Hence, B19 is 

not considered as a good formulation and was discounted from used in the later 

experiments. The full details of the ALD encapsulation into the various double 

emulsion formulations are shown in Table 4.6  and Figure 4.10.     
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Table 4.6 Depicting the separation time used to identify the recovered time of ALD in the dialysis process, concentration, and 
percentage of ALD encapsulated within the double emulsion. The ratio of Span80 and Tween 80, the percentage of surfactant 
used and the combination of HLB value from the mixture of surfactants were listed. Using a single step to fabricate the double 
emulsion, 1.5 mL of ALD from 1.0 mg/mL was used. From the total of 1.5 mL of ALD, certain portion was encapsulated within 
the double emulsion and the remaining, remained in the continuous phase.  

Formulation Ratio of 
Span80: 
Tween 

80 

% 
Span 

80 

%Tween 
80 

HLB 
value  

Recovery 
time 
(min) 

Recovered 
(mg) 

Encapsulation 
(mg) 

%Encapsulation 
efficiency  

B1 1:1 50.0 50.0 9.7 105 0.54 0.96 64 ±3.7 
B2 2:1 40.0 60.0 7.9 105 0.49 1.01 67 ±5.2 
B3 3:1 57.1 42.9 7.0 105 0.16 1.34 89 ±6.3 
B4 4:1 62.5 37.5 6.4 75 0.12 1.38 92 ±7.1 
B5 5:1 20.0 80.0 6.1 60 0.31 1.19 79 ±5.9 
B6 1:2 42.9 57.1 11.4 105 0.45 1.05 70 ±5.1 
B7 3:2 55.6 44.4 8.6 75 0.36 1.14 76 ±6.2 
B8 5:2 16.7 83.3 7.4 90 0.34 1.16 77 ±20 
B9 1:3 28.6 71.4 12.3 90 0.40 1.10 73 ±1.8 

B10 2:3 37.5 62.5 10.7 90 0.55 0.95 63 ±0.5 
B11 4:3 44.4 55.6 8.9 90 0.36 1.14 76 ±5.8 
B12 5:3 66.7 33.3 8.3 90 0.14 1.36 90 ±3.0 
B13 1:4 75.0 25.0 12.9 90 0.13 1.37 91 ±1.2 
B14 3:4 80.0 20.0 10.4 105 0.71 0.79 52 ±2.8 
B15 5:4 83.3 16.7 9.1 105 0.67 0.83 55 ±5.9 
B16 1:5 33.3 66.7 13.2 105 0.11 1.39 92 ±1.5 
B17 2:5 60.0 40.0 11.9 105 0.17 1.33 88 ±3.5 
B18 3:5 71.4 28.6 11.0 90 0.12 1.38 92 ±1.5 
B19 4:5 25.0 75.0 10.2 60 0.14 1.36 91 ±4.7 
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Figure 4.10 Graph of the percentage of ALD encapsulated within double emulsion 
and the recovery time to determine the amount of ALD released into the receiving 
area. The left-hand side indicated the percentage of ALD encapsulated in the 
double emulsion formulation and right-hand side showed the time at which the 
dialysis process was stopped to determine the amount of ALD released into the 
receiving area.  

 

 Almost all of the formulations were able to encapsulate more than 60 % of 

ALD as seen in Figure 4.10, the exceptions being formulations 14 and 15. Two 

clusters of formulations were observed - those with very high levels of ALD 

incorporation of > 88 %, and those with medium levels of incorporation of 60 to 

80 %. For the 60 to 80 % range of encapsulation, 9 formulations are identified, 

while 8 formulations are in the > 88 % encapsulation range, i.e., formulations B3, 

B4, B12, B13, B16, B17, B18 and B19. Of these, 6 formulations showed > 90 % 

ALD encapsulation, i.e., formulations B4, B12, B13, B16, B18 and B19. However, 

formulation B19 is not considered as truly belonging in the group of formulations 

with > 90% ALD encapsulation as there seemed to be a continued extensive 

release of ALD from the inner core of the double emulsion structure on prolonged 

dialysis.  

The four double emulsion formulations with the highest ALD incorporation 

were B4, B13, B16 and B18. Visual images were taken of these four formulations 

at the beginning and end of the dialysis experiment (the endpoint being defined 

as in Table 4.6) and are shown in Table 4.7. The appearance of the double 

emulsion system was retained for all four of these samples, indicating that the 
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dialysis method was successful in removing the unentrapped ALD without 

disrupting the double emulsion itself. 

 

 

Table 4.7 Images of the double emulsions before and after dialysis (the endpoint 
being defined in Table 4.6). The images were taken using a light microscope 
using 20× magnification. The different shade of colour was due to the light 
intensity used to capture the image. *FN; formulation 

FN Before dialysis After dialysis 
B4 

  
B13 

   
B16 
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B18 

  
 

For formulations B16 and B18, the images after the dialysis process 

suggested that some water from the dialysate area had entered the dialysis tube, 

diluting the double emulsion slightly. These four formulations (B4, B13, B16 and 

B18) with the highest initial percentage ALD incorporation were then taken 

forward for the cell culture permeability studies (described in Chapters 5). As 

these formulations showed a range of HLB values, it will be interesting to assess 

whether any differences are seen in the permeability studies. 

 

4.2 Conclusions 
ALD is a challenging drug to work with. Normal detection methods using UV 

analysis could not be used due to its lack of chromophore and therefore 

derivatization with Fmoc was required to introduce a chromophore. The derivative 

of ALD was subsequently quantified using an HPLC method with UV detection. 

Derivatisation of ALD with Fmoc was successfully conducted; however, 

inconsistent results were obtained when 0.5 mg/mL of Fmoc was used. After 

several optimisation studies were conducted on the derivatisation process, 

concentrations of 5 mg/mL of Fmoc and 1 mg/mL of ALD were identified as the 

most suitable concentrations for this process.  

 Encapsulation of ALD within the double emulsion was determined after 

removal of the unentrapped ALD by dialysis and subsequent quantification by 

derivatisation and HPLC analysis. The dialysis method was developed to be a 

non-destructive method and was shown to successfully separate the free ALD in 

the continuous phase and  ALD within the double emulsion droplets. However, if 

the dialysis process was continued further, the structure of double emulsion was 

compromised and allowed the release of the in the aqueous core, possibly as a 
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result of disturbing the balance of the osmotic pressure and Laplace pressure of 

the double emulsions.  

Four formulations were identified as producing the highest encapsulation 

of ALD within the double emulsion droplets, formulations B4, B13, B16 and B18, 

all of which encapsulated about 92 % of ALD within the double emulsion. The 

four formulations showed a different ratio of surfactants and calculated HLB 

values. These four formulations will be studied in the cell culture permeability 

studies in Chapters 5.   
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5.0 Chapter overview  
This chapter explored the possibility of double emulsion formulations with ALD If 

it can improve the permeation of ALD on the intestinally lymphatic side. In vitro 

studies were conducted with two cell lines, caco-2 and human dermal lymphatic 

endothelial cells (HDLEC) to potentially represent the permeation on intestinal 

lymphatic. Both caco-2 and HDLEC cells were cultured in T-flasks and then 

transferred into transwell plates. Caco-2 cells were cultured for 21-28 days and 

HDLECs were cultured for 14 days. During the culturing period of both cells, the 

development of tight junction was monitored by TEER. Cytotoxicity was also 

evaluated for 24 hours on both the caco-2 and HDLEC cells and the right 

concentration of ALD solution was determined to be used later for the treatment 

of both cells. 

Initial studies conducted, discovered, the culture media used for culturing 

the cells was preventing the detection and quantification of ALD when tested 

using the HPLC method. This was due to the possibility of the ALD had some 

reaction with the ingredient in the culture media. Hence, buffer without Calcium 

and Magnesium ions were used to substitute the culture media when ALD and 

double emulsion formulation used for permeation studies.  

The permeation studies were started using an ALD solution on caco-2 

cells to determine the time taken for the ALD to be permeated into the cells. The 

right concentration of ALD was obtained after considering the amount of ALD 

which could be encapsulated within the double emulsion and the toxicity effect 

toward the caco-2 cells. Six hours of incubation time were used to determine the 

permeation of ALD across the caco-2 cells and represented the normal 

absorption period in the intestinal area. The compliance of the tight junction of 

the caco-2 cells before and after the treatment was determined using the TEER 

method.  

Two hours incubation time was conducted to see the permeation of ALD 

across the caco-2 either using double emulsion formulations with ALD and ALD  

at 0.27 mg/mL. In this part, Oleic acid and taurocholic acid (OCTC) were added 

in the culture media before the experiment on caco-2 cells, to promote the 

production of chylomicron (Ghoshal et al., 2009; Nauli et al., 2014). Chylomicron 

is needed to ensure the absorbed lipid could be excreted from the caco-2 cells 

and ALD could be determined in the basolateral area. Comparison studies were 

conducted to see the amount of ALD absorbed from apical side to the basolateral 
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side of caco-2 cells pre-treated or not with OCTC when incubated either with ALD 

alone or the double emulsions formulation of ALD.    

The studies were continued by using HDLEC to identify the permeation of 

the ALD double emulsion formulations (Dixon et al., 2009; Kakei et al., 2014). A 

similar set of experiments as were done with caco-2 cells were conducted with 

HDLEC.  There was no pre-treatment of HDLEC with OCTC since HDLEC do not 

produce chylomicron. Experiments were conducted using two-hour incubation 

times with the double emulsion formulations of ALD. The aim of this is to 

determine if double emulsion formulation could be further absorbed by the 

lymphatic cells. The best formulation among the double emulsion formulations 

used was identified.  

 

5.1 Results and discussion   

5.1.1 Cytotoxicity studies of ALD on caco-2 and HDLEC cells 
Cytotoxicity studies were conducted to identify the safe dosage levels which 

would be suitable to be used for the permeation studies. This is important as high 

concentrations of ALD could potentially kill the cells and lead to a false-positive 

result in the permeation studies. It also to ensure the result of the permeation 

studies was not because of cells dying. Using the MTT assay, the viability of cells 

after exposure to different concentrations of ALD was assessed, with the results 

shown in Figure 5.1. 
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Figure 5.1 Viability of caco-2 cells after being treated with various concentrations 
of ALD for 24 hours. The aim was to determine the safe concentration of ALD 
able to be used on caco-2 cells without killing the cells.  

 

ALD concentrations from 2 to 0.0156 mg/mL were used to determine the 

toxicity level of ALD towards caco-2 cells. Figure 5.1 shows ALD at 2 mg/mL with 

approximately 50 % cell viability compared to untreated cells. When the ALD 

concentration is reduced by half from 2 mg/mL, the viability of the caco-2 cells 

was increased sharply up to about 80 %. Further reduction of ALD concentration 

by half fold dilutions from 1 mg/mL showed that the viability of the cells remained 

at around 90 % compared to the untreated cells.  

A cytotoxicity study also conducted on HDLEC cells using the same 

methodology (Figure 5.2). 
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Figure 5.2 Viability of HDLEC cells after being treated with various concentrations 
of ALD for 24 hours. The aim was to determine the safe concentration of ALD 
able to be used on HDLEC cells without killing the cells. 

 

Figure 5.2 showed at 2 mg/mL ALD, the viability of HDLEC was about 40 

% compared to untreated cells. The viability of the cells increased gradually to 

around 90 % when the ALD concentration was reduced from 1 mg/mL to 0.25 

mg/mL. At lower concentrations of ALD (<0.125 mg/mL) the viability of the 

HDLEC remained at around 90 %.  

The cytotoxicity studies identified that 1 mg/mL of ALD is the highest 

concentration that is tolerated by the caco-2 cells, while 0.25 mg/mL of ALD is 

the highest concentration that is tolerated by the HDLEC. Interestingly, caco-2 

cells showed higher resistance towards ALD compared to the HDLEC cells. As 

described in Chapter 4, four optimal double emulsion formulations with ALD had 

been identified and chosen to be used. Thus, after calculating the amount of ALD 

that could be encapsulated within the double emulsion, it had been standardised 

to 0.27 mg/mL overall to be used for later experiments. 

This concentration is marginally higher than the 0.25 mg/mL described 

above as the maximum tolerated level for HDLEC. The cytotoxic effect of ALD on 

HDLEC cells appears to be logarithmically related to the dose [% viability = (-

0.4198 x ln(ALD concentration)) + 4.5685, r2 = 0.982], so an ALD solution of 0.27 

mg/mL would be expected to show around 86 % cell viability. This was deemed 

acceptable for the permeability studies, especially if the length of the studies is 
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considered - 2 hours for the permeation studies and 24 hours for the cytotoxicity 

studies.  

 

5.1.2 New standard curve determination using Cell culture Buffer 
Early experiments had indicated that the detection and quantification of ALD in 

the samples taken during the cell culture permeation studies was difficult, even 

following the derivatisation process and HPLC method described in Chapter 4, 

with unusual and inconsistent results being obtained. This was ascribed to the 

use of the cell culture media, which was not present in the initial analytical and 

formulation experiments. In particular, the presence of calcium and magnesium 

salts within the cell culture media was thought to interact with either the ALD, the 

FMOC or both, reducing the availability of the material(s) for the derivatisation 

reaction and hence the extent of the derivatisation process, leading to incorrect 

results.   

The derivatisation process of ALD with FMOC was therefore studied in the 

presence of the various cell culture media and buffer systems. A range of 

solutions of ALD at concentrations between 2 mg/mL and 0.03215 mg/mL were 

prepared in cell culture media and buffer solutions: high glucose DMEM, HBSS 

and HBSS with 25 mM HEPES solution without magnesium and calcium.  These 

solutions were then treated and assayed using the methods described in Chapter 

2. Representative chromatograms are shown in Table 5.1. When high glucose 

DMEM used to dissolve the ALD, only the highest initial ALD concentration of 2 

mg/mL was able to be detected, with a reasonable-looking chromatogram. Even 

at an initial ALD concentration of 1 mg/mL, the peak ascribed to the ALD-FMOC 

conjugate was not separated from the baseline and could not be quantified 

adequately. Similar results were observed with HBSS buffer solution, except that 

in this case, the minimum detectable initial ALD concentration was 1 mg/mL. As 

the concentrations of ALD to be used for the permeation studies were expected 

to be lower than 1 mg/mL, DMEM and HBSS were both discounted as potential 

cell culture buffer solutions. 

As it was thought that the inorganic ion content (Ca2+ and Mg2+) of DMEM 

and HBSS was responsible for the assay problems observed here, echoing the 

same statement by (Sunyecz, 2008), a third cell culture buffer solution was 

assessed: HBSS buffer with 25 mM HEPES solution without calcium and 



 135 

magnesium. As can be seen in Table 5.1, the chromatograms showed 

quantifiable value of ALD concentration from 0.5 mg/mL to  0.03125 mg/mL. This 

indicated HBSS buffer with 25 mM HEPES solution without calcium and 

magnesium showed a lowered concentration of ALD could be detected when this 

buffer was used.  
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Table 5.1 Representative chromatograms following derivatisation of ALD in cell culture media and buffer solutions. Different cell 
culture media and buffer solutions were used in the aim to find the suitable media enabled ALD able to be determined and 
quantified in lower concentration dosage. All of the experiments were conducted in triplicate. ALD was detected at ~7 minutes.   

ALD 
concentra

tion 

High glucose DMEM HBSS buffer HBSS buffer without 
magnesium and calcium 

 
2 mg/mL  

 

 

  

 
NA 
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1 mg/mL  

 
 

 

NA 

0.5 
mg/mL 

NA 
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0.25 
mg/mL 

NA 

  
0.0625 
mg/mL 
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Based on these data, HBSS buffer at pH 7.4 with 25 mM HEPES solution 

without calcium and magnesium was chosen as the cell culture buffer solution to 

be used in the permeation studies. The limit of detection (LOD) was 0.038 mg/mL, 

and the limit of quantification (LOQ) was 0.114 mg/mL and all the experiments 

were conducted independently. The lowest concentration of ALD that could be 

used was 0.114 mg/mL.  The standard curve for analysis of the experimental 

solutions is shown in Figure 5.3. log function was used on the x-axis to ensure all 

the concentrations used to determine the standard curve were justified and the 

higher concentration value did not overpower the lower concentration in the x-

axis. The concentration used in the standard curve was suitable for this 

experiment due to less than 0.5 mg/mL of ALD able to be encapsulated within 

the double emulsion.  

 

 
Figure 5.3 Standard curve for ALD detection in cell culture studies. HBSS buffer 
without magnesium and calcium was used as a solvent to dissolve the ALD. Only 
this buffer enabled detection and quantification of ALD-FMOC at lower 
concentration using both derivative and HPLC methods.  
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5.1.3 Tight junction integrity  studies before and after treated with ALD  

for 6 hours on caco-2 cells  
Before the permeation studies were conducted, the tight junction and monolayer 

confluence of the cells were assessed. TEER measurements were made on the 

caco-2 cell monolayer before and immediately after the ALD permeation studies. 

Measurements were made 6 hours from the start of the study using ALD at 0.27 

mg/mL. Individual transwells containing caco-2 cells were measured which 

represented the time point for each TEER measurement (Figure 5.4). 

 

 
Figure 5.4 The TEER measurement of caco-2 cell monolayers before (blue dots) 
and after (orange dots) incubated with ALD solution at 0.27 mg/mL for 6 hours.  
Variation of initial reading on TEER values were due to TEER reading was 
conducted on caco-2 cells in individual transwell, hence the growth of the caco-2 
cells inside the transwell were affecting the TEER reading. Only caco-2 cells with 
TEER value above 260 ± 65  Wcm2 was used for this experiment.  

 

All the caco-2 cell monolayers had TEER values of more than 200 Wcm2 

at the start of the permeation studies, indicating that all the caco-2 cells displayed 

tight junctions and were suitable for use in the permeation studies. This 

interpretation is supported by data from the experiment conducted by Hubatsch 

et al, where the acceptable TEER values were in the range of 260 ± 65 Wcm2, 

while the caco-2 cells with TEER values less than 165 Wcm2 were discarded 

(Hubatsch et al., 2007).  

The TEER values recorded after treatment showed some reduction at 

each time point, with the values dropping to below 165 Wcm2 from three hours 
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onwards (Figure 5.4). Using a log function, it could be seen that after 2 hours 

incubation, TEER values rapidly decreased. This result suggested the tight 

junctions had been compromised and that this could affect the permeation of the 

ALD through the caco-2 cells. Furthermore, this interpretation of the TEER values 

recorded was substantiated by the "before" and "after" images of the cells, as 

shown in Table 5.2. The images showed the confluency of the caco-2 cells did 

not change greatly up to the 2-hour time point. This indicated that the caco-2 cells 

could withstand the incubation with ALD for two hours. However, the confluency 

of the caco-2 cells started to change from three hours onward. 

As seen in the images in Table 5.2, after 2 hours of incubation some hollow 

areas appeared on the surface of the caco-2 cells as seen under the inverted 

microscope. The hollow areas became more prominent as the incubation period 

increased. This implies that the tight junction may be compromised due to the 

appearance of the hollow area. As a result, it could lead to a potential leakage 

area on the caco-2 cell monolayer surface. Therefore, the ALD could permeate 

to the basolateral area via the hollow area, rather than the conventional 

transcellular and paracellular absorption pathways, and may lead to false-positive 

values in the permeation study from the three-hour timepoint onwards. Therefore, 

the definitive permeation studies were conducted only up to two hours to ensure 

no false-positive results were produced. 
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Table 5.2 Inverted light microscope images of caco-2 cells before and after 
treatment with ALD at 0.27 mg/mL. 20× magnification was used to see the image. 
The treatments were conducted for 6 hours. Different colour on the images was 
due to the light intensity used to capture the images.  

Time/hr Before treatment After treatment 
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5.1.4 Permeation studies of ALD solution through caco-2 cells for 6 

hours 
This study was conducted to obtain an initial understanding of the permeation of 

ALD through the caco-2 cells monolayers in terms of time and speed and to 

define the parameters for the more in-depth study. Six hours was chosen as the 

duration of the study, as this is slightly longer than the "normal" small intestinal 

transit time of 3 to 5 hours (Chillistone & Hardman, 2017; Kimura & Higaki, 2002; 

Sakuma et al., 2007; Yu, Crison, & Amidon, 1996) hence it should represent the 

maximum time that a drug could be expected to be present in the intestine with 

potential for absorption. HBSS buffer with 25 mM HEPES solution without 

calcium and magnesium was used as a media to determine the permeation of 

ALD across the Caco2 cells. Figure 5.5 (A) shows percentage permeation of ALD 

through caco-2 cells for 6 hours, while Figure 5.5 (B) shows the calculated Papp 

is shown as data points.  
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Figure 5.5 The graphs of percentage of ALD solution at 0.27 mg/ml permeated 
and the Papp value through caco-2 cells in 6 hours. (A) Percentage of ALD 
permeated was identified by comparing the concentration of ALD detected in the 
basolateral side with the initial concentration of ALD solution used. 6 hours were 
used to mimic the condition of absorption of ALD within the intestinal area and to 
determine at which time point it will reach equilibrium. (B) Papp value indicated the 
speed of ALD being permeated through the caco-2 cells at a specific time point 
and when it reached equilibrium.  

 

As expected, the permeation of ALD was in the apical to the basolateral 

direction. The permeation process was very fast at the start of the experiment: 

after only 15 minutes incubation, 45 % of the ALD had permeated to the 

basolateral receptor side (Figure 5.44 (A)). After reached 2 hours of incubation, 

59 ±	0.25	% (mg/mg) of ALD was permeated started to be stagnant and going to 

reach equilibrium. Percentage of ALD permeated to the basolateral side was 
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increased slowly and reached equilibrium after 5 hours of incubation at 66 ±	1.1% 

(mg/mg).  

The initial Papp value was 1.11×10-4  cm/s when detected at 15 minutes, 

then it dramatically drops to 2.49×10-5 cm/s after 2 hours of incubation. This 

indicated that ALD permeation was fast during the first 15 minutes of incubation 

and slowing down when reached 2 hours incubation period (Figure 5.5 (B)) 

following a concentration gradient. The percentage of ALD permeated in Figure 

5.5 (A) was like the trend of Papp in Figure 5.5 (B) where both reached equilibrium 

at 5 hours of incubation. Furthermore, when HBSS buffer with 25 mM HEPES 

solution without calcium and magnesium was used as the media, ALD was not 

having any interaction with calcium and magnesium ions. Hence, ALD did not 

form any insoluble compound which hinders the permeation of ALD across the 

caco-2. This result may not give a real impression on how the absorption of ALD 

works in the real intestinal area. However, due to the problem of ALD not able to 

be detected in using the HPLC method, this method was used. 

As mentioned earlier in Section 5.1.3, after 2 hours incubation time with 

ALD, the TEER value was reduced sharply compared to the initial value and the 

microscope images in Table 5.2 showed that the monolayer integrity was 

affected, with patches of hollow areas on the caco-2 cells monolayer. This is 

further supported by the findings in Figure 5.5 (A&B), where at 2 hours incubation 

of ALD in caco-2 cells, both percentages of permeation and Papp were almost 

reaching equilibrium. Hence, this finding supported the initial thought that 2 hours 

of incubation of ALD being the most suitable time to be used for further transport 

studies. 

 

5.1.5 Tight junction integrity studies before and after treated with 

double emulsion on caco-2 cells 
The experimental parameters of the detailed permeation studies of ALD in caco-

2 cells were based on the above study. In these studies, a single time-point 

sampling method was used, based on the findings from section 5.1.4., where 2 

hours of incubation was identified as the best compromise between ALD 

permeation and reduction of the integrity of the caco-2 monolayers. Single time-

point sampling method was utilised to pool all of the ALD able to be permeated 

within 2 hours because the low concentration of ALD is unable to be detected 
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using HPLC method. The integrity of the tight junction was recorded through 

TEER readings before and after the treatment using ALD and double emulsion 

formulations with ALD. This experiment was performed to assess whether the 

double emulsions (containing ALD) had any effect on the integrity of the caco-2 

cells. Two sets of caco-2 cells were used here, one without the addition of oleic 

acid and taurocholic acid (OCTC) and one with the prior addition of OCTC into 

the cell culture medium. OCTC is used to promote the production of chylomicrons 

and identify if active or passive transport happened when double emulsion 

formulations with ALD used on caco-2 cells. The TEER  results are shown in 

Figure 5.6 and 5.7 for caco-2 cells without pre-treated and pre-treated with 

OCTC, respectively. 

 

 

 
Figure 5.6 The graph shows the TEER value before and after incubation of caco-
2 cells (without pre-treatment with OCTC) either with ALD or double emulsion 
formulation with ALD (B4, B13, B16 and B18) at 0.27 mg/mL for 2 hours. Blue 
colours bar represents TEER value before incubation and orange colour bars 
represent TEER value after incubation. This set of experiment was served as a 
control to determine whether ALD permeation needed chylomicron to permeate 
through the caco-2 cells. Only, caco-2 cells with TEER value with more than 260 
± 65  Wcm2 were used for the experiment.  

 

Figure 5.6 shows the TEER values for the caco-2 cells before and after 2 

hours of treatment with either ALD or the double emulsion formulations with ALD 

without pre-treated with OCTC in the cell culture. All caco-2 cells had TEER 

readings of more than 260 ± 65Wcm2 before the treatment were commenced, 

indicating sufficient confluency and tight junction formation to ensure no false 
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positive would be obtained in the experiments. The false-positive could come 

from the tight junction is not sufficient and lead to more permeation of ALD as it 

supposes to.  

The double emulsions formulations with ALD did not seem to affect the 

monolayer confluency or the tightness of the tight junctions after 2 hours of 

exposure as all the TEER values after treatment with double emulsions 

formulations with ALD were above 260 ± 65 Wcm2.  

Inverted microscopic visual images displayed in Table 5.3 show very little 

difference in the appearance of the caco-2 cells before and after 2 hours 

treatment with the double emulsions, with no hollow areas on the caco-2 cells 

monolayers being observed. These images support the findings from the TEER 

readings that showed no significant difference before and after treatment. In 

contrast, some reduction of the TEER values was noticed after treatment when 

ALD was used on caco-2 cells, although the values were still above the 165 Wcm2 

cut-off discussed above, and slight visual changes in the confluency of the 

monolayer were observed.  

These results indicate that the double emulsion components used were 

not harmful towards the caco-2 cells and may even have a protective effect 

against any harm exerted by ALD. However, ALD concentration at 0.27 mg/mL 

gave some effect toward the tight junction integrity of caco-2 cells after incubated 

for 2 hours. Overall, the 2 hours incubation period was confirmed as being 

appropriate for the permeation studies. 
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Table 5.3 Images of caco-2 cells (cultured without pre-treatment with OCTC) 
before and after the treatment using ALD and double emulsion formulation with 
ALD (B4, B13, B16 and B18) at 0.27 mg/mL for 2 hours of incubation. 20× 
magnification was used to capture the images. Different colour on the images 
was due to the light intensity used to capture the images.  

Treatment caco-2 cells without OCTC 
Before treatment After treatment 

B4 

  
B13 

  
B16 

  
B18 
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ALD only  

  
 

As the intestinal absorption of lipidic molecules may involve the action of 

chylomicrons, the permeation studies were repeated in the presence of OCTC to 

promote the production of chylomicrons in the caco-2 cells (Ghoshal et al., 2009; 

Luchoomun & Hussain, 1999; Y. Wang et al., 2009). Figure 5.7 and Table 5.4 

show the TEER results and the visual images of the cells after pre-treatment with 

OCTC and exposure to ALD or double emulsion formulations with ALD, mirroring 

Figures 5.6 and Table 5.4. The results are very similar to those obtained in 

without or with pre-treated caco-2 cells with OCTC and confirm that there is no 

obvious deleterious effect on the cells due to the presence of OCTC or the double 

emulsions formulations with ALD. 

 

 
Figure 5.7 The graph shows the TEER value of caco-2 cells (pre-treated with 
OCTC) before and after treated with either ALD solution or double emulsion 
formulation with ALD ( B4, B13, B16 and B18) at 0.27 mg/mL for 2 hours. Blue 
colours bar represents TEER value before incubation and orange colour bars 
represent TEER value after incubation. Different initial TEER value in each set of 
experiment was due to the amount of tight junction available in each transwell. 
Only, caco-2 cells with TEER value with more than 260 ± 65 Wcm2 were used for 
the experiment.  
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Table 5.4 Images of caco-2 cells (pre-treated with OCTC) before and after the 
treatment using either ALD or double emulsion formulations with ALD (B4, B13, 
B16 and B18) at 0.27 mg/mL for 2 hours of incubation. 20× magnification was 
used to capture the images. Different colour on the images was due to the light 
intensity used to capture the images.  

Treatment 
 

caco-2 cells with OCTC 
Before treatment After treatment 

B4 

  
B13 

  
B16 

  
B18 
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ALD only 

  

 

 

5.1.6 Permeation studies of double emulsion formulations with ALD 

on caco-2 cells  
After the integrity of the tight junction was determined, the ALD double emulsion 

formulations were evaluated to determine whether the double emulsion system 

was able to improve the permeation of ALD through caco-2 cells. The permeation 

studies were conducted for 2 hours using ALD alone and ALD double emulsion 

formulations and tested on two sets of caco-2 cells, either without or with pre-

treated with OCTC (Figure 5.8).  
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Figure 5.8 The graphs show the percentage of ALD permeated and calculated 
Papp value of ALD in the basolateral side after the caco-2 cells were treated with 
either ALD solution or double emulsion formulations with ALD (B4, B13, B16 and 
B18) at 0.27 mg/mL for 2 hours. Single time point was used to collect the ALD in 
the basolateral side. The bar chart representing the percentage of permeation of 
ALD and the y-axis is on the left-hand side of the graph. Papp value is represented 
by the data points and the y-axis is at the right-hand side. Orange colour and blue 
colour on the bar graph represents the caco-2 cells cultured without and pre-
treatment with OCTC. Triangle and square box for the data points represent the 
caco-2 cells treated without and with pre-treated with OCTC respectively. 

 

In these experiments, a total permeation of 59 % of the ALD only was 

observed in both caco-2 cells without and with pre-treatment with OCTC, with no 

statistical difference (P< 0.05. This indicated that no chylomicron was produced 

when ALD only was used to permeate the ALD across the caco-2 cells with pre-

treatment with OCTC. it is suggesting, only paracellular transport was involved in 

ALD permeation to the basolateral side.  

However, the extent of the permeation shown in the current experiments 

(about 59 %) is far greater than would have been expected from in humans, 

where an extremely low oral bioavailability of 0.7 % is reported (Miladi et al. 2015; 

Porras et al., 1999). ALD is extremely polar, with multiple charges and a LogP of 

-4.3 so it is unlikely to show much interaction with the lipid membrane of the cell, 

hence a low extent of transcellular diffusion in the intestine would be expected 

(Lin, 1996).  The molecular weight of ALD is 259 g/mol, which is above the usual 

cut-off value for paracellular diffusion of approximately 150 g/mol (Pazianas et 

al., 2013), so limited movement via this mechanism would be expected, even 

though the aqueous solubility of ALD is very high. Finally, in the human gut, there 
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are likely to be significant quantities of Ca2+ ions which can bind to ALD, reducing 

its absorption still further. 

In these experiments, Ca2+ and Mg2+ ions were removed from the media 

solution, due to the issues with the analytical method discussed earlier. This 

would have resulted in a higher than normal concentration of free ALD, driving 

the movement of the drug across the caco-2 cell monolayer. Similarly, the tight 

junction between the cells was reduced across the period of the experiment, as 

shown in Figure 5.7. Specifically, the TEER decreased by about a third over the 

two hours, so although it was still over the 165 Wcm2 cut-off value for using the 

cells, the structure of the tight junctions may have been disrupted sufficiently 

during the treatment period to allow extra permeation through the paracellular 

route. The microscopic images in Table 5.4 also indicate that the caco-2 cell 

integrity was slightly compromised after the treatment with ALD  only backing up 

this suggestion. This finding is supported by studies from (Bhat et al., 1993; 

Zheng & Cantley, 2007) which mentioned the cytoskeleton of the tight junction is 

affected by the amount of Ca2+ present and a lower amount of Ca2+ causes leaky 

tight junctions. This is because the tight junctions are composed of specific 

proteins and divalent cations such as Ca2+ and Mg2+ (Lin, 1996). Lin (1996) also 

stated that ALD absorption increased when EDTA was co-administered with ALD 

treatment. This was ascribed to the ability of EDTA to chelate Ca2+ and Mg2+ ions, 

removing them from their position within the tight junctions, and thus widening 

the tight junctions, allowing more ALD to penetrate.  

All four double emulsion formulations with ALD  used on caco-2 cells 

without pre-treated with OCTC showed 44 to 46 % total ALD permeation, with no 

statistically significant difference (p>0.05) between the formulations. The total 

ALD permeation from the double emulsion’s formulations with ALD is about 25 % 

lower than that from the ALD, which is a significant difference (p<0.05). The 

calculated Papp values for the double emulsion formulations were reduced 

similarly compared to that observed from the ALD, being approximately 30 % 

lower.   

The double emulsion formulations with ALD ( B4, B13, B16 and B18) 

showed an overall ALD permeation of 62 to 64 % in caco-2 cells that had been 

pre-treated with OCTC. No significant difference was observed between the four 

formulations (p>0.05), with a small but significant difference being observed 

between the ALD and the double emulsion formulations with ALD (59 % v 62 to 
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64 % total permeation, p<0.05), which translates to a proportional 5 to 8 % 

increase from the double emulsions formulations with ALD compared to the ALD. 

There was a very significant difference (p< 0.05) between the permeation of 

double emulsion formulations with ALD in  caco-2 cells (without pre-treated with 

OCTC) and the OCTC pre-treated caco-2 cells (around 45 % v around 63 % total 

permeation, p<0.05), translating to a proportional 40 % increase in the total ALD 

permeation being seen in the pre-treated caco-2 cells with OCTC compared to 

the caco-2 cells without pre-treated. A significant (p< 0.05) proportional increase 

of around 160 % is seen in the Papp values between without and with pre-treated 

with OCTC caco-2 cells. Interestingly, the receptor phase on the basolateral side 

of the caco-2 cells was cloudy at the end of the experiment, suggesting that the 

emulsion droplets had either been transported intact through the cells or had 

reformed after transportation as individual molecules. 

Increased ALD absorption was observed when ALD double emulsion 

formulations were used on caco-2 cells pre-treated with OCTC compared to the 

caco-2 cells without pre-treated with OCTC. This may suggest the possibility of 

the double emulsion with ALD was absorbed as a whole component or part of the 

double emulsion with ALD was being absorbed into the caco-2 cells and enhance 

the absorption of ALD.  Absorption through caco-2 cells could be either be using 

active transport or passive transport or both at the same time. In Chapter 3, it 

was identified double emulsion formulations ( B4, B13, B16 and B18) sizes were 

highly accumulated in the smaller range size, indicating, the high number of 

double emulsion formulations with ALD had smaller sizes. Absorption of the 

emulsion using could be absorbed via active transport via few pathways such as 

micropinocytosis, clathrin-mediated endocytosis, caveolae-mediated 

endocytosis, and clathrin- and caveolae-independent endocytosis (Conner & 

Schmid, 2003; Fan et al., 2017). Ghosal et al identified enterocytes can 

internalise dietary lipid to form lipopolysaccharide and transform to be 

chylomicron and excrete from the caco-2 cells(Ghoshal et al., 2009). Fan et al 

also demonstrated, nanoemulsion up to 556 nm able to be absorbed into the 

caco-2 cells via active transport (Fan et al., 2017).  

Increased detection of ALD in the basolateral side may suggest the 

movement of double emulsion formulations with ALD had happened from the 

apical side to the basolateral side on caco-2 cells on cells pre-treated with oleic 

acid and taurocholic acid (OCTC). This is suggesting, the double emulsion was 
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absorbed as the whole component through the caco-2 cells. This assumption is 

based on the double emulsion was already in small size and mimicking the 

formation of the micelle for lipid absorption. The only difference between lipid 

micelles with double emulsion was ALD was encapsulated within a lipid droplet. 

Addition of OCTC before the permeation studies onto caco-2 cells help for the 

formation of chylomicron. Thus, when the double emulsion was absorbed within 

the caco-2 cells, the structure of double emulsion may change to form a 

chylomicron and released from the caco-2 cells.  

In these experiments, the caco-2 cells were cultured with oleic acid and 

taurocholic acid (OCTC) before the permeation experiments were conducted to 

promote the production of chylomicrons (Reed et al., 2013). The OCTC help to 

change the structure of the lipid absorbed within the caco-2 cells to form into a 

chylomicron. However, not all of the free lipid will be changed to chylomicron, the 

only lipid with free fatty acid with carbon chains >14 will be transformed and 

excreted from the caco-2 cells. Chylomicrons were needed in this experiment to 

investigate the validity of the original hypothesis, i.e., if double emulsion can be 

absorbed as a whole component into the caco-2 cells and improve the 

bioavailability of the ALD.  

Production of chylomicrons in caco-2 cells is possible due to the presence 

of apoB100 and apoB48 genes in the caco-2 cells (Luchoomun & Hussain, 1999). 

In enterocytes, apoB48 expression is required to synthesise chylomicrons, so a 

similar effect would be expected with the caco-2 cells. If caco-2 cells are cultured 

solely with oleic acid, they will only secrete more very low density lipoproteins 

(VLDL) sized particles and fewer low density lipoprotein (LDL) sized particles, but 

there will be no production of chylomicrons (Mahmood Hussain, 2000). A high 

concentration of OC supplemented with TC is crucial for the secretion of 

chylomicrons, as the caco-2 cells absorb OC better in the presence of TC 

(Mahmood Hussain, 2000).  

The concentrations of OCTC used here, i.e. 1.6 mM of Oleic acid and 1.0 

mM of Taurocholic acid, have been reported to promote high production of small 

and large chylomicrons at caco-2 cells (Luchoomun & Hussain, 1999). Ghosal et 

al demonstrated experimentally that caco-2 cells incubated with OCTC improved 

the secretion of lipoprotein in the basolateral side by increasing the production of 

more chylomicrons (Ghoshal et al., 2009). Greater production of chylomicrons 



 158 

should enable more ALD to permeate into the basolateral side of the cell 

monolayer. 

Another pathway for the double emulsion formulations with ALD could be 

absorbed into the caco-2 cells could be using the paracellular transport system. 

Disruption of the tight junction of the caco-2 cells allowing the double emulsion 

formulations with ALD able to penetrate and cross the caco-2 cells. Figure 5.6 

and 5.7; and table  5.3 and 5.4, showed the TEER reading and images of the 

caco-2 cells before and after incubated with double emulsion formulations with 

ALD. Reduction of the TEER value in Figure  5.6 and 5.7, after treated with double 

emulsion formulations with ALD  and some hollow images on the images of after 

the caco-2 cells when treated with double emulsion formulations with ALD in 

Table 5.3 and 5.4. This finding suggested, the integrity of the tight junctions at 

caco-2 cells were affected by the double emulsion formulations. It is possible the 

double emulsion formulations derived from Span 80 and Tween 80 influenced 

tight junction permeability.  

Surfactants used in the formulation of the double emulsion could help to 

enhance the absorption of double emulsion with ALD into caco-2 cells. Tween 80 

is responsible to inhibit P-gp by increasing membrane fluidity to permeabilise tight 

junctions(Hugger et al., 2002; Liang Zhong et al., 2012). A study using a  double 

emulsion (SDEDDS) loaded with HYSA showed an enhancement of  HYSA  

permeation through the caco-2 cells (Liang Zhong et al., 2012). Hence, the 

possible similar mechanism (paracellular transport) could happen toward double 

emulsion formulations loaded with ALD to enter or absorbed into the caco- 2 cells 

and excrete the ALD into the basolateral side.  

Free fatty acids have been reported to reduce the integrity of tight junctions 

between intestinal cells (Aspenström-Fagerlund et al., 2007), hence enhanced 

absorption of double emulsion formulations with ALD via paracellular transport 

are possible. Aspenström-Fagerlund et al demonstrated that the TEER value of 

caco-2 cells is reduced when tested with mannitol encapsulated with 30 mM Oleic 

acid emulsion (Aspenström-Fagerlund et al., 2007). However, Ghosal et al found 

in their studies that exposure to 1.6 mM oleic acid did not affect the integrity of 

the tight junctions (Ghoshal et al., 2009). In this case, the concentration was 10 

fold lower than that reported to disrupt the tight junctions by (Aspenström-

Fagerlund et al., 2007).  



 159 

The soybean oil used in the double emulsion formulations contains 

approximately 25 % oleic acid giving an experimental concentration of 530 mM 

which is 17 fold more than studied by (Aspenström-Fagerlund et al., 2007). There 

is a theoretical risk that the oleic acid would also disrupt to some extent the tight 

junctions of the caco-2 cells and produce a false-positive result in the permeation 

studies. However, this appears not to be the case in the current studies, as no 

significant reduction of TEER values was observed across the course of the 

double emulsion permeation experiments for either the without or with pre-treated 

caco-2 cells with OCTC (Figures 5.6 and 5.7). Furthermore, images from Table 

5.3 and Table 5.4 show limited difference in the appearance of the caco-2 cells 

monolayers, either in the without or with pre-treated with OCTC, before and after 

the double emulsion permeation experiments. The lower total permeation of ALD 

from the double emulsion formulations than from the aqueous solution in the 

standard, without pre-treated cells with OCTC supports this view; if the integrity 

of the caco-2 cells monolayer was compromised, high ALD permeation would be 

expected. Hence, overall, the integrity of the tight junctions was not considered 

to be an issue for the double emulsion permeability studies.  

Disruption of tight junctions allowed the double emulsion to be absorbed 

into the caco-2 cells and increase the permeation of ALD via paracellular 

transport. However, the absorbed double emulsion with ALD via the paracellular 

pathway will not change the structure of double emulsion due to its only crossing 

in between the caco-2 cells. Hence, it will be interesting to know how the 

lymphatic cells will be affected when the whole double emulsion being tested on 

the cells. The amount of absorption will be limited due to the number of tight 

junctions on the caco-2 cells due to only 0.1% of tight junction available on the 

intestinal area (Barthe et al., 1999). Thus, both absorption pathways either active 

or passive transport are needed to enhance the absorption of double emulsion 

with ALD and increase permeation of ALD crossing the caco-2 cells.  

This part of the study suggests there is a small advantage of using double 

emulsion to increase the permeation of ALD targeted to the intestinal area (caco-

2 cells). The huge percentage of the long carbon chain (>14) in the soybean make 

up, causing high production of chylomicron while not allowing the ALD to be 

absorbed directly into the blood system, hence ALD would be diverted into the 

lymphatic system before it could be absorbed to the blood system. The 

substantial increase of ALD permeation in the double emulsions in the presence 
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of the extra chylomicrons suggests that the lymphatic route of transport might be 

utilised by the double emulsion droplets, in the same manner as dietary lipids. 

Hence, the next part of studies, examined the independent effect lymphatic cells’ 

behaviour when exposed with ALD and double emulsion formulations with ALD. 

 

5.1.7 Permeation studies of double emulsion formulations with ALD 

on the lymphatic side  
In the previous sections, incubation of double emulsion with ALD able to show 

the movement of ALD from the apical to the basolateral side, especially when 

pre-treated with OCTC used on caco-2 cells. Furthermore, disruption of the tight 

junction on the caco-2 cells allowing the double emulsion to cross the caco-2 cells 

as a whole component via paracellular transport. However, transport ALD at the 

basolateral side could not be absorbed directly into the blood system due to, the 

ALD is still attached with lipid ( double emulsion), thus, double emulsion needs to 

go the lymphatic side for ALD able to be absorbed and transferred to the blood 

system.   

In this section, the potential of the lymphatic route of absorption for ALD 

formulated in double emulsions was explored using HDLEC as the model for the 

lymphatic system. The lymphatic system is known as the site of absorption of 

lipids (Dixon, 2010). Double emulsion formulations with ALD were tested on 

model lymphatic cells model i.e., Human dermal lymphatic endothelial cell 

(HDLEC) to identify if they could improve the overall permeation of ALD.  HDLEC 

was chosen due to it has the endothelial structure which similar to lacteal at the 

end part of the lymphatic system.  

The permeation studies were conducted similarly to the studies with the 

caco-2 cells discussed above. This aim is to see how to double emulsions 

formulations with ALD and ALD only may be able to permeate through HDLEC. 

Furthermore, this study was designed to determine which double emulsion 

formulations with ALD had the potential to be absorbed in the lymphatic area. 

The study duration was 2 hours with a single sampling point at the end of the 

study, and TEER values and images of the monolayers were acquired both 

before and after exposure to the ALD-containing systems. The TEER data are 

shown in Figure 5.9.  
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Figure 5.9 Graph of TEER value of HDLEC before and after treated with ALD or 
double emulsion formulations with ALD (B4, B13, B16 and B18) at 0.27mg/mL 
for 2 hours. The blue bar colour showed the TEER value measured before being 
treated, while the orange colour bar depicted the TEER value after being treated 
with ALD Solution or double emulsion formulations with ALD.  

 

Figure 5.9 shows the TEER values measured for the HDLEC monolayers 

before and after treatment. All initial values were around 250 Wcm2 and this value 

was used as the standard in this experiment for the permeation studies (as there 

is lack of information regarding the optimum TEER value of HDLEC cells in the 

literature) and the value is close to the value used for the caco-2 cells (260 ± 65 

Wcm2). Hence, this enables to compare the effect between the caco-2 and 

HDLEC cells towards the permeation of ALD and double emulsion formulations 

with ALD.  

No significant change in the TEER response (p<0.05) was observed after 

treatment of the HDLEC with double emulsion formulations with ALD, indicating 

that the integrity of HDLEC monolayers and tight junctions was not affected. In 

their response to treatment with the emulsion systems, HDLEC behaved the 

same as caco-2 cells. Interestingly, HDLEC and caco-2 cells showed a difference 

in their response to exposure to ALD only. HDLEC showed no significant change 

(p<0.05) in the TEER value before and after the treatment, whereas the caco-2 

cells showed a roughly 30 % drop. This could be due to the intact of the tight 

junction on caco- 2 and HDLEC cells and discussed more below. Table 5.5 shows 

the light microscopic images of the HDLEC monolayers before and after 
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treatment, with no obvious damage being caused by exposure to any of double 

emulsion formulations with ALD.  

 

 

Table 5.5 Images of HDLEC before and after treatment with ALD solution and 

double emulsion formulations with ALD (B4, B13, B16 and B18) at 0.27 mg/mL 

for 2 hours. Inverted microscope at 20x magnification was used to capture the 

see and capture the images. Different colour on the images was due to the 

different light intensity used to capture the images.  *FN: formulation  

FN Before treatment After treatment 
B4 

  
B13 

  
B16 
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B18 

  
ALD 
only 

  
 

The ALD permeation data are shown in Figure 5.10 below. Figure 5.10 

shows the percentage of ALD detected in the receptor phase compared to the 

total applied initially, displayed as bars, and referring to the left-hand y-axis.  The 

calculated Papp is shown as data points and referring to the right-hand y-axis. 
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Figure 5.10 The graph shows the percentage of ALD permeated and calculated 
Papp value of ALD in the basolateral side after HDLEC treated with either ALD 
solution or double emulsion formulations with ALD (Formulation B4, B13, B16 
and B18) at 0.27 mg/mL for 2 hours. Single time point was used to collect the 
amount of ALD on the basolateral side. The bar chart represents the percentage 
of ALD permeated in the basolateral side and the y-axis is on the left-hand side 
of the graph. The data point represents the calculated Papp value of ALD and the 
y-axis at the right-hand side.  

 

ALD solution showed around 34 % permeation through the HLDEC cells. 

ALD incorporated in the double emulsion formulations showed approximately 

double the permeation compared to ALD solution, this difference is significantly 

different (p<0.05). Furthermore, each double emulsion formulation is significantly 

different (p<0.05) to each other in terms of the total ALD permeation. It could be 

seen Formulation B18 shown the highest percentage of ALD permeated across 

the HDLEC cells. 

The calculated Papp values reflected those of the total ALD permeation, 

with formulation 18 showing the highest Papp at 4.47 × 10-5 cm/s. The Papp values 

decreased in the order of Formulation F4 (3.85 × 10-5), F13 (3.42 × 10-5) and F16 

(3.17× 10-5) cm/s. This showed that the different double emulsion formulations 

had a (slightly) variable effect on the permeation of ALD through HDLEC cells. 

The Papp value of ALD solution was the lowest at 8.44 × 10!" cm/s, which agrees 

with the lower percentage of ALD permeated through HDLEC cells when 

incubated with ALD solution and is significantly different to the Papp values of the 
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double emulsion systems (p<0.05). The Papp value of ALD solution also is around 

80% lower than the value from all double emulsion formulation used.  

The low permeation of ALD solution is most likely a reflection of the intact 

tight junctions in the HDLEC monolayers, evidenced by the TEER values (Figure 

5.9) and the microscopic images (Table 5.5). These results suggested that only 

limited absorption of ALD would be expected across the lymphatic cells. This 

could be due to the HDLEC cells having different tight junction properties (see 

Figure 5.11) compared to caco-2 cells (tight junction in between the cells), thus, 

not allowing the ALD solution to be absorbed. As discussed for the caco-2 

system, the values of total permeation calculated here may be an over-estimate 

of the clinical situation, due to the lack of Ca2+ and other ions in the cell culture 

buffer solution, compared to the expected clinical environment.  

The lymphatic pathway is normally the site of absorption, and subsequent 

distribution to the systemic circulation, of medium and long-chain fatty acids. 

(Trevaskis, Charman, & Porter, 2007) stated that around 40 to 60 % of free fatty 

acids with carbon chain lengths of 14 and above is likely to be lymphatically 

transported, and long-chain free fatty acids are more likely to be absorbed by the 

lymphatic route than medium chain length fatty acids. The lymphatic transport is 

affected by the degree of unsaturation of the free fatty acid, i.e., mono, and 

polyunsaturated free fatty acids are absorbed more readily and produce larger 

size lipoproteins than saturated free fatty acids. In this experiment, the soybean 

oil used in the formulation of double emulsions may be one of the reasons why 

the permeation of ALD is increased from the double emulsion formulation 

compared to ALD only. Approximately 60% of the total weight of the double 

emulsion was soybean oil. Soybean oil is composed of medium and long-chain 

free fatty acids, with 77 % being oleic acid and linolenic acid, which are both long 

chain and unsaturated free fatty acids. Therefore, there is a high chance that 

these two components from soybean oil influence the enhancement of ALD 

transport through HDLEC cells when the double emulsion is used. 

The droplet size of the double emulsion used could also potentially lead to 

an increase of ALD permeation through the HDLEC cells. Based on results 

described Chapter 3, the mean size of the double emulsion droplets of 

Formulations B4, B13, B16 and B18 were 1.094±0.94, 1.278±0.995, 

1.532±1.139 and 1.304±0.998 )M respectively. Among the four double emulsion 

formulations with ALD studied here, Formulation B4 has the smallest size and 
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the second highest ALD permeation at 69 %. B18 has the highest ALD 

permeation at 72 % but the size is in the middle of the range of the four 

formulations. This suggested that the size of the double emulsion droplets does 

not directly affect the permeation of ALD through HDLEC monolayers. 

The four double emulsion formulations all showed a different level of ALD 

permeation through the HDLEC monolayers, suggesting that the individual 

constituents of the double emulsion formulations with ALD may have affected in 

determining the extent of ALD permeation. As the variable component within the 

double emulsion systems, the surfactant cocktail used to prepare the emulsion is 

likely responsible for the variation in permeation of ALD through the HDLEC cells. 

The surfactants were used in the formulation at an overall level of 10 %w/w. Span 

80 and Tween 80 were the individual surfactants used, with the  percentage ratios 

being described in Table 5.6 below along with the calculated HLB value and the 

total ALD permeation measured 

 

 

Table 5.6 The ratio and percentage of surfactant used to produce double 
emulsion formulations with ALD used on HDLEC permeation studies. The table 
listed the ratio of surfactant, % surfactant used, HLB value of total surfactant, and 
% permeation.  

Formulation Span 80 :  
Tween 80 

%  
Span 

80 

%  
Tween 80 

HLB % permeation 

B4 4: 1 8.0 2.0 6.4 69.2 
B13 1: 4 2.0 8.0 12.7 66.6 
B16 1: 5 1.7 8.3 13.2 64.9 
B18 3: 5 3.8 6.2 11.0 72.3 

 

 

The double emulsion formulations with ALD used in the cell culture studies 

were the optimised formulations which showed the highest encapsulation 

efficiency. Formulation B18 had an intermediate HLB of 11, indicating a 

reasonably even balance between the lipophilic and hydrophilic surfactant 

behaviours (the normally accepted range being 0 for the most lipophilic to 20 for 

the most hydrophilic). The fact that a surfactant effect was seen in the HDLEC 

cells but not the caco-2 cells may be due to the difference in cellular architecture 

between the two cell systems. Fluid entry into the lymphatic system starts at the 

initial lymphatic, which consists of thin-walled vessels made from endothelial cells 
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with incomplete basement membranes (Breslin, 2014). These endothelial cells 

have an ‘oak leaf shape’ and specialised intercellular junctions called ‘buttons’ 

(Breslin, 2014), as shown in Figure 5.11. The oak leaf shape of endothelial cells 

also serves as a flap (a junction free region) controlling the unidirectional flow of 

fluid entry through the lymphatic cells, while the button serves as an anchor at 

the side of the flaps (Baluk et al., 2007). Fluid entry happens when the tip of the 

flap is opened and creates a valve for unidirectional flow, while the button controls 

the size of the opening (Baluk et al., 2007).  

 

 
Figure 5.11 A schematic diagram of ‘oak leaf shape’ of endothelial cells showing 
the intercellular junction ‘button’ at the initial lymphatic. (A) Schematic diagram 
showing distinctive, discontinuous buttons in the endothelium of initial lymphatic 
and continuous zipper in collecting lymphatic. Both types of junctions consist of 
proteins of adherens junctions and tight junctions. (B) More detailed view showing 
the oak leaf shape of endothelial cells (dashed line) of initial lymphatics. Button 
(red) appear to be oriented perpendicular to the cell's border but are parallel to 
the side of the flaps. In contrast, most PECAM-1 expression is at the tips of flaps. 
(C and D) Enlarged views of buttons show the flap of adjacent oak-lead shaped 
endothelial cells have a complementary shape with overlapping edges. Adherens 
and tight junctions at the side of the flaps direct fluid entry arrows) to the junction- 
free region at the tip without repetitive disruption and reformations of junctions. 
Adapted from (Baluk et al., 2007)   
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It was previously thought that the lymphatic endothelium is a loose, poorly 

developed structure with no intercellular junctions to control the entry of fluid. 

However, the study by Baluk et al determined that the button of the intercellular 

junctions in lymphatic cells has similar junctional proteins to other cells, such as 

occludin, claudin, and ZO-1, but organised differently and which serve as a 

junctional anchor which allow fluid passage and maintenance of the shape of the 

junctions (Baluk et al., 2007). Fluid entry is possible as the adhesion proteins VE-

cadherin and PECAM-1 are arranged in an alternating fashion at the button 

junction, hence forming overlapping endothelial cells and creating a junction-free 

region (Baluk et al., 2007; Breslin, 2014).  

The current results suggest that different surfactants may cause slightly 

different effects on the HDLEC cells. However, further work is needed to fully 

understand this effect and how the surfactant influences the absorption of lipids 

and lipid-like materials into the lymphatic cells. 

The independent studies toward HDLEC had shown, double emulsion with 

ALD could be absorbed when tested on HDLEC cells alone. This, finding 

suggested, if double emulsion with ALD is being absorbed via paracellular from 

the caco-2 cells, it will further be absorbed into the lymphatic cells and being 

distributed into the blood system. Hence, more absorption of ALD could happen 

at both intestinal and lymphatic side. 

   

5.2 Conclusions  
The results from this study indicate that ALD permeates through Caco- 2 cells 

either with or without pre-treated with OCTC using the paracellular pathway. 

However, the amount of ALD permeation was higher than expected, with 

potential explanations being the lack of Ca2+ and Mg2+ in the cell culture buffer 

solution used, [HBSS buffer pH 7.4 (with 25mM HEPES solution and no Ca2+ and 

Mg2+)] weakening the tight junction structure of the caco-2 cells, allowing more 

ALD penetration. Paracellular movement of ALD solution through HDLEC was 

restricted, possibly due to the different architecture of the tight junctions in 

HDLEC compared to the caco-2 cells. Therefore, the paracellular movement of 

ALD through HDLEC cells is not likely to happen.   

The active and passive transport was believed to be the route of 

permeation through caco-2 cells for double emulsion formulations with ALD. The 
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TEER measurements and visual images confirmed that the double emulsion 

formulations had a limited effect on the integrity of the caco-2 cells monolayer, 

either without or with pre-treated with OCTC, giving confidence in the permeation 

results. The double emulsion formulations showed increased ALD permeation 

through the caco-2 cells which had been pre-treated with OCTC. This was 

ascribed to the production of chylomicrons after the OCTC treatment, enabling 

the permeation of the lipid-based formulation with the ALD entrapped within.  

Using HDLEC, which is an in vitro cellular model for potential lymphatic 

uptake, showed there was higher ALD permeation when the double emulsion 

formulations were used, suggesting that the lymphatic pathway could be targeted 

for the delivery of such lipid-based formulations. 

No difference was observed between the overall ALD permeation from the 

four double emulsions in the caco-2 cell studies, but a statistically significant 

(albeit mathematically small) difference was observed in the HDLEC results.  The 

specific surfactant cocktail used may have a variable effect on the two cell types, 

possibly with Span 80 and Tween 80 affecting the adherents and tight junction of 

the flap in the HDLEC slightly differently.  

Overall, the double emulsion formulation with ALD was able to improve 

the permeation of ALD in both sets of cells (caco-2 and HDLEC cells). 

Formulation B18 was identified as providing the greatest permeation of ALD.  It 

must be noted that the values of ALD permeation through the caco-2 cells are 

likely to be an over-estimate of the true situation due to the experimental 

conditions affecting the integrity of the tight junctions. The overall differences 

between the permeation from ALD solution and double emulsion formulations 

with LAD are therefore likely to be greater than quoted above. In conclusion, 

these results suggest that incorporating ALD into the inner aqueous core of the 

double emulsion droplet may improve the permeation of ALD in the intestinal 

system.  
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Chapter 6 

Conclusions  
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6.1 Summary of the project  
This PhD project aimed to attempt to improve the absorption and oral 

bioavailability of a BCS class III drug using a double emulsion formulation 

approach. Alendronic acid, usually used in the form of alendronate monosodium 

trihydrate (ALD) was chosen for this study as it has an extremely low oral 

bioavailability (0.7 %) due to its low cellular permeability. ALD is highly soluble, 

but also a charged molecule that can chelate with cations to minimise its 

permeability  ALD has been on the market since 1995 (Watts & Diab, 2010) and 

is proven to be an effective treatment for osteoporosis (Merck, 2015). Despite 

showing therapeutic benefits for patients with osteoporosis, there are several 

problems with ALD in addition to its low bioavailability, mostly related to 

administration issues and the dual needs of avoiding oesophageal irritation and 

avoiding chelation with dietary calcium and magnesium (Watts & Diab, 2010).  

There is a need, therefore, for a different formulation approach which can improve 

the oral bioavailability and reduce the administration issues of ALD compared to 

the conventional method of tablets.  

As ALD belongs to BCS class III its permeability needs to be improved.  A 

conventional lipid-based system would not be suitable because it can only poorly 

encapsulate water drug or lipophilic type of drug. However,  a double emulsion 

system may be effective due to adding another layer of encapsulation within the 

emulsion. Here, the inner aqueous core of the double emulsion would contain 

ALD in aqueous solution. This would be surrounded by an oily droplet, which in 

turn would be surrounded by an external aqueous phase. Overall, the double 

emulsion that was examined for ALD is described as water-in-oil-in-water (w/o/w). 

The intention is to trick the body into absorbing the oily droplet as a dietary lipid, 

thus carrying the entrapped ALD into the systemic circulation and to improve oral 

bioavailability. This thesis describes the formulation and analysis of ALD-

containing double emulsions and evaluates their behaviour in a series of cellular 

uptake models. 

In these studies, soybean oil and the surfactants Span 80, and Tween 80 

were used as the excipients in the double emulsion formulation. All three 

excipients are well-known, widely available and are used in pharmaceutical 

formulations and belong to the "Generally Regarded As Safe" (GRAS) category 

of materials. Span 80 is a lipophilic surfactant and Tween 80 is a hydrophilic 

surfactant with hydrophile-lipophile balance (HLB) values of 4.3 and 15, 
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respectively. Generally, these two opposite types of surfactants give rise to two 

different types of emulsions, i.e., water in oil (w/o) and oil in water (o/w), for Span 

80 and Tween 80 respectively. Both surfactants are required because there are 

two interfaces in w/o/w double emulsions. 

Initial studies were crucial to determining the right percentages of soybean 

oil, surfactants and ALD solution to be used in preparing the double emulsions. 

After numerous formulations were tested, a formulation set called B with 60 %w/w 

soybean oil, 30 %w/w of ALD solution (1 mg/mL) and 10 %w/w surfactant mix 

(Span 80: Tween 80) was identified as being a good set of formulations for further 

investigation. An ALD concentration of 1 mg/mL was identified as being suitable 

because the double emulsions formed displayed good structure on microscopy. 

With higher concentrations of ALD, a persistent, stable double emulsion could 

not be formed. The stability of the double emulsion formulations is likely to be 

affected by the size of the double emulsion droplets and a smaller droplet size 

could potentially improve the permeation. Therefore, homogenisation at a 

medium speed (10,000 rpm) was used to prepare the double emulsions, rather 

than the manual shaking method used initially. Double emulsion size was 

determined using a light microscope and Image J software.  The exterior of the 

double emulsion was measured, and the mean value was determined. 

A reliable analytical method was required to determine the encapsulation 

of ALD within the double emulsion and to quantify the permeation through the 

model cell culture systems. Unfortunately, analysis of ALD is not straight forward 

as ALD lacks a chromophore, which means it does not absorb UV light and 

standard UV-based analytical methods cannot be used. Therefore, a 

derivatisation method was employed, where ALD could react with the 

chromophore-containing FMOC to produce an ALD-FMOC conjugate which does 

absorb UV light. ALD-FMOC was purified by HPLC. Initial studies were 

conducted following the method of De Marco et al. (1989) and optimised. 

A single step method was employed to produce the double emulsions, 

however, not all the ALD solution was encapsulated within the double emulsion 

droplet and some remained in the continuous phase of the double emulsion. 

Therefore, the separation of ALD entrapped within the oil globules and free in the 

continuous phase was required. It was necessary to calculate the amount of ALD 

encapsulated within the double emulsions and to ensure that the cell culture 
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studies were not compromised by the presence of free ALD in the continuous 

phase. A dialysis method was employed to separate the emulsion droplets from 

the ALD in the continuous phase. The double emulsion was placed in a dialysis 

tube, which acted as a semipermeable membrane, and the tube placed in a large 

volume of water, which served as a receiving area. Following the concentration 

gradient, ALD moved from the continuous phase inside the dialysis tube to the 

dialysate area. ALD in the dialysate area was derivatised and quantified by the 

methods discussed above. The encapsulation of ALD was calculated by 

subtracting the amount of ALD recovered from the dialysate area from the initial 

amount used in the formulation. The different double emulsion formulations 

showed varying levels of ALD entrapment, with several showing > 90 % ALD 

incorporation into the double emulsion droplet.  Biphasic responses in the dialysis 

studies were identified suggesting the first phase was the removal of unentrapped 

drug and the second phase representing the breakdown of the emulsion droplet 

releasing the inner aqueous core and associated ALD. Four double emulsion 

formulations with encapsulation of ALD > 90 % were selected for the cell culture 

studies:  formulations B4, B13, B16 and B18.  

In vitro cell, culture studies were used in this study to understand and 

identify how ALD absorption in the intestinal area could be improved using the 

double emulsion formulation. Two types of cells were used in this study: Caco-2 

cells and HDLEC cells. Caco-2 cells were chosen as this type of cell represent 

intestinal enterocytes (Artursson & Karlsson, 1991), while HDLEC cells were 

chosen to represent the lymphatic cells (Dixon et al., 2009). Both normal intestinal 

and lymphatic absorption was examined in this study to assess whether the lipid-

based double emulsion formulation promoted the absorption of ALD.   

Before the permeation studies could be conducted, an analytical method 

needed to be updated to reflect the fact that the drug would be administered 

(apically) and collected (basolaterally) in a cell culture buffer. However, as 

mentioned in (Sunyecz, 2008), ALD will bind to divalent ions such as Ca2+ and 

Mg2+, commonly used in cell culture buffers, which will affect the derivatisation 

and detection processes.  Hence, HBSS buffer without Ca2+ and Mg2+ (pH 7.4 

with 25mM HEPES) was used for the permeation studies and a separate 

standard curve for the detection of ALD from these studies was generated.  Up 
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to the point of starting the permeation study, the cells were grown in the 

appropriate full cell culture buffer.  

Early studies were conducted to identify the rate and extent of permeation 

of ALD in aqueous solution through Caco-2 cells to determine the experimental 

parameters for the main permeation studies on the double emulsion systems. 

The early studies showed that a 2 hour incubation time was optimum to conduct 

the ALD permeation studies. Furthermore, after 2 hours of incubation, the 

structural integrity of the Caco-2 cells monolayer was affected by the ALD and 

the TEER value showed the leakiness of the Caco-2 cells. As a result, a 2 hour 

incubation period was used, and a single sampling time point was employed for 

the permeation studies. The amount of ALD in both the basolateral and apical 

sides was collected to identify the movement of ALD into the basolateral side.  

Oleic acid and taurocholic acid (OCTC) were added to the Caco-2 cell 

culture for 16 hours before the permeation studies to promote chylomicron 

production. Using a single point of incubation for 2 hours, ALD in solution showed 

59 % permeation with or without OCTC pre-treatment. ALD in the double 

emulsion formulations incubated on Caco-2 cells without OCTC pre-treatment 

showed only circa 45 % permeation. However, when ALD in the double emulsion 

formulation was incubated with Caco-2 cells pre-treated with OCTC, a higher 

permeation of approximately 63 % was observed. This showed that ALD solution 

is probably using the paracellular pathway to permeate through the cells, while 

the double emulsion formulations with ALD is using the active or transcellular 

transport. Paracellular transport is believed to be used by ALD solution because 

it is affecting the integrity of the tight junction, as shown in the reduction of the 

TEER value from 260 to 170 Ωcm2 throughout the experiment. 

The high permeation seen with ALD solution is likely to be an over-

estimate of the true situation for several reasons. In a normally functioning 

intestine, ALD solution will not remain static in contact with a cell but will be 

moving along the intestine, so will have less effect on the tight junctions. 

Additionally, the tight junctions cover only 0.1% in total of intestinal area (Barthe 

et al., 1999). Finally, Ca2+ and Mg2+ ions were removed from the experimental 

cell culture buffer for the duration of the permeation study as they interfered with 

the assay process, but they are known to be partly responsible for the tightness 
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of the tight junctions, so this may also have contributed to the change in the TEER 

values and high ALD permeation. 

Caco-2 cells without pre-treatment with OCTC show less ALD permeation 

across the cells when the double emulsion treatment used. However, there was 

more ALD permeation across the Caco-2 cells when double emulsion formulation 

was used on cells pre-treated with OCTC. This indicated, double emulsion 

formulation with ALD was absorbed into the Caco-2 cell (without or with pre-

treated with OCTC) but with OCTC some portion of the absorbed double 

emulsion could not be excreted from the OCTC. OCTC promotes the production 

of chylomicron, where free fatty acid with >14 carbon chain will be transformed 

into lipoprotein (chylomicron) and excreted from the Caco-2 cells (Ghoshal et al., 

2009; Luchoomun & Hussain, 1999; Mahmood Hussain, 2000; Nauli et al., 2014). 

Soybean oil used in the formulation of double emulsion formulation has more than 

80% of free fatty acid with more than 14 carbon chain. Hence, a huge portion of 

the double emulsion formulation will be transformed into chylomicron and carry 

the ALD across the Caco-2 cells. This also explained why an only small portion 

of ALD found in the basolateral of Caco-2 cells not pre-treated with OCTC. Due 

to, less than 20% of soybean oil has free fatty acid with carbon chain less than 

14, allowing direct excretion of lipid with ALD across the cells. This showed the 

formulation works in vitro in terms of improved ALD permeation, and that the lipid 

content of the formulation was important but raised the issue of whether the 

lymphatic pathway of absorption would show even better permeation. 

Studies by Dixon et al demonstrated that the lymphatic system could be 

used to improve drug absorption in certain cases, as the lymphatic area can 

absorb and return fluid to the systemic area, carrying any suitable drug with it 

(Dixon et al., 2009). As the lymphatic pathway is used biologically to absorb 

dietary lipids, it may absorb lipid-based formulations, hopefully with the drug still 

intact. HDLEC was used to potentially represent the site for absorption of fluid in 

the lymphatic system. Comparative absorption studies between Caco-2 and 

HDLEC were conducted using the ALD solution and double emulsion 

formulations with ALD were conducted.  

The original hypothesis of this study was that a water-in-oil-in-water 

(w/o/w) double emulsion could be used to formulate ALD and improve its oral 

bioavailability. The highly water-soluble and poorly permeable ALD would be in 
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the inner aqueous phase, essentially hidden within the oily droplet. The body 

would be deceived into absorbing the ALD alongside the external oily droplet as 

if it was dietary lipid.  The results presented here confirm that this approach may 

be valid and worthy of further study.  

6.2 Future work   
The work in this thesis shows that improvement of ALD absorption using a double 

emulsion method is possible. However, the studies are still in their infancy and 

more investigation is required to understand the mechanism and extent of 

permeation. 

Different approaches could be conducted to produce the double emulsion 

formulation with ALD to be more uniform in term of size. A single step method 

would be more suitable, however, the used of homogeniser (shearing method) to 

produce double emulsion formulations with ALD a wide range of sizes may 

facilitate further optimisation studies. A microfluidic method as described by 

(Adams et al., 2012; Clegg, Tavacoli, & Wilde, 2016; J. Yan et al., 2013) could 

be an alternative to produce the double emulsion formulation with ALD using a 

single step method. A microfluidic method has the advantage to encapsulate 

more ALD within the double emulsion structure, producing more uniform size due 

to no shear stress used, and eliminating the ALD solution at the disperse phase 

of the double emulsion. Hence, this method will be an exciting method to be 

explored, although there may be scaling challenges to consider.   

Chapter 3 and 4 had conducted a characterisation of the double emulsion, 

i.e., different components were used to produce double emulsions, and size 

determination, identification, and quantification of ALD within double emulsion 

were conducted. For the future work, postproduction of double emulsion with ALD 

produced and after double emulsion formulation with ALD separated from ALD in 

disperse area could be conducted. This experiment would look at the changes of 

size, sedimentation, coalescent and the structural stability of the double 

emulsion. The experiment will be conducted in several stages of observations 

i.e., in rapid (hours after produced), medium (days after produced and long 

(months after produced) stages and in 4 types of storage conditions. The 

conditions will be in 37°C room, zero and -20°C temperature. The aim is to 

determine how long the double emulsion formulation able to retain its structure 

and size in different conditions.  
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In Chapter 5, active and passive transport were postulated to be 

responsible for the absorption of double emulsion with ALD into the Caco-2 cells. 

It is believed the endocytosis mechanism was used by the Caco-2 cells to absorb 

the double emulsion formulation with ALD. Furthermore, transcellular absorption 

of double emulsion could resemble the lipid micelles formation allowing the 

double emulsion to be absorbed and carry the ALD across the intestinal cells. For 

the future, works, it will be an ideal situation to use the active transport inhibitor, 

to inhibit the active transport mechanism on the Caco-2 cells. A study by (Liang 

Zhong et al., 2012) demonstrated active transport mechanism in Caco-2 cells 

could be inhibited by using Sodium nitrate (inhibit mitochondrion), chlorpromazine 

(inhibit clathrin vesicles), methyl-,-CD (inhibit caveolae) and amiloride (inhibit 

pinocytosis). Furthermore, rhodamine- 123 ( R-123) as used by (Liang Zhong et 

al., 2012) could be used to study inhibition of P-gp on Caco-2 cells towards 

enhancement of absorption of ALD using double emulsion formulations. Both 

methods could determine whether active transport was used by double emulsions 

to enhance the absorption of ALD.   

Double emulsion formulations with ALD are believed to be absorbed as a 

whole component into the Caco-2 cells to enhance the absorption of ALD. From 

chapter 5, it was identified a high percentage of ALD was quantified when double 

emulsion formulations with ALD incubated on pre-treated Caco-2 cells with 

OCTC. It is believed, absorbed double emulsion formulations with ALD was 

transformed into chylomicron due to soybean oil has circa 80% of free fatty acid 

with more than 14 carbon chain. To test the hypothesis on the production of 

chylomicron, western blot method described by (Nauli et al., 2014) could be used. 

Hence, using this method it will determine if chylomicron was produced in the 

basolateral side and understand more how to the absorption of double emulsion 

formulations with ALD work. 

Chylomicron with ALD was thought to be excreted from the Caco-2 cells 

pre-treated with OCTC and collected in the basolateral side. However, excreted 

chylomicron with ALD in basolateral is not able to be absorbed in the systemic 

area and need to be absorbed in a different pathway. The lymphatic pathway is 

the site for absorption of lipid and returns the fluid to the systemic area. Hence, 

chylomicron with ALD from the basolateral side of Caco-2 cells pre-treated with 

OCTC could be used to determine the permeation of ALD across the HDLEC 
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cells. The experiment could be run by culturing the Caco-2 and HDLEC cells 

independently and incubate the double emulsion formulations with ALD on Caco-

2 cells pre-treated with OCTC first and right after a period finished, the basolateral 

solution will be used to incubate on HDLEC.  

To further understand how to double emulsion able to improve the 

absorption of ALD using the lymphatic system, co-culture of cells between Caco-

2 and HDLEC cells could be performed. Using this method, both cells will be 

cultured independently in T-flask and later on, both cells will be cultured on the 

same transwell to produce co-culture cells as demonstrated by (Dixon et al., 

2009). The Caco-2 cells will be on the apical side, while HDLEC will at the 

basolateral side which mimicking the condition of the intestinal lymphatic system. 

Before the experiment begins, Caco-2 cells will be pre-treated with OCTC to 

ensure chylomicron production is stimulated. Then, double emulsion formulations 

with ALD will be incubated on the caco-2 cells (apical side) and crossing the 

HDLEC at the basolateral side. All the solution collected in the basolateral side 

will be analysed and determine if the double emulsion formulations with ALD can 

improve ALD permeation. Comparative studies of ALD permeated between the 

independent cell culture method as above and co-culture method could be made. 

These studies would help to understand more how ALD permeation could be 

improved using a double emulsion formulation approach.  

To proof that double emulsion could improve the absorption in the 

intestinal lymphatic system, in vivo studies could be conducted. Further, this 

study helps to understand whether the absorbed ALD in the intestinal lymphatic 

system being delivered to the targeted area and reduce the osteoporosis. Using 

ovariectomised rat which corresponds to becoming an osteoporotic rat, double 

emulsion with ALD could be given orally. Then, the level of ALD absorption could 

be evaluated within the intestinal lymphatic system. Further, the level of 

osteocalcin and calcium could be determined to check on the bone density of the 

rat (Özşahin et al., 2017). The in vivo method will help to link all the individual 

parameters listed as above. It also provides more information on how the double 

emulsion being processed via oral route delivery within an animal model.  

  



 179 

List of references  
Adams, L. L. a., Kodger, T. E., Kim, S.-H., Shum, H. C., Franke, T., & Weitz, D. 

a. (2012). Single step emulsification for the generation of multi-component 

double emulsions. Soft Matter, 8(41), 10719. h 

Aditya, N. P., Aditya, S., Yang, H., Kim, H. W., Park, S. O., & Ko, S. (2015). Co-

delivery of hydrophobic curcumin and hydrophilic catechin by a water-in-oil-

in-water double emulsion. Food Chemistry, 173, 7–13.  

Arnott, J, A., Kumar, R., & Planey,S, L. (2013). Lipophilicity Indices for Drug 

Development. Journal of Applied Biopharmaceutics and Pharmacokinetics, 

1, 31–36.  

Artursson, P., & Karlsson, J. (1991). Correlation between oral drug absorption in 

humans and apparent drug permeability coefficients in human intestinal 

epithelial (Caco-2) cells. Biochemical and Biophysical Research 

Communications, 175(3), 880–885.  

Aspenström-Fagerlund, B., Ring, L., Aspenström, P., Tallkvist, J., Ilbäck, N.-G., 

& Glynn, A. W. (2007). Oleic acid and docosahexaenoic acid cause an 

increase in the paracellular absorption of hydrophilic compounds in an 

experimental model of human absorptive enterocytes. Toxicology, 237(1–3), 

12–23.  

Aulton, M. E., & Taylor, K. (2018). Aulton’s pharmaceutics : the design and 

manufacture of medicines / edited by Michael E. Aulton, Kevin M.G. Taylor. 

(M. E. Aulton & K. Taylor, Eds.) (5th editio). book. 

B. Shekhawat, P., & B. Pokharkar, V. (2017). Understanding peroral absorption: 

regulatory aspects and contemporary approaches to tackling solubility and 

permeability hurdles. Acta Pharmaceutica Sinica B, 7(3), 260–280.  

Baek, J.-S., Kwon, H.-H., Hwang, J.-S., Sung, H.-C., Lee, J.-M., Shin, S.-C., … 

Cho, C.-W. (2011). Alendronate-loaded microparticles for improvement of 

intestinal cellular absorption. Journal of Drug Targeting, 19(1), 37–48.  

Baluk, P., Fuxe, J., Hashizume, H., Romano, T., Lashnits, E., Butz, S., … 

McDonald, D. M. (2007). Functionally specialized junctions between 

endothelial cells of lymphatic vessels. The Journal of Experimental Medicine, 

204(10), 2349–2362.  

Barthe, L., Woodley, J., & Houin, G. (1999). Gastrointestinal absorption of drugs: 

Methods and studies. Fundamental and Clinical Pharmacology.  

Bhat, M., Toledo-Velasquez, D., Wang, L. Y., Malanga, C. J., Ma, J. K. H., & 



 180 

Rojanasakul, Y. (1993). Regulation of Tight Junction Permeability by 

Calcium Mediators and Cell Cytoskeleton in Rabbit Tracheal Epithelium. 

Pharmaceutical Research: An Official Journal of the American Association 

of Pharmaceutical Scientists.  

Brandi, M. L., & Black, D. (2013). A drinkable formulation of alendronate: Potential 

to increase compliance and decrease upper gi irritation. Clinical Cases in 

Mineral and Bone Metabolism, 10(3), 187–190. 

Breemen, R. B. van, & Li, Y. (2005). Caco-2 cell permeability assays to measure 

drug absorption. Expert Opinion on Drug Metabolism & Toxicology, 1(2), 

175–185.  

Breslin, J. W. (2014). Mechanical forces and lymphatic transport. Microvascular 

Research, 96(813), 46–54.  

Brocks, D. R., & Davies, N. M. (2018). Lymphatic drug absorption via the 

enterocytes: Pharmacokinetic simulation, modeling, and considerations for 

optimal drug development. Journal of Pharmacy and Pharmaceutical 

Sciences, 21(1S), 254s-270s. 

Buyukozturk, F., Benneyan, J. C., & Carrier, R. L. (2010). Impact of emulsion-

based drug delivery systems on intestinal permeability and drug release 

kinetics. Journal of Controlled Release, 142(1), 22–30.  

Carpino, L. A., & Han, Y. (1972). The 9- Fluorenylmethoxycarbonyl Amino-

Protecting Group. J. Org. Chem., 37(22), 3404–3409.  

Charman, W. N. a., & Stella, V. J. (1986). Estimating the maximal potential for 

intestinal lymphatic transport of lipophilic drug molecules. International 

Journal of Pharmaceutics, 34(1–2), 175–178.  

Chillistone, S., & Hardman, J. G. (2017). Factors affecting drug absorption and 

distribution. Anaesthesia and Intensive Care Medicine, 18(7), 335–339.  

Cifarelli, V., & Eichmann, A. (2018). The Intestinal Lymphatic System: Functions 

and Metabolic Implications. Cellular and Molecular Gastroenterology and 

Hepatology, (December), 1–11. 

Clegg, P. S., Tavacoli, J. W., & Wilde, P. J. (2016). One-step production of 

multiple emulsions: microfluidic, polymer-stabilized and particle-stabilized 

approaches. Soft Matter, 12(4), 998–1008.  

Conner, S. D., & Schmid, S. L. (2003). Regulated portals of entry into the cell. 

Nature, 422(6927), 37–44. https://doi.org/10.1038/nature01451 

Cornaire, G., Woodley, J., Hermann, P., Cloarec, A., Arellano, C., & Houin, G. 



 181 

(2004). Impact of excipients on the absorption of P-glycoprotein substrates 

in vitro and in vivo. International Journal of Pharmaceutics, 278(1), 119–131.  

Cornelio, R. B., Pavei, C., Verza, S. G., Silva, A. P. C., Ortega, G. G., Luzia, A. 

B., … Mayorga, P. (2009). Quantification of sodium alendronate by LC anion 

exchange using in line complexation. Journal of Liquid Chromatography and 

Related Technologies, 32(19), 2857–2865.  

Cremers, S., & Papapoulos, S. (2011). Pharmacology of bisphosphonates. Bone, 

49(1), 42–49.  

De Marco, J. D., Biffar, S. E., Reed, D. G., & Brooks, M. a. (1989). The 

determination of 4-amino-1-hydroxybutane-1,1-diphosphonic acid 

monosodium salt trihydrate in pharmaceutical dosage forms by high-

performance liquid chromatography. Journal of Pharmaceutical and 

Biomedical Analysis, 7(12), 1719–1727.  

Desai, M. P., Labhasetwar, V., Walter, E., Levy, R. J., & Amidon, G. L. (1997). 

The mechanism of uptake of biodegradable microparticles in Caco-2 cells is 

size dependent. Pharmaceutical Research, 14(11), 1568–1573.  

Dixon, J. B. (2010, August). Lymphatic lipid transport: Sewer or subway? Trends 

in Endocrinology and Metabolism.  

Dixon, J. B., Raghunathan, S., & Swartz, M. A. (2009). A tissue-engineered model 

of the intestinal lacteal for evaluating lipid transport by lymphatics. 

Biotechnology and Bioengineering, 103(6), 1224–1235.  

Fan, Y., Zhang, Y., Yokoyama, W., & Yi, J. (2017). Endocytosis of Corn Oil-

Caseinate Emulsions In Vitro: Impacts of Droplet Sizes. Nanomaterials, 

7(11), 349. 

Feeney, O. M., Crum, M. F., McEvoy, C. L., Trevaskis, N. L., Williams, H. D., 

Pouton, C. W., … Porter, C. J. H. (2016). 50 years of oral lipid-based 

formulations: Provenance, progress and future perspectives. Advanced 

Drug Delivery Reviews, 101, 167–194.  

Frank, J., Schiborr, C., Kocher, A., Meins, J., Behnam, D., Schubert-Zsilavecz, 

M., & Abdel-Tawab, M. (2017). Transepithelial Transport of Curcumin in 

Caco-2 Cells Is significantly Enhanced by Micellar Solubilisation. Plant 

Foods for Human Nutrition, 72(1), 48–53. 

Frank, K., Walz, E., Gräf, V., Greiner, R., Köhler, K., & Schuchmann, H. P. (2012). 

Stability of Anthocyanin-Rich W/O/W-Emulsions Designed for Intestinal 

Release in Gastrointestinal Environment. Journal of Food Science, 77(12), 



 182 

50–57.  

Ghoshal, S., Witta, J., Zhong, J., de Villiers, W., & Eckhardt, E. (2009). 

Chylomicrons promote intestinal absorption of lipopolysaccharides. Journal 

of Lipid Research, 50(1), 90–97.  

Goddard, E. D. (1989). Surfactants and interfacial phenomena. Colloids and 

Surfaces (third edit, Vol. 40). Hoboken, N.J. : Wiley-Interscience.  

Griffin, W. C. (1946). Classification of surface-active agents by" HLB". J Soc 

Cosmetic Chemists, 311–326.  

Hayashi, M., Nakashima, T., Yoshimura, N., Okamoto, K., Tanaka, S., & 

Takayanagi, H. (2019). Autoregulation of Osteocyte Sema3A Orchestrates 

Estrogen Action and Counteracts Bone Aging. Cell Metabolism, 29(3), 627-

637.e5. 

He, B., Lin, P., Jia, Z., Du, W., Qu, W., Yuan, L., … Zhang, Q. (2013). The 

transport mechanisms of polymer nanoparticles in Caco-2 epithelial cells. 

Biomaterials, 34(25), 6082–6098.  

Ho, P. C. (2005). HPLC of Amines as 9-FluorenyImethyl Chloroformate 

Derivatives. In Journal of Chromatography Library (1st ed., Vol. 70, pp. 471–

501) 

Homayun, B., Lin, X., & Choi, H. J. (2019). Challenges and recent progress in 

oral drug delivery systems for biopharmaceuticals. Pharmaceutics, 11(3).  

Hubatsch, I., Ragnarsson, E. G. E., & Artursson, P. (2007). Determination of drug 

permeability and prediction of drug absorption in Caco-2 monolayers. Nature 

Protocols, 2(9), 2111–2119.  

Hugger, E. D., Novak, B. L., Burton, P. S., Audus, K. L., & Borchardt, R. T. (2002). 

A comparison of commonly used polyethoxylated pharmaceutical excipients 

on their ability to inhibit P-glycoprotein activity in vitro. Journal of 

Pharmaceutical Sciences, 91(9), 1991–2002.  

Inderjeeth, C. A., Inderjeeth, A. J., & Raymond, W. D. (2016). Medication 

selection and patient compliance in the clinical management of osteoporosis. 

Australian Family Physician, 45(11), 814–817. 

Jiao, J., & Burgess, D. J. (2007). Multiple Emulsion Stability: Pressure Balance 

and Interfacial Film Strength. In Multiple Emulsions: Technology and 

Applications (pp. 1–27) 

Jiao, J., Rhodes, D. G., & Burgess, D. J. (2008). Multiple emulsion stability: 

Pressure balance and interfacial film strength. In Multiple Emulsion: 



 183 

Technology and Applications (Vol. 250, pp. 1–27).  

Kajita, M., Morishita, M., Takayama, K., Chiba, Y., Tokiwa, S., & Nagai, T. (2000). 

Enhanced Enteral Bioavailability of Vancomycin Using Water-in-Oil-in-Water 

Multiple Emulsion Incorporating Highly Purified Unsaturated Fatty Acid. 

Journal of Pharmaceutical Sciences, 89(10), 1243–1252.  

Kakei, Y., Akashi, M., Shigeta, T., Hasegawa, T., & Komori, T. (2014). Alteration 

of Cell–Cell Junctions in Cultured Human Lymphatic Endothelial Cells with 

Inflammatory Cytokine Stimulation. Lymphatic Research and Biology, 12(3), 

136–143 

Karalis, V., Magklara, E., Shah, V. P., & MacHeras, P. (2010). From drug delivery 

systems to drug release, dissolution, IVIVC, BCS, BDDCS, bioequivalence 

and biowaivers. Pharmaceutical Research, 27(9), 2018–2029.  

Khopade, A. J., & Jain, N. K. (1999). Long-circulating multiple-emulsion system 

for improved delivery of an anticancer agent. Drug Delivery: Journal of 

Delivery and Targeting of Therapeutic Agents, 6(2), 107–110.  

Khopade, A. J., & Jain, N. K. (2000). Concanavalin-A conjugated fine-multiple 

emulsion loaded with 6-mercaptopurine. Drug Deliv, 7(2), 105–112.  

Kimura, T., & Higaki, K. (2002). Gastrointestinal Transit and Drug Absorption. 

Biological and Pharmcaeutical Bulletin, 25(2), 149–164. 

Koga, K., Takarada, N., & Takada, K. (2010). Nano-sized water-in-oil-in-water 

emulsion enhances intestinal absorption of calcein, a high solubility and low 

permeability compound. European Journal of Pharmaceutics and 

Biopharmaceutics, 74(2), 223–232.  

Lee, B., Moon, K. M., & Kim, C. Y. (2018). Tight Junction in the Intestinal 

Epithelium : Its Association with Diseases and Regulation by 

Phytochemicals. Journal of Immunolgy Researh.  

Liang Zhong, L., Chen Qi, T., Qing, L., Xin Jiang, T., Li Ming, L., Qing Xia, F., … 

Jian Qing, G. (2012). Enhanced absorption of hydroxysafflor yellow A using 

a self-double-emulsifying drug delivery system: In vitro and in vivo studies. 

International Journal of Nanomedicine, 7, 4099–4107.  

Lin, J. H. (1996). Bisphosphonates: A review of their pharmacokinetic properties. 

Bone, 18(2), 75–85.  

Lindmark, T., Schipper, N., Lazorová, L., De Boer, A. G., & Artursson, P. (1998). 

Absorption Enhancement in Intestinal Epithelial Caco-2 Monolayers by 

Sodium Caprate: Assessment of Molecular Weight Dependence and 



 184 

Demonstration of Transport Routes. Journal of Drug Targeting, 5(3), 215–

223. 

Lipinski, C., Lombardo, F., Dominy, B., & Feeney, P. (2001). Experimental and 

computational approaches to estimate solubility and permeability in drug 

discovery and development settings. Advance Drug Delivery Reviews, 46, 

3–26. 

Luchoomun, J., & Hussain, M. M. (1999). Assembly and Secretion of 

Chylomicrons by Differentiated Caco-2 cells. Journal of Biological Chemistry, 

274(28), 19565–19572. 

Lv, G., Wang, F., Cai, W., & Zhang, X. (2014). Characterization of the addition of 

lipophilic Span 80 to the hydrophilic Tween 80-stabilized emulsions. Colloids 

and Surfaces A: Physicochemical and Engineering Aspects, 447, 8–13.  

Ma, T. Y., & Anderson, J. M. (2006). Tight Junctions and the Intestinal Barrier. 

Physiology of the Gastrointestinal Tract (Fourth Edi, Vol. 2). Elsevier Inc.  

Mahmood Hussain, M. (2000). A proposed model for the assembly of 

chylomicrons. Atherosclerosis, 148(1), 1–15.  

Matsuzawa, A., Morishita, M., Takayama, K., & Nagai, T. (1995). Absorption of 

insulin using water-in-oil-in-water emulsion from an enteral loop in rats. 

Biology Pharmaceutical Bulletin, 18(12), 1718–1723. 

McCombs, J. S., Thiebaud, P., McLaughlin-Miley, C., & Shi, J. (2004). 

Compliance with drug therapies for the treatment and prevention of 

osteoporosis. Maturitas, 48(3), 271–287.  

Meng, J., & Hu, L. (2011). Positively-charged microemulsion for improving the 

oral bioavailability of alendronate: In-vitro and in-vivo assessment. Journal 

of Pharmacy and Pharmacology, 63(3), 400–408.  

Merck. (2015). Product monograph, Fosamax. Bone metabolism regulator. 

Miladi, K., Sfar, S., Fessi, H., & Elaissari, A. (2015). Encapsulation of alendronate 

sodium by nanoprecipitation and double emulsion: From preparation to in 

vitro studies. Industrial Crops and Products, 72, 24–33.  

Nauli, A. M., Sun, Y., Whittimore, J. D., Atyia, S., Krishnaswamy, G., & Nauli, S. 

M. (2014). Chylomicrons produced by Caco-2 cells contained ApoB-48 with 

diameter of 80-200 nm. Physiological Reports, 2(6), 1–12.  

O’Driscoll, C. M. (2002). Lipid-based formulations for intestinal lymphatic delivery. 

European Journal of Pharmaceutical Sciences, 15(5), 405–415.  

Ochiuz, L., Grigoras, C., Popa, M., Stoleriu, I., Munteanu, C., Timofte, D., … 



 185 

Grigoras, A. G. (2016). Alendronate-Loaded modified drug delivery lipid 

particles intended for improved oral and topical administration. Molecules, 

21(7).  

Omotosho, J. a., Florence,  a. T., & Whateley, T. L. (1990). Absorption and 

lymphatic uptake of 5-fluorouracil in the rat following oral administration of 

w/o/w multiple emulsions. International Journal of Pharmaceutics, 61(1–2), 

51–56.  

Onuki, Y., Morishita, M., & Takayama, K. (2004). Formulation optimization of 

water-in-oil-water multiple emulsion for intestinal insulin delivery. Journal of 

Controlled Release, 97(1), 91–99.  

Özşahin, E. T., Çam, B., Dere, F., Kürkçü, M., Evrüke, C., Soames, R., & Oğuz, 

Ö. (2017). The effect of alendronate sodium on trabecular bone structure in 

an osteoporotic rat model. Turkiye Fiziksel Tip ve Rehabilitasyon Dergisi, 

63(2), 165–173. 

Paul, S., Kumar, A., Yedurkar, P., & Sawant, K. (2013). Design and development 

of multiple emulsion for enhancement of oral bioavailability of acyclovir. Drug 

Development and Industrial Pharmacy, 39(11), 1809–1817.  

Pazianas, M., Abrahamsen, B., Ferrari, S., & Russell, R. G. G. (2013). Eliminating 

the need for fasting with oral administration of bisphosphonates. 

Therapeutics and Clinical Risk Management, 9(1), 395–402. article.  

Porras, A. G., Holland, S. D., & Gertz, B. J. (1999). Pharmacokinetics of 

alendronate. Clin Pharmacokinet, 36(5), 315–328.  

Porter, C. J. H., Pouton, C. W., Cuine, J. F., & Charman, W. N. (2008). Enhancing 

intestinal drug solubilisation using lipid-based delivery systems. Advanced 

Drug Delivery Reviews, 60(6), 673–691.  

Porter, C. J. H., Trevaskis, N. L., & Charman, W. N. (2007). Lipids and lipid-based 

formulations: optimizing the oral delivery of lipophilic drugs. Nature Reviews. 

Drug Discovery, 6(3), 231–248. 

Pouton, C. W. (2000). Lipid formulations for oral administration of drugs: non-

emulsifying, self-emulsifying,self-emulsifying and ‘self-microemulsifying’ 

drug delivery systems. European Journal of Pharmaceutical Sciences, 11, 

93–98.  

Pouton, C. W. (2006). Formulation of poorly water-soluble drugs for oral 

administration: Physicochemical and physiological issues and the lipid 

formulation classification system. European Journal of Pharmaceutical 



 186 

Sciences, 29(June 2005), 278–287.  

Qi, X., Wang, L., & Zhu, J. (2011). Water-in-oil-in-water double emulsions: An 

excellent delivery system for improving the oral bioavailability of pidotimod 

in rats. Journal of Pharmaceutical Sciences, 100(6), 2203–2211.  

Qi, X., Wang, L., Zhu, J., Hu, Z., & Zhang, J. (2011). Self-double-emulsifying drug 

delivery system (SDEDDS): A new way for oral delivery of drugs with high 

solubility and low permeability. International Journal of Pharmaceutics, 

409(1–2), 245–251.  

Raillard, S. P., Mann, A. D., & Baer, T. A. (1998). An efficient procedure for the 

preparation of fmoc-amino acids. Organic Preparations and Procedures 

International, 30(2), 183–186. 

Reed, A. L., Rowson, S. A., & Dixon, J. B. (2013). Demonstration of ATP-

Dependent, Transcellular Transport of Lipid Across the Lymphatic 

Endothelium Using an In Vitro Model of the Lacteal. Pharmaceutical 

Research, 30(12), 3271–3280.  

Rogers, M. J., Crockett, J. C., Coxon, F. P., & Mönkkönen, J. (2011). Biochemical 

and molecular mechanisms of action of bisphosphonates. Bone, 49(1), 34–

41. article. 

Sakuma, S., Matsumoto, T., Yamashita, S., Wang, Y., & Lu, Z. R. (2007). 

Conjugation of poorly absorptive drugs with mucoadhesive polymers for the 

improvement of oral absorption of drugs. Journal of Controlled Release, 

123(3), 195–202. 

Salvia-Trujillo, L., Artiga-Artigas, M., Molet-Rodríguez, A., Turmo-Ibarz, A., & 

Martín-Belloso, O. (2018). Emulsion-Based Nanostructures for the Delivery 

of Active Ingredients in Foods. Frontiers in Sustainable Food Systems, 

2(November), 1–7. 

Samdancioglu, S., Calis, S., Kir, S., & Sumnu, M. (2003). The Determination of 

Alendroante Sodium in Microparticular Systems by High Performance Liquid 

Chromatography. FABAD Journal of Pharmaceutical Sciences, 28, 183–

192. 

Sawant, K., Mundada, V., & Patel, V. (2017). Development and Optimization of 

w/o/w Multiple Emulsion of Lisinopril Dihydrate Using Plackett Burman and 

Box-Behnken Designs. Journal of Nanomedicine & Nanotechnology, 08(01), 

1–11.  

Shichiri, M., Shimizu, Y., Yoshida, Y., Kawamori, R., Fukuchi, M., Shigeta, Y., & 



 187 

Abe, H. (1974). Enteral absorption of water-in-oil-in-water insulin emulsions 

in rabbits. Diabetologia, 10(4), 317–321.  

Shichiri, Motoaki, Kawamori, R., Goriya, Y., Kikuchi, M., Yamasaki, Y., Shigeta, 

Y., & Abe, H. (1978). Increased intestinal absorption of insulin in a micellar 

solution: Water-in-oil-in-water insulin micelles. Acta Diabetologica Latina, 

15(3–4), 175–183.  

Shima, M., Tanaka, M., Fujii, T., Egawa, K., Kimura, Y., Adachi, S., & Matsuno, 

R. (2006). Oral administration of insulin included in fine W/O/W emulsions to 

rats. Food Hydrocolloids, 20(4), 523–531.  

Shima, M., Tanaka, M., Kimura, Y., Adachi, S., & Matsuno, R. (2005). 

Enhancement in transport of a hydrophilic marker through intestinal epithelial 

cell (Caco-2) monolayer by W/O/W multiple emulsion containing C8TG. 

Food Hydrocolloids, 19(2), 321–328.  

Silva-Cunha, A., Cheron, M., Grossiord, J. L., Puisieux, F., & Seiller, M. (1998). 

W/O/W multiple emulsions of insulin containing a protease inhibitor and an 

absorption enhancer: biological activity after oral administration to normal 

and diabetic rats. International Journal of Pharmaceutics, 169(1), 33–44.  

Srinivasan, B., Kolli, A. R., Esch, M. B., Abaci, H. E., Shuler, M. L., & Hickman, 

J. J. (2015). TEER Measurement Techniques for In Vitro Barrier Model 

Systems. Journal of Laboratory Automation, 20(2), 107–126.  

Strickley, R. G. (2004). Solubilizing excipients used in commercially available oral 

and injectable formulations, 21(2). 

Sunyecz, J. A. (2008). The use of calcium and vitamin D in the management of 

osteoporosis. Therapeutics and Clinical Risk Management, 4(4), 827–836.  

Suzuki, A., Morishita, M., Kajita, M., Takayama, K., Isowa, K., Chiba, Y., … Nagai, 

T. (1998). Enhanced colonic and rectal absorption of insulin using a multiple 

emulsion containing eicosapentaenoic acid and docosahexaenoic acid. 

Journal of Pharmaceutical Sciences, 87(10), 1196–1202.  

Tang, T. T., Hu, X. Bin, Liao, D. H., Liu, X. Y., & Xiang, D. X. (2013). Mechanisms 

of microemulsion enhancing the oral bioavailability of puerarin: Comparison 

between oil-in-water and water-in-oil microemulsions using the single-pass 

intestinal perfusion method and a chylomicron flow blocking approach. 

International Journal of Nanomedicine, 8, 4415–4426.  

Thomas, N., Holm, R., Rades, T., & Müllertz, A. (2012). Characterising Lipid 

Lipolysis and Its Implication in Lipid-Based Formulation Development. The 



 188 

AAPS Journal, 4(4), 860–871. 

Trevaskis, N. L., Charman, W. N., & Porter, C. J. H. (2007). Lipid-based delivery 

systems and intestinal lymphatic drug transport: A mechanistic update. 

Advanced Drug Delivery Reviews.  

Trevaskis, N. L., Kaminskas, L. M., & Porter, C. J. H. (2015). From sewer to 

saviour — targeting the lymphatic system to promote drug exposure and 

activity. Nature Reviews Drug Discovery, 14(11), 781–803.  

Viswanathan, P., Muralidaran, Y., & Ragavan, G. (2017). Challenges in oral drug 

delivery: A nano-based strategy to overcome. Nanostructures for Oral 

Medicine.  

Walash, M. I., Metwally, M. E. S., Eid, M., & El-Shaheny, R. N. (2012). Validated 

spectrophotometric methods for determination of Alendronate sodium in 

tablets through nucleophilic aromatic substitution reactions. Chemistry 

Central Journal, 6(1), 25. 

Wang, T. (2011). Soybean Oil. In F. D. Gunstone (Ed.), Vegetable oil in Food 

Technology: Composition, Properties and Uses (Second edi, pp. 59–105). 

Blackwell Publishing Ltd. 

Wang, Y., Ghoshal, S., Ward, M., de Villiers, W., Woodward, J., & Eckhardt, E. 

(2009). Chylomicrons promote intestinal absorption and systemic 

dissemination of dietary antigen (Ovalbumin) in mice. PLoS ONE, 4(12), 1– 

Ward, P. D., Tippin, T. K., & Thakker, D. R. (2000). Enhancing paracellular 

permeability by modulating epithelial tight junctions. Pharmaceutical Science 

and Technology Today, 3(10).  

Warriner, A. H., & Curtis, J. R. (2009). Adherence to osteoporosis treatments: 

Room for improvement. Current Opinion in Rheumatology, 21(4), 356–362.  

Watts, N. B., & Diab, D. L. (2010). Long-Term use of bisphosphonates in 

osteoporosis. Journal Clinical Endrocrinology Metabolism, 95(4), 1555–

1565. 

Wils, P., Warnery, A., Phung-Ba, V., Legrain, S., & Scherman, D. (1994). High 

lipophilicity decreases drug transport across intestinal epithelial cells. … of 

Pharmacology and …, 269(2), 654–658.  

Wooster, T. J., Moore, S. C., Chen, W., Andrews, H., Addepalli, R., Seymour, R. 

B., & Osborne, S. A. (2017). Biological fate of food nanoemulsions and the 

nutrients they carry-internalisation, transport and cytotoxicity of edible 

nanoemulsions in Caco-2 intestinal cells. RSC Advances, 7(64), 40053–



 189 

40066. 

Xu, W., Yang, Y., Xue, S. J., Shi, J., Lim, L. T., Forney, C., … Bamba, B. S. B. 

(2018). Effect of in vitro digestion on water-in-oil-in-water emulsions 

containing anthocyanins from grape skin powder. Molecules, 23(11).  

Xu, X., Khan, M. A., & Burgess, D. J. (2012). A two-stage reverse dialysis in vitro 

dissolution testing method for passive targeted liposomes. International 

Journal of Pharmaceutics, 426(1–2), 211–218. 

https://doi.org/10.1016/j.ijpharm.2012.01.030 

Yamashita, S., Furubayashi, T., Kataoka, M., Sakane, T., Sezaki, H., & Tokuda, 

H. (2000). Optimized conditions for prediction of intestinal drug permeability 

using Caco-2 cells. European Journal of Pharmaceutical Sciences, 10(3), 

195–204.  

Yan, J., Bauer, W. A. C., Fischlechner, M., Hollfelder, F., Kaminski, C. F., & Huck, 

W. T. S. (2013). Monodisperse water-in-oil-in-water (W/O/W) Double 

emulsion droplets as uniform compartments for high-throughput analysis via 

flow cytometry. Micromachines, 4(4), 402–413.  

Yan, J. K., Zhu, J., Gu, B. L., Yan, W. H., Xiao, Y. T., Zhou, K. J., … Cai, W. 

(2016). Soybean Oil-Based Lipid Emulsion Increases Intestinal Permeability 

of Lipopolysaccharide in Caco-2 Cells by Downregulation of P-Glycoprotein 

via ERK-FOXO 3a Pathway. Cellular Physiology and Biochemistry, 39(4), 

1581–1594.  

Yáñez, J. A., Wang, S. W. J., Knemeyer, I. W., Wirth, M. A., & Alton, K. B. (2011). 

Intestinal lymphatic transport for drug delivery. Advanced Drug Delivery 

Reviews, 63(10–11), 923–942.  

Yang, Y., Xiao, H., & McClements, D. J. (2017). Impact of Lipid Phase on the 

Bioavailability of Vitamin E in Emulsion-Based Delivery Systems: Relative 

Importance of Bioaccessibility, Absorption, and Transformation. Journal of 

Agricultural and Food Chemistry, 65(19), 3946–3955.  

Yoon, B. K., Lee, D. Y., Park, M. C., Cho, S. H., Park, H. M., & Choi, Y. M. (2017). 

Effects of combination therapy of alendronate and hormonal therapy on bone 

mineral density in postmenopausal Korean women: Multicenter, randomized 

controlled clinical trial. Journal of Korean Medical Science, 32(6), 992–998.  

Yu, L. X., Crison, J. R., & Amidon, G. L. (1996). Compartmental transit and 

dispersion model analysis of small intestinal transit flow in humans. 

International Journal of Pharmaceutics, 140(1), 111–118.  



 190 

Zheng, B., & Cantley, L. C. (2007). Regulation of epithelial tight junction assembly 

and disassembly by AMP-activated protein kinase. Proceedings of the 

National Academy of Sciences, 104(3), 819–822.  

 

 

 


