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Abstract

Background: The active loading of drugs into liposomes was proven to be a very
successful technique in drug loading to enhance the percentage of drug loaded.
However, numerous knowledge gaps have been identified in active drug loading in
niosomes. The purpose of this thesis is to investigate the effect of different co-
surfactants (Solutol HS-15, Cremophor ELP, and Cremophor RH 40) on the niosomal
membrane stability and their effect on active drug loading and niosomes'
physicochemical properties. Methods: A new technique to study pH gradientin
nanovesicles was developed utilising the pH indicator bromocresol green (BCG). BCG
was used as a probe to investigate the presence and stability of the pH gradient across
the niosomal membrane, as it undergoes colour changes at different pH values. It helps
studying the effects of different parameters on active drug loading via a pH gradient,
including buffer types, surfactants, and co-surfactants. The optimised formulations
were used to actively load doxorubicin using an ammonium sulfate pH gradient.
Preliminary studies included the formulation of niosomes using the thin-film hydration
technique. However, the microfluidic technique was also used to formulate optimised
niosomes for active pH-gradient doxorubicin loading, as this has not been studied
before. Results: The results demonstrated that the compatibility between the main
surfactant and the co-surfactant is critical for maintaining pH gradient stability. For
instance, Span 65 showed greater compatibility with Cremophor RH 40, maintaining a
pH gradient for more than 1 hour, compared to Solutol HS-15, which maintained a pH
gradient for less than 15 minutes. In contrast, Span 60 exhibited the opposite behaviour,
maintaining a longer pH gradient with Solutol HS 15 than with Cremophor RH 40.
Additional factors influencing the entrapment efficiency of actively loaded drugs and
the size of niosomes included the buffer system used, the vesicle size and morphology,

the temperature during drug loading, and the cholesterol content of the formulation.

Among the formulations tested, Span 65 niosomes exhibited smaller vesicle size and
greater stability than Span 60 niosomes. Doxorubicin was successfully loaded into Span
65-Cremophor RH 40 niosomes with high entrapment efficiency using the pH gradient
method, reaching 78.79 % EE, and achieved a size of 237.8 nm after sonication when

5% of Cremophor RH 40 was included as the co-surfactant and 76.99% EE and 191.9
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nm after sonication when 10% of Cremophor RH 40 was included as the co-surfactant
with size distribution PDI for both formulations was 0.27 and 0.28 respectively. Given
the promising performance of this formulation, a microfluidic technique was employed
to prepare it, yielding niosomes with smaller sizes and a more controlled size
distribution. The microfluidic approach produced Span 65 niosomes with controlled
size and narrow size distribution when 0.3 mg/mL of doxorubicin was loaded (~ 108 nm,
PDI=0.12) and 0.5mg/mL of doxorubicin was loaded (~ 140 nm, PDI =0.11) while
maintaining high entrapment efficiency (~ 70% in both drug loading concentrations)
through active drug loading, resulting in a stable niosomal formulation (no significant

size change over 3 months period with both drug loading concentrations.

Key words: niosomes, span 60, span 65, cremophor RH40, solutol HS-15, pH gradient,
active drug loading, doxorubicin, bromocresol green, pH indicator, thin film hydration,
microfluidic, niosomes stability.
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Thesis Structure

The thesis consists of the following chapters:

Chapter 1 provides an introduction to the field of niosomes and establishes the

scientific background for the area of research covered in this thesis.

Chapter 2 explains the methods and techniques used in the laboratory to develop

the thesis.

Chapter 3 demonstrates how bromocresol green, a pH indicator, can be a useful tool
for studying pH gradients in niosomes. It also demonstrates the properties of

different niosomal formulations for establishing and maintaining a pH gradient.

Chapter 4 will rely on the data generated in Chapter 3 to make a niosomal

formulation capable of actively loading doxorubicin.

Chapter 5 focuses on using the microfluidic technique to further optimise the

formulations from Chapter 4.

Chapter 6 summarises the key findings and suggests future work to build on this

thesis.

Chapter 7 includes the references used throughout the thesis.
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Chapter One: Introduction



1.1 Background

Several drugs currently available, as well as many others under research, have
significant pharmacokinetic limitations that hinder their therapeutic use, reducing
effectiveness, safety, and patient compliance. These drugs face numerous
challenges, including poor water solubility and bioavailability, rapid degradation and
clearance, nonspecific distribution and side effects, poor patient compliance due to
frequent dosing or inconvenient delivery routes, and incompatibility with certain
routes of administration. Several solutions have been proposed to solve these

challenges including the use of nanovesicles!'1.

These challenges limit the use of many potent drugs in practice. Many drugs, such
as chemotherapy agents, are poorly water-soluble, which results in reduced
absorption when administered orally, leading to low bioavailability and inconsistent
therapeutic outcomesl®l. Certain drugs are rapidly degraded in the bloodstream or
stomach, or are quickly cleared by the kidneys or liver, which limits their therapeutic
window, such as the delivery of genetic materials like deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA)®71. Many drugs, such as chemotherapy and antibiotics,
act systemically and affect both diseased and healthy tissues, causing side effects!®l.
Some drugs require frequent dosing due to short half-lives[®l. This leads to poor

adherence and fluctuating drug levels.

Nanovesicles have been employed to deliver various drugs, addressing key
pharmaceutical challenges such as solubility, stability, targeting, and patient
adherence '], Examples of nanovesicles include niosomes, which are the focus of
this thesis, as well as liposomes, transferosomes, ethosomes, cubosomes, and
polymersomes!'?-'%l. The key feature in all these vesicles is that they contain a
bilayer membrane similar in structure to that found in cells, and an aqueous core.
What distinguishes these vesicles from one another is the structure and composition
of their bilayer membranes. A hydrophobic bilayer membrane allows vesicles to
solubilise hydrophobic molecules such as curcumin, thereby increasing their
concentration in the formulation. Having an aqueous core surrounded by a bilayer
membrane protects the entrapped drugs in the aqueous core from the surrounding
environment, thereby reducing rapid degradation and clearancel'?-"3l,



1.2 Niosomes: Definition and Background
Niosomes were first developed by researchers from L'Oréal (France), and the first
patent was released in 1975 for cosmetic use. Niosomes, also known as non-ionic
surfactant vesicles, are nanovesicles consisting of a bilayer membrane and an
aqueous core (figure 1.1). The bilayer membrane is formed from non-ionic
surfactant(s) and cholesterol lipid!'®l. Co-surfactants, such as Cremophore RH40!"7]
and Solutol HS-15!"8, are sometimes added to stabilise the niosomal formulation and
improve its properties.
surfactant/lipid bilayer
Surfactants' tails are pointing

toward each others creating a
lipophilic region

aqueous core
containing an ——— &
aqueous solvent
and buffer

Figure 1.1: Structure of niosomes (created using BioRender)

Currently, various niosomal formulations are being developed as alternatives to
liposomes. Liposomes have been proven to be highly effective drug delivery systems
that have reached the market and are used to treat various medical conditions,
including cancers and infections!'®l. However, only a few niosomal formulations have
progressed to pre-clinical and clinical trials, with a primary focus on topical delivery in
the cosmetics field!'®l, This means that niosomes require more work to reach clinical

use in drug delivery.

Niosomes offer several advantages over liposomes, including greater stability and
lower cost. In addition, lipids used in liposome production have the problem of

variable purities, which is avoided in niosomes!'el.



1.3 Classification of Niosomes Based on Size and Shape
Niosomes can be classified into different categories based on their size and shape:
small unilamellar vesicles (SUV), large unilamellar vesicles (LUV), and multilamellar
vesicles (MLV). Multilamellar vesicle niosomes are vesicles consisting of multiple
bilayer membranes. This appears to be a structure of niosomes within niosomes,
featuring multiple bilayers and multiple aqueous cores. On the other hand,
unilamellar vesicles consist of only one bilayer membrane and one aqueous core
(figure 1.2). Multilamellar niosomal vesicles typically have a diameter> 5000 nm.
Unilamellar vesicles can be divided into two categories based on size: SUV (10 —
100 nm), and LUV (100 — 3000 nm)[2%],
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Figure 1.2: Unilamellar vs multilamellar niosomal vesicles (created using BioRender)

Size and shape are crucial factors that influence the amount of drug encapsulated
within the niosomes[?'l. They are also essential factors to consider in certain dosage
forms. For example, the desirable size for intravenous injection of doxorubicin

liposomes is 80 — 150 nm to enhance the blood circulation half-lifel22l,

However, it is vital to consider the methods to be used for reducing the size of the
niosomes, as size reduction techniques can result in the leakage of the entrapped
drug?®, as will be discussed later.



1.4 Composition of Niosomes

As previously discussed, niosomes are mainly composed of non-ionic surfactants
and cholesterol. Niosomes can also contain other additives that help stabilise them.
These are known as co-surfactants, such as charge-inducing compounds,
surfactants with high hydrophilic lipophilic balance (HLB) and molecules containing

polyethylene glycol (PEG)'7:18],

1.4.1 Surfactants

A surfactant is an amphiphilic compound that has a hydrophilic head and a
hydrophobic tail. In the niosomal bilayer membrane, the hydrophilic head faces the
aqueous environment in the niosome aqueous core and the medium surrounding the
niosomes. In contrast, the hydrophobic tails face each other away from the aqueous

surroundings.

Different types of non-ionic surfactants have been used in niosomes. These
surfactants can have various characteristics depending on their properties, including
their chemical structure, HLB, critical packing parameter (CPP) and phase transition

temperature (Tm)i21.24],

1.4.1.1 Surfactant Chemical Structures
The common feature in all surfactants used in niosomal formulations is that they

contain a hydrophilic head group and a hydrophobic tail to allow the assembly of a
bilayer membrane in niosomes. However, different surfactants have distinct head
groups, tail groups, and types of linkers that connect the head group to the tail
group!'%l. These differences can impact the properties of the niosomal bilayer
membrane, including permeability, thickness, fluidity, and the loading capacity of
hydrophobic drugs, among others!'®l. Table 1.1 below shows examples of different

surfactants used in niosomes.

Surfactants are classified into families such as sorbitans, polysorbates and Brij
surfactants. The different members of these surfactant families have distinct
structures, resulting in niosome membranes with varying properties. The length of
the alkyl chain, the degree of saturation, the size of the head group, and the number



of alkyl chains in the surfactant all play crucial roles in determining the properties of

the niosomal membranel23!,

Span 60 has a longer alkyl chain than Span 40 and Span 20 (table 1.1). The length
of the alkyl chain increases membrane rigidity, entrapment efficiency, and stability,
while shorter alkyl chains can form more permeable and leaky vesicles. This can be
explained by the fact that longer chains can form thicker and denser bilayer
membranes, which create a more substantial barrier that separates the niosomal

aqueous core from the buffer surrounding the niosomes(?6l,

Moreover, the degree of saturation in the alkyl chain affects membrane fluidity and
permeability, where unsaturated surfactants (such as Span 80 which is
monounsaturated) form a more fluid and leaky membrane, while saturated
surfactants (such as Span 60) result in a rigid, less permeable membranel?®l. Span
80 is liquid at room temperature, while Span 60 is solid?’l. The interaction between
the alkyl chains is called the van der Waals force. Unsaturated alkyl chains are
known to form weaker van der Waals forces compared to saturated alkyl chains!?8l.
This can explain why unsaturated surfactants, such as Span 80, form less rigid and

leakier membranes.

The number of alkyl chains in a surfactant can also play a crucial role in membrane
stability, entrapment efficiency, and vesicle size. For example, Span 65, which has
three alkyl chains, forms smaller niosomes with higher entrapment efficiency of

curcumin than Span 60 niosomes!??.



Table 1.1: The different families of surfactants used for niosomes preparation. The
families are classified by the linker group that connects the surfactant's hydrophilic
head to its lipophilic tails.

Linker Surfactant families Examples of surfactant structures
group - examples of

members
Fatty Fatty alcohols!3¥ CHg3
alcohols - Cetyl alcohol HO n

- Stearyl alcohol

- Oleyl alcohol / l \

CH3 CH3 | CH3
HO n HO n OH
Cetyl alcohol (C16) Stearyl alcohol (C18) Oleyl alcohol (C18)

Ether Brij series!'0:31 Brij series

- Brij 30

- Brij35 LOH Brij 30

- Brij 56

- Brij58 OH e+

. B2 /\/\/\/\/\/\\o/\/,23 Brij 35

- Brij76

- Brij78 H

- Brij 721 PO Ve e e Ve e e WV o Brij 52

- Brij78 4

- Brij 700

- Brij92 g L OH Brij 92

- Brijo7 o, :

- Brij98 I

Glycosides!?®!

- Octyl glucoside

- Lauryl glucoside

- Decyl glucoside

Glycosides
HO
OH
@) .
Decyl glucoside
/\/\/\/\/\O OH
OH
HO
OH
o Lauryl glucoside
/\/\/\/\/\/\o OH
OH




Esters

Span series

(sorbitan esters)[3

Tween series

(polysorbates)3?

Span 20
Span 40
Span 60
Span 80
Span 65
Span 85

Tween 20
Tween 40
Tween 60
Tween 65
Tween 80

Span series
OH
HO
0 Span 40
/\/\/\/\/\/\/\)j\o o
OH
OH
HO
Q Span 60
/\/\/\/\/\/\/\/\)I\O o
OH
OH
HO
Q Span 80
VWVWI\O o
OH
0
OH
0 ° Span 65
/\/\/\/\/\/\/\/\)I\O o
0
0




Tween series

o Tween 20 (n=3)
\”MO{Ao ; N Teen 40 (n-5)
n O

o) Tween 60 (n = 6)

— (o) O/\4»OH Tween 80
\/\/\/\/W o1y 5 b

atb+ct+d =20

1.4.1.2 Surfactants’ Hydrophilic Lipophilic Balance
To measure the degree of hydrophilicity or lipophilicity of surfactants, an HLB

equation is used. The equation compares the molar mass of the surfactant's
hydrophobic region to that of the hydrophilic region.

HLB =20x 20 oq.1.1
Mt

Where Mh is the molar mass of the hydrophilic part of the surfactant, while Mt is the
total molar mass of the surfactant. HLB is an arbitrary scale ranging from 0 to 20.
Lower values indicate that the surfactant is more lipophilic in character, while higher

values indicate that the surfactant is more hydrophilic33l,

It can be concluded from equation 1.1 that surfactants with longer alkyl chains have
lower HLB values than those with shorter tails. For example, Span 60 has a lower
HLB compared to Span 40 (4.7 vs 6.7)1?%, Also, surfactants with multiple alkyl chains,
like Span 65, have a lower HLB than those with a mono alkyl chain, like Span 60 (2.1
vs 4.7)134,

Surfactants with high HLB values tend to form micelles rather than bilayers in

aqueous media. The right HLB must be achieved for niosomes to form. It was found
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that surfactants with high HLB could only form niosomes in the presence of
cholesterol, while niosomes were formed, without cholesterol, by surfactants with low
HLB. HLB values above 14 are not suitable for the production of niosomes.
Cholesterol must be added to surfactants with HLB > 6 to be able to form niosomes,
while cholesterol is added to surfactants with HLB < 6 to enhance vesicles’
stabilitySl,

1.4.1.3 Phase Transition Temperature
The phase transition temperature (Tm) is a key physical property of the surfactant

used to prepare niosomes, as it significantly affects their stability, permeability, and
drug retention. Tm is the temperature at which the surfactant’s hydrophobic tail
undergoes a transition from an ordered (gel) phase to a disordered (liquid-crystalline)
phase. Below Tm, tails are tightly packed in the vesicle membrane, and the vesicle
membrane is rigid. Above Tm, tails are more mobile, resulting in the membrane

becoming more fluid and flexiblel?5],

Below Tm, the vesicle membrane is more rigid and less permeable, thereby
enhancing vesicle stability and drug retention and reducing vesicle fusion and drug
leakage. Above the Tm, the membrane becomes more fluid, potentially leading to
drug leakage, vesicle fusion, or degradation. For long-term storage, the niosomes
should be stored below the main surfactant Tm to maintain stability. Choosing a
surfactant with a high Tm, such as Span 60 (Tm = 53 °C), will form rigid vesicles that

are beneficial for stability!?°l.

1.4.1.4 Critical Packing Parameter
Critical packing parameter (CPP) is a calculated value that is used to predict the

geometry of the vesicle that surfactants and amphiphilic molecules will form in
solution (e.g. micelles, inverted micelles, bilayers). It is a crucial parameter when
selecting a surfactant for designing niosomes!®¢l. Table 1.2 below describes the

structures linked to the surfactant CPP value.
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Table 1.2: The relationship between CPP value and the structure of the nanovesicles
containing the surfactants(?'l.

CPP Value Range Expected Structure

<1/3 Spherical micelles

=1/3-1/2 Cylindrical micelles

=1/2-1 Bilayers or vesicles

=1 Planar bilayers (lamellae)

>1 Inverse structures (e.g., inverted micelles)

CPP can be calculated using the following equation(3¢:

%4

Qg .lLC

CPP = eq. 1.2

Where V is the volume of the hydrophobic tail(s), a, is the optimal headgroup area,

and Ic is the length of the hydrophobic tail.

The volume of the hydrophobic tail(s), V, can be calculated using the following

formula, which is based on the number of carbon atomsl®7l:
V=274+4+269-n eq.1.3
Where n is the number of carbon atoms in the hydrophobic tail.

The optimal headgroup area, a,, represents the area occupied by the hydrophilic

headgroup at the interface between the hydrophobic and hydrophilic regions.

To measure the length of the hydrophobic tail, Ic, the Tanford equation can be

used®l:
lc=15+1265-n eq. 14

Where n is the number of carbon atoms in the alkyl chain

1.4.2 Cholesterol
Cholesterol is an amphiphilic steroid that is white, waxy and solid at room

temperaturel'®l. |t is found in animal cell membranes, which modulates the

11



permeability, fluidity, and structure of cell membranes, and organises lipid rafts for

signal transduction in cells®83°, Before niosomes, cholesterol was added to

liposomes in the 1970s as a membrane stabiliser and was found to improve

membrane stability, reduce permeability, and prevent the leakage of hydrophilic

drugs. When niosomes were developed in the 1980s as a cost-effective alternative

to liposomes, cholesterol was also incorporated into the niosomal vesicle
composition!40l,

Adding cholesterol was found to improve the rigidity and stability of niosome
membranes. In some formulations, cholesterol was found to enhance drug
entrapment efficiency in niosomes*!l. Cholesterol incorporates itself into the bilayer
membrane and aligns itself next to the lipophilic tail of the surfactants. It forms
hydrogen bonds with the surfactant, as shown in figure 1.3. By intercalating between
surfactant molecules and interacting with their hydrophilic tails, cholesterol can
modify membrane fluidity, especially at temperatures above the phase transition
temperature. Cholesterol increases membrane cohesion and limits the movement of

the surfactant alkyl chains!39l.

Span 60 and cholesterol interaction in bilaver membrane

i = hydrogen bond

OH

’l/I/

O“IIHHHI“IHHIII““

5
. ‘\\

——1°)) ",

5]

H

Figure 1.3: interaction of cholesterol with Span 60 surfactant in niosome bilayer
membrane. Note that one hydrogen atom does not form hydrogen bonds with two
oxygen atoms at the same time. However, this figure illustrates the oxygen atoms
with which the hydrogen atom can form hydrogen bonds, one at a time. All structures

were generated using ChemDraw 22.2.0".
Cholesterol is an essential component in the formation of niosomes when surfactants

with HLB > 6 are used (such as Span 20 and tweens)?l. This is because surfactants
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with an HLB value greater than 6 increase hydrophilicity, which can decrease
niosome stability and prevent their formation.

1.4.3 Co-surfactants

Co-surfactants are surfactants that are added to the niosomes, in addition to the
main non-ionic surfactant, to enhance the niosomes' membrane stability and
flexibility, improve percentage entrapment efficiency (%EE), and adjust the

niosomes' size, membrane charge and drug release profilel?3l.

There are several types of co-surfactants, which can be classified as charge-
inducing or neutral. There are two types of charge-inducing surfactants: those that
are permanently charged®? and those that are ionisable*3l. Permanently charged
surfactants are those that will always be ionised regardless of the pH of the media,
while ionisable surfactants are those whose ionisation depends on the pH of the
media. The use of ionisable lipids in niosomes is not widely employed, and it remains

an important research area for future exploration.

Negatively charged surfactants, such as DCP, and positively charged surfactants,
like stearyl amine and stearyl pyridinium chloride, are widely used in niosomal
formulations to prevent niosome aggregation and improve colloidal stability.
Positively or negatively charged niosomal vesicles repel each other via electrostatic
repulsive forces, which prevent vesicles from coming close enough to aggregate or

fusel2428]

Neutral surfactants, such as Solutol HS-15, Cremophor RH 40 and Cremophor ELP,
can also stabilise niosomes. These surfactants have hydrophobic tails that can
embed themselves in the niosomal bilayer membrane and a large hydrophilic head
group that can sterically stabilise the niosomes (table 1.3). The head group of these
surfactants is a long polyethylene glycol chain. For example, each molecule of
Solutol HS-15 contains 15 ethylene glycol molecules. Cremophor RH 40 and
Cremophor ELP contain 40 and 35 ethylene glycol molecules, respectively. However,
Cremophor RH 40 and Cremophor ELP contain three hydrophobic tails, while Solutol
HS-15 contains only one hydrophobic taill'844-46l. This produces different abilities of

these surfactants to stabilise the membrane.
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Table 1.3: Examples of charge-inducing and neutral co-surfactants that can be used
in conjunction with the main surfactant in niosomes.

Type of co- Example Charge Structure
surfactant
Permanently stearyl amine Positive NH
charged 2
Dicetyl phosphate Negative (I?
(DCP) /\/\/\/\/\/\/\/\O~p\
/ "OH
o]
lonisable 1,2-Dioleyl-3- AtpH7.4 0
dimethylammonium (neutral) MN:\M
propane (DODAP) 0
At pH 5.5 _ o LA
(pusiinely /\/W\_/\/\/\/W
charged) 0
Neutral Solutol HS-15 Neutral (Contains two main compounds)
H(O— CH2—CH2)—O
X 6 5
o OH
H(O— CH, —CHZ)—O
Yy 6 5
0 (o]
A/\h/\/\:{/\]\(
OH 0

Cremophor RH 40 Neutral /!,\/o]\ R =ca. 80%
R
O m

(m+n+0)=40

Cremophor ELP /{,\/o R =ca. 80%
~R
O m
X
P
(0] n e)
O]\ 5
R
o{/\/ o OH

(m+n+o0)=35

6

DSPE-PEG 2000, the gold standard pegylated lipid used in many liposomal

formulations currently on the market, has also been used in niosomes!*7-48l. This lipid
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contains forty-four ethylene glycol molecules that extend linearly in front of the lipid,

as shown in figure 1.4 below°l.

/\/\/\/\/\/\/\/\)OJ\ ('J'\ i
o

_P
7 O\/\HJ\(OCHZCHZ)45OH

OH O
\/\/\/\/\/\/\/\/\n/ NH4+

@)
Figure 1.4: Structure of DSPE-PEG 2000-OH

lonisable lipids, such as DODAP (table 1.3), have been used in the entrapment and
delivery of genetic materials, including DNA and mRNA. These lipids become ionised
in acidic media (e.g., pH 6.5), whereas they remain neutral at physiological pH (7.4).
Positively charged lipids can cause toxicity and side effects. For this reason,
ionisable lipids are suitable, as during niosome preparation the suspension pH can
be reduced to 5.5 to ionise the lipid, facilitating its interaction with negatively charged
mMRNA or DNA and enhancing entrapment efficiency. The pH of the niosomal

suspension is raised to 7.4 to deionise the ionisable lipid and prevent toxicity°-51],

1.5 Methods of Formulating Niosomes

There are several methods for formulating niosome vesicles, each with its
advantages and disadvantages. Several factors should be considered when
selecting a production method, including the size of the niosomes to be produced
after synthesis, the presence of organic solvents in the final product, the production

scale, and associated costs.

1.5.1 Thin Film Hydration

The thin film hydration (figure 1.5) technique was developed by Bangham et al.[%?
for liposomes preparation, but it was then used to develop niosomes. The thin-film
hydration technique is one of the most commonly used and the simplest methods for
forming niosomes. The method involves creating a thin film of surfactants and
cholesterol, with or without a co-surfactant, at the bottom of a round-bottom flask.
The film is then hydrated with an aqueous solution to form niosomes. The film is

formed by dissolving the ingredients in an organic solvent such as methanol or
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chloroform. The solvent is then evaporated at elevated temperatures and under
reduced pressure, while the round-bottom flask is rotated at an angle. The formed
thin film is then hydrated at a temperature above the main surfactant's phase

transition temperature. This will produce multilamellar vesicles (MLVs)?®3l,

There are two ways to entrap the drug in the niosomes, depending on the solubility
of the drug. Hydrophilic drugs are typically added to the aqueous hydration medium
to enable niosomes to entrap them as they form. Hydrophobic drugs are added to
the organic solvent along with surfactants and cholesterol, and they become part of
the thin film. Upon hydration of the film, the niosomes will incorporate the

hydrophobic drug as they form!?¢l,

The advantages of the thin-film hydration technique include its simplicity and well-
established nature, making it suitable for both hydrophilic and hydrophobic drugs. It
is also compatible with a wide range of surfactants and co-surfactants. However,
there are disadvantages to its use, including batch-to-batch variation, low
encapsulation efficiency (especially for hydrophilic drugs), a risk of residual organic
solvent, a time-consuming process, and small-scale production. Most importantly, it

produces multilamellar vesicles that often require additional size-reduction steps!®4.

Solutions to some of these challenges, such as the low drug entrapment efficiency

and the need for size reduction, will be discussed in section 1.6.
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Niosome Preparation
via Thin Film Hydration

@ surfactants/lipids in Dried lipid film formation:
organic solvent Organic solvent is completely
evaporated by rotary evaporation

...................

Hydration: Hydration and Agitation:
Dried lipid film swells by Lead to multilamellar vesicle
adding aqueous medium formation

Figure 1.5: Summary of thin film hydration technique (generated using BioRender)

1.5.2 Microfluidic

Microfluidic techniques are modern, highly controlled, and scalable methods for
producing nanovesicles such as niosomes and liposomes (figure 1.6). The technique
involves dissolving surfactants, cholesterol, and co-surfactants in an organic solvent,
typically ethanol or methanol. The organic solvent is rapidly mixed with an aqueous
solvent in microchannels. The aqueous solvent is either pure water or a buffer. At the
junction, the phases meet and mix rapidly due to laminar flow and diffusive mixing.
This results in the self-assembly of niosomes. This method enables precise control
over size and size distribution, representing a significant advancement over the

traditional thin-film hydration techniquef®5-%6],

Hydrophilic drugs are usually added to the aqueous phase, while hydrophobic drugs
are added to the organic solvent with the surfactant mixture. Several factors should
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be controlled to achieve a good size, a uniform size distribution, and a high
entrapment efficiency. The total flow rate (TFR), the flow rate ratio (FRR),
surfactant/lipid concentration in the organic phase, temperature, choice of organic
solvent, and aqueous buffer are all factors that can significantly affect the outcomes

of niosomes(®6l,

TFR is the combined flow rate of aqueous and organic phases, while FRR is the ratio
of aqueous phase to organic phase. Both TFR and FRR affect the particle size and
size distribution of niosomes. The concentration of surfactant/lipid is crucial in
controlling the number of niosome particles in the final solution and can also
influence the size of the niosomes. To increase the solubility of the surfactant/lipid, a
heating block can be used to raise and maintain the solvent's temperature during the

mixing process®¢:57],

There are several advantages to using the microfluidic technique. The main benefits
include excellent size control, reproducibility, and the ability to scale up to meet
industry demands. However, the disadvantages of this technique include the fact that
the produced niosomes contain an organic solvent that must be extracted from the
niosomal suspension, as it can be toxic upon administration and affect the long-term
stability of the niosomal suspension. The technique is also limited in its use of certain
solvents and acids, which can affect the cartridge and inner tubes of the microfluidic

instrument. Also, the process required specialised equipment, which can be costlyl.
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Niosome Preparation
Via Microfluidic

surfactants and aqueous solvent
other lipids are

dissolved in an
organic solvent
(eg. ethanol)

The two solvents
are mixed

| ___together under
high pressure
through a thin
column

Figure 1.6: Summary of microfluidic techniques (generated using BioRender)

1.5.3 Organic Solvent Injection

During this technique, an organic phase, such as ethanol or ether, containing the
surfactant/lipid mixture is slowly injected into an aqueous phase that is stirred and
heated to facilitate evaporation of the organic solvent. Upon contact with the
aqueous solution, the surfactant/lipid will assemble into niosomes. Hydrophilic drugs
are usually added to the aqueous phase, while hydrophobic drugs are added to the

organic phasel?4l.

The advantages of using this technique include its straightforwardness, simplicity,
scalability, and suitability for loading both hydrophilic and hydrophobic drugs.
However, it has challenges. Removal of organic solvent residue is necessary to
prevent toxicity. Hydrophilic drugs have low entrapment efficiency. This technique
can produce a broad size distribution, and, without optimisation, the size distribution

can vary [24],
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1.5.4 Reverse Phase Evaporation

The method involves dissolving surfactants/lipids in an organic solvent (such as
chloroform or ethyl ether) and then mixing the organic solvent with an aqueous
solvent. The two immiscible solvents are then homogenised and sonicated to form a
water-in-oil emulsion (W/O). The organic solvent is then removed by reducing the
pressure and increasing the temperature of the emulsion using a rotary evaporator,

which forms the niosomes(®2,

This technique is suitable for both hydrophilic and hydrophobic drugs, where
hydrophilic drugs are added to the aqueous phase, while hydrophobic drugs are
added to the organic phase. The disadvantage of this technique includes the

presence of residual organic solvents that can be toxic?4.32,

1.5.5 Sonication

This technique is a green technology that produces small niosomes without the use

of an organic solvent. The surfactants/lipids are added to an aqueous phase and are
sonicated at elevated temperatures, such as 60 °C, using probe sonication. The two
main advantages of this technique are that it produces small niosomes and does not
require an organic solvent. However, not using an organic solvent makes this

technique unsuitable for hydrophobic drugs!®85°l,

1.5.6 Ball Milling Method

The ball-milling method is an old technique that has been recently employed for
preparing niosomes. In this method, surfactant and cholesterol are added to
deionised water or a suitable aqueous phase, and the pharmaceutical agent is
dissolved in a separate container containing deionised water. Both liquids are then
mixed in a milling container that contains spherical balls. The milling container is
then rotated, initiating a mechanistic cascade that applies a rotational force. The
force exerts pressure on the surfactant particles and the drug. This leads to

compression and fracturing, which subsequently result in niosome formation(?l,
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1.5.7 Lipid Injection

During this technique, the surfactants and cholesterol are melted at high temperature
and quickly injected into a heated aqueous phase under continuous agitation. This
results in the formation of niosomes. The aqueous phase contains the drug

dissolved. This technique is not suitable for heat-labile drugsf®!.

1.6 Optimisation of Niosomes Postproduction

Several challenges arise during niosome manufacturing, as discussed in the section
on methods for formulating niosomes. The most common challenges are niosome
size and entrapment efficiency. Many manufacturing methods, such as the thin-film
hydration technique and organic solvent injection, produce large vesicles that are
unsuitable for therapeutic use and exhibit low entrapment efficiency. For this reason,
several size reduction techniques have been developed and tested. Also, several

approaches have been designed to enhance entrapment efficiency.

1.6.1 Niosomes Size Reduction

Reducing the size of niosomes is crucial for their use in clinical applications.
Controlling the size is essential to avoid batch-to-batch variation. Niosomes' size can
determine their site of accumulation and rate of clearance from the body, and thus
their circulation time. Niosomes in the 10-100 nm size range have reduced clearance
by the reticuloendothelial system (RES) and improved tissue penetrability. This
enhances their accumulation at target sites and prolongs their circulation time.
However, nanoparticles smaller than 10nm might exhibit rapid kidney clearancef®°l.
Nanoparticles larger than 200 nm are more likely to be trapped in the spleen due to
the spleen's large fenestrations (200-500 nm) and the slow blood flow at the spleen.
The liver has a capillary fenestration of 100-150 nm, allowing particles less than 150

nm to be preferentially taken up by the liverf®'l,

Moreover, the gold standard for sterilising injectable nanovesicles is filtration through
a 0.22 um filter. For this reason, the niosome size should be less than 200 nm for
this process to be efficient, with niosome loss and, consequently, the entrapped drug.
Heat and steam sterilisation can be destructive for the niosomes and result in drug

leakage after entrapment due to membrane disruption(®2,

21



Two parameters must be considered when studying niosome size: the average

diameter and the polydispersity index (PDI). The average diameter indicates the size
of the niosomes, while the PDI is a measure of the distribution of niosome sizes and
thus the uniformity or diversity of the niosomes. The PDI value is between 0 — 1, with

the smaller values indicating a more monodispersed size distribution(®3l,

To obtain niosomes with a specific size and low PDI, several size-reduction
techniques can be used post-production to control their size. Below are examples of

the most common methods used for size reduction.

1.6.1.1 Extrusion
Extrusion is a technique used to produce small, uniform, and stable niosomes by

forcing them through a membrane with a specific pore size. The niosomes will
possess the size of the membrane they passed through. This is a prevalent

technique used in industry to produce small and uniform nanovesicles(®4.

Three components are usually needed to perform extrusion: the extruder, which is a
manual or high-pressure device, a polycarbonate membrane with a specific pore size
for niosomes to pass through to reduce their size, and a heating block which is
optional as it is recommended that the nanovesicle suspension temperature should
be above the phase transition temperature of the main lipid/surfactant to prevent
blockage and damage to the membrane and to facilitate more efficient size

reduction(65.66],

There are two types of extruders: manual and automated. Manual extruders are
used in research and development and consist of two syringes, a heating block, and
a membrane. The two syringes are joined at the middle by a metal casing that holds
the membrane filter, as shown in figure 1.7. The heating block, which holds the
syringe and metal casing, requires heating by an external heat source, such as a
laboratory hot plate. The heating block also features a hole that accommodates a

glass thermometer, allowing temperature monitoring!©°.

The main limitation of using a manual extruder is that it relies on hand pressure,
which provides low and inconsistent shear force, resulting in batch-to-batch variation
and sometimes ineffective size reduction. It is also not suitable for concentrated,

viscous formulations or formulations containing large MLVs, and sometimes the

22



formulation can clog the membrane if not used appropriately. Moreover, when a
syringe is used, the volume of the formulation is limited to the syringe sizel®"].

o Avant| Research.

’J".’

O-ring Filter Extruder washer -
channel supports PTFE
/0- rmg/ \ O-ring
I Internal Internal .
Extrude.r Outer Membrane Polycarbonate Membrane Retainer
Casing Support membrane  Support Nut

Figure 1.7: Composition of a manual extruder provided by Avanti Polar Lipids.

An alternative option to manual extruders is the automated extruder (figure 1.8).
Automated extruders consist of a stainless-steel container and a stack of membrane
filters. Filters of different sizes are typically used to allow niosomes to pass through
membranes in a size order (from the highest pore size to the lowest), enabling more
efficient size reduction and preventing membrane clogging (e.g., 400 — 200 — 100
nm). After filling the container with niosomes, the formulation is forced through the
stack of membranes using a pressurised gas (such as nitrogen) or a piston. The
formulation is then either collected or recirculated for additional passes. The

container temperature can also be controlled to enable more efficient size reduction
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and prevent clogging. Parameters such as pressure, number of cycles, and
temperature are often monitored and recorded digitally!66.68.69],

Automated extrusion solutions can be used to support production of as little as 1mL
formulations for research and development purposes to hundreds of litres for
commercial scale. Figure 1.8 below shows examples of automated extruders of

different sizes provided by Evonik!©®!,

||sevorf HTE=

e

Figure 1.8: Different sizes of automated extruders provided by Evonik.

1.6.1.2 Homogenisation
Homogenisation is a mechanical process that applies high shear forces, usually

under high pressure, by forcing vesicles through a narrow gap. The intense
mechanical forces break large MLV nanoparticles into more uniform, smaller
unilamellar vesicles. The process can be repeated several times to achieve further

size reduction 701,

A homogeniser might not achieve a satisfactory particle size and particle size
distribution for nanovesicles to be acceptable for clinical use. For this reason, a
homogeniser can be combined with an extrusion membrane to enhance efficiency
and better control the size and size distribution of the nanovesicles (figure 1.9-A).
This powerful combination can result in high output production of niosomes with an

acceptable average size and PDI".
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Figure 1.9: Two types of homogenisers: a homogeniser without an extrusion
membrane (A) and a homogeniser with an extrusion membrane (B). The formulation
will be added to the chamber as shown in figure A. The formulation will travel
clockwise and reach the interaction chamber where homogenisation occurs. Then
the formulation continues travelling clockwise and reaches the formulation chamber
again. The cycle is repeated several times until the desired outcome is reached and
that depends on the nature of the formulation. The red circle in figure B shows the
location of the extrusion membrane which is added to the interaction chamber.
Figures were obtained from NanoGenizer website (genizer.com)”1l.

1.6.1.3 Sonication
Sonication is a technique that reduces the size of niosomes by applying ultrasonic

energy to break large MLVs into smaller unilamellar vesicles. A sonicator emits
ultrasound waves that pass through the niosome suspension. The ultrasonic waves
cause rarefaction and compression of the liquid medium, creating microscopic
bubbles that rapidly grow and collapse. The collapse of the cavitation bubbles
generates high local temperatures, high pressure and strong shockwaves. These
forces break open the nanovesicles and convert them into smaller vesicles, thus

forming smaller unilamellar vesicles!?l.

There are two types of sonicators: bath sonicators and probe sonicators. Probe
sonicators apply ultrasound waves directly into the niosomal suspension by inserting
a metal probe in the formulation, while bath sonicators deliver ultrasound waves

indirectly through a water bath. As a result, probe sonicators are considered more
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potent than bath sonicators. Additionally, probe sonicators generate heat, so the
sample should be placed in ice to prevent damage to the formulation. Bath
sonication is considered faster than probe sonication, where multiple vials can be put
in a water bath. Bath sonication also poses a lower contamination risk, as there is no
direct contact with the sonicator’273l. Figure 1.10 below shows examples of bath

and probe sonicators.

N

v

Figure 1.10: Diagram showing bath sonicator (left) and probe sonicator (right).
Generated using BioRender.com.

During size reduction, niosomes are exposed to certain forces (such as ultrasonic
energy, physical deformation through extrusion or shear forces of homogenisation).
These forces break the membrane, allowing the reformation of smaller niosomes.
During these processes, the drug entrapped in niosomes might leak outside, and the
entrapment efficiency will be reducedi?®l. For this reason, several drug entrapment
techniques have been used to load the drug after optimising the niosome size.
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1.6.2 Enhancing Entrapment Efficiency

There are two methods to entrap drugs inside niosomes: passive drug loading and
active drug loading. During passive drug loading, the drug is added during the
formation of niosomes. For example, during thin film hydration, hydrophobic drugs
are mixed with the organic phase to be part of the lipid/surfactant thin film, while
hydrophilic drugs are added to the aqueous phase to hydrate the thin film. During the
hydration of the thin film, niosomes are formed, and hydrophobic drugs will embed
themselves in the bilayer membrane, while hydrophilic drugs will incorporate
themselves in the aqueous phase. There are two main limitations to this technique of
drug loading. The first limitation is the lower entrapment efficiency and lower drug
loading capacity. Passive drug loading does not always allow high entrapment of the
drug inside the niosomes, especially for hydrophilic drugs?®l. The second limitation is
the batch-to-batch variability in entrapment efficiency, especially after size reduction
of niosomes using techniques such as sonication, extrusion, or homogenisation[3l,

For these two reasons, active drug loading techniques were invented.

There are different techniques to load drugs actively. One technique that can be
considered active loading is coacervation. This technique is applied to proteins such
as albumin and to aminoglycosides such as amikacin. During this technique, the
loaded molecules aggregate to form microscopic droplets suspended in the liquid
when exposed to certain conditions, such as pH changes or alcohol addition. The
liposomes will form around the coacervated particles and enhance their

entrapment(™,

Another technique relies on the use of a pH gradient to entrap drugs[’®. Other
formulations rely on pH and ionic gradients to facilitate drug loading!’®. In both
cases, the drug being loaded must have an ionisable functional group such as an
amine. This allows the drug to be entrapped and becomes ionised inside the
niosomes while it is unionised outside the niosomes. Once ionised, the drug will not
be able to pass back through the hydrophobic bilayer membrane and will accumulate

within the niosomes!”5.76],

Drug ionisation depends mainly on three factors: the type of the ionisable functional
group (weak acidic or weak basic), the pKa of the functional group, and the pH of the

medium in which the molecule carrying the functional group is dissolved. There are
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two types of ionisable functional groups, which are acidic (groups that can release a
H* ion) and basic (groups that can accept a H* ion). The pKa of the functional group
and the pH of the medium can determine the percentage of ionisation of the
compounds. This can be explained by the Henderson-Hasselbalch equation, which

states for a weak acid:
pH = pKa + log(u) eq. 1.5
HA] 1.

Where pH is a measure of hydrogen ion concentration in the solution, pKa is the
negative logarithm of the acid dissociation constant (Ka), [HA] is the concentration of
the unionised form of the acid, and [A-] is the concentration of the ionised form of the

acid.

The equation also states for weak basic functional groups:
pH = pKa + log(ﬂ) eq. 1.6
[BH ]

Where [B] is the concentration of the unionised form of the base, while BH+ is the

concentration of the ionised form of the basel””.78l,

These two equations help determine the percentage of ionisation of the ionisable
functional groups. For an acidic functional group, the percentage ionisation can be

measured with the following equation:

100

%ionisation (acid) = 1+100K )

eq. 1.7

While for a basic functional group, the following equation determines the percentage

ionisation:

100

Okt cop _
Joionisation (base) = TToGH-PKY)

eq. 1.8

As a rule of thumb, when the pH of the medium equals the pKa of the functional
group, 50% of the functional group is ionised. When pH > pKa, an acidic functional
group will be mainly ionised, while a basic functional group will mainly be unionised.
If pH < pKa, an acidic functional group will be primarily unionised, while a basic

functional group will mainly be ionised!”7:78l,
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1.6.2.1 Active Drug Loading — pH Gradient
During the pH gradient technique, the nanovesicles are formulated in an aqueous

buffer that enables drug ionisation. This results in the pH of the vesicles' aqueous
cores being similar to that of the surrounding buffer. Then, a buffer exchange is
performed to replace the buffer surrounding the niosomes with a buffer at a different
pH that does not ionise the drug. This results in a net flow of the drug into the

niosomes(™. Figure 1.11 below explains this process.

pH outside # pH inside

pHioutside = pH inside (pH gradient niosomes)

Q Unionised drug
(no pH gradient) \)

0 lonised drug

pHinside=9 pH outside =9 : pH inside =9 pH outside = 2
'

@ —=—"0

Before buffer exchange ' After buffer exchange

Figure 1.11: Creating a pH gradient in niosomes. After buffer exchange, the net
migration of the drug will be to the inside of the niosomes.

There are four main techniques for adjusting the pH of the media surrounding the
niosomes: adding acids or bases, using gel columns, employing membrane filters,

and pelleting.

A straightforward method to change the pH of the buffer surrounding the
nanovesicles and create a pH gradient is to add an acid or base to the nanovesicle
suspension. For example, nanovesicles can be prepared in an acidic medium, such
as a citric acid solution, where the pH is acidic. Then, a basic solution such as
sodium carbonate is added to the nanovesicle suspension to increase the pH of the
medium surrounding the niosomes. This technique creates a pH gradient, allowing
drugs with a basic functional group, such as an amine, to be unionised in the outer
media while ionised in the nanovesicle core. This technique is used in the liposomal

doxorubicin formulation known as Myocet"l.

Myocet comes in three vials, where vial 1 contains lyophilised doxorubicin with
lactose, vial 2 contains liposomes prepared in citric acid, and vial 3 contains an
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alkaline buffer made from sodium carbonate. To prepare the medicine for
administration, a volume of NaCl solution is added to vial 1 to dissolve the
doxorubicin. Then, 1.9mL of vial 2 containing the liposomes is added to vial 1. Then,
vial 3 is added to them to create a pH gradient, allowing the doxorubicin to be
entrapped in the liposomes, as described in figure 1.11 abovel”®. The doxorubicin

structure is illustrated in figure 1.12 below.

OH

NH,

Figure 1.12: Structure of doxorubicin. (Generated using ChemDraw 22.2.0)

Gel columns are also used to generate pH gradients. This technique relies on size-
based filtration, where large molecules, such as liposomes and niosomes, pass
through the column faster than small molecules. One type of gel column utilises
Sephadex beads. Sephadex is a cross-linked dextran gel with pores of defined sizes.
Molecules larger than the pore size cannot pass through the beads’ pores and thus
pass quickly through the column. However, small molecules enter the beads' pores
and are retained longer. As a result, large molecules elute first. The size is
determined by the type of Sephadex used. For example, Sephadex G-25 excludes
molecules with a molecular weight (MW) greater than 5 kDa (kilodaltons), while
Sephadex G-50 excludes those with an MW greater than 30 kDa. In buffer
exchange, liposomes and niosomes will elute first in the buffer used to prepare the
Sephadex column. In contrast, the old buffer, composed of small molecules, will
remain in the column for a longer period. This will result in a buffer exchange and the

formation of a pH gradient!80-821,

A third technique involves using filtration to alter the buffer of the media. During this

technique, a semipermeable membrane with a specific pore size is used. The
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membrane retains Niosomes/liposomes, while small solutes diffuse through it.
Common methods used include the use of dialysis bags!®l, centrifugal filter and
tangential flow filtration (TFF)B41,

The dialysis bag technique is a simple method that utilises a semipermeable bag
with a known pore size to contain the niosomal suspension. The bag containing the
niosomal suspension is then immersed in a large volume of the desired buffer,
allowing small molecules and ions to diffuse across the membrane. The new buffer
will gradually replace the original buffer surrounding the niosomes. The centrifugal
filters enable buffer removal via low-speed centrifugation while retaining the
nanoparticles. This results in the nanoparticles being concentrated. The
niosomes/liposomes are then diluted with a new buffer. The process is repeated
several times until the original buffer is completely exchanged!®l.

TFF is a membrane-filtration technique in which the solution flows parallel to the
membrane surface, allowing small molecules and buffer components to pass through
the membrane while retaining large nanoparticles, enabling efficient buffer

exchange!®],

With pelleting, the niosomes/liposomes are centrifuged at a high speed to pellet and
separate them from the buffer in which they were suspended. The supernatant is

removed, and the pellet is resuspended in a new bufferl”sl.

Besides enhancing entrapment efficiency, active loading can aid in dialysis and
treating drug toxicity. Some liposomal formulations have been developed to
scavenge weakly basic drugs, such as the antidepressant amitriptyline!®® and the
calcium channel blocker verapamill®”l and eliminate them from the circulation to treat
their toxicity. A liposomal formulation with a pH gradient has also been used to treat
severe hyperammonaemia in rats(®l. In all cases, the liposomes' inner core is acidic,
drawing these weakly basic molecules into the liposomes and reducing their effect
on the organs. The use of pH-gradient vesicles to mitigate drug toxicity is not

common in niosomes and warrants further exploration.

1.6.2.2 Drug Loading of Hydrophobic Drugs
Techniques other than pH gradient have also been used to enhance drug loading in

niosomes. Hydrophobic molecules, such as curcumin, can achieve entrapment
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efficiencies exceeding 90% in niosomes. This is because hydrophobic drugs will
reside in the niosome's hydrophobic membrane away from the water surrounding the
niosome’s membrane. Hadjipour et al. formulated niosomes containing curcumin
using Span 65, cholesterol, and Cremophor RH 40. The niosomes' size was 197.4
nm (£3.0) with a PDI of 0.46 (+0.02), which can be further improved through
extrusion or by formulating the niosomes using other techniques such as

microfluidics. The formulation entrapment efficiency was 91.2% (+1.5)[29,

1.7 Assessing Niosomes Properties Postproduction

When manufacturing niosomes, several parameters can be studied to assess their
properties and predict their in vivo performance. Properties such as size and size
distribution, drug loading, surface charge, vesicle morphology, and stability studies
can help predict the in vivo success of the formulation.

1.7.1 Niosomes Size and Size Distribution

Depending on the route of administration, the target size of niosomes should be
determined, as particle size can determine the site of accumulation in the body. Two
important size parameters should be measured when studying niosomes: average
size and the polydispersity index (PDI). For niosomes to be suitable for injection,
their size distribution should be uniform and considered monodispersed. According
to the industry, a PDI of 0.3 is acceptable, and the niosomes will be considered

monodispersed!®l,

The most common technique for measuring niosome size is dynamic light scattering
(DLS). DLS is used to measure the size distribution of small particles in suspension,
such as niosomes, liposomes, proteins, polymers, and other colloidal systems. It
involves shining a laser onto a colloidal suspension of particles. The particles
undergo a random movement in a liquid due to collisions with solvent molecules.
This movement is called Brownian motion. The light from the laser scatters in
different directions as the particles move in the liquid. The fluctuations in scattered
light intensity over time depend on the speed of particle movement. In turn, the
speed of particle movement depends on the particle size. Smaller particles move
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faster and exhibit faster intensity fluctuations, while larger particles move more

slowly, resulting in slower fluctuations!®°l.

1.7.2 Entrapment Efficiency
Entrapment efficiency (%EE) is a measure of the amount of available drug entrapped

in niosomes. It is measured using the following equation®!:

amount of drug entrapped

%EE =

x 100 eq. 1.9

total amount of drug

Entrapment efficiency can be measured either directly by determining the amount of
drug inside the niosomes and comparing it to the total amount of drug, as per
equation 9, or indirectly by measuring the amount of drug unentrapped and then

calculating the amount of drug entrapped, as per equation 10 below!®2l.

total amount of drug — amount of drug unentrapped

%EE =

x 100 eq. 1.10

total amount of drug

To measure %EE, the free drug must first be separated from the drug incorporated
into vesicles. Various techniques can be used to achieve this separation. The
methods used to establish a pH gradient, as explained in Section 1.6.2.1, can also

be employed to separate the entrapped drug from the unentrapped drug.

For example, size exclusion chromatography can be used with a Sephadex G-50
column to separate the entrapped drug from the unentrapped drug. A drug containing

niosomes will travel faster through the Sephadex column than the free drugf?°l.

Another technique is to utilise a filtration membrane to remove the free drug. The
nanoparticle suspension is dialysed against a drug-free solution, allowing the
unentrapped drug to leave through a membrane. In contrast, the entrapped drug will
be retained with the nanoparticles behind the dialysis membrane. TFF can be used

for this purposel®3l.

A third technique involves pelleting niosomes via centrifugation, thereby separating
niosomes containing the drug from free, unentrapped drug. Unentrapped drug

molecules will remain in the supernatant(®?,

To measure the amount of drug in niosomes, the niosomes must be disrupted to
release the amount of drug inside them. Isopropanol is commonly used for this
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purpose by adding it to a niosomal suspension, as it breaks down and dissolves the
niosomes to release the entrapped drug, and it is water-miscible!?°l.

1.7.3 Zeta Potential

Zeta potential (¢) is an indicator of the surface charge of the nanoparticle. Surface
charge of nanoparticles is an important parameter for colloidal stability!®4. Zeta
potential can be positive when the nanoparticle contains amphiphiles with a
positively charged head group, such as amines, negatively charged when the
nanoparticle contains amphiphiles with a negatively charged head group, such as
carboxylic acid, or neutral when the nanoparticle contains amphiphiles with a neutral

head group (such as alcohols).

The greater the zeta potential value, the stronger the electrostatic repulsion between
the nanoparticles, resulting in better colloidal stability. As a rule of thumb, a zeta
potential value of greater than 30mV or less than — 30mV will usually result in stable

nanoparticle vesicles that will prevent aggregation!®°.

The charge of nanovesicles can be kept neutral while maintaining colloidal stability
through steric stabilisation. In liposomes, pegylated lipids such as DSPE-PEG 2000
are used to maintain this stability!®®l. In niosomes, Solutol HS 15, Cremophor RH 40

and Cremophor EL have been used to enhance steric stability[?3-5],

1.7.4 Morphological Examination

Microscopic examination can reveal the size and shape of the nanovesicles. It can
also be used to demonstrate the formation of nanovesicles and to assess their
quality, including aggregation and surface morphology. A transmission electron
microscope is used to reveal the shape and size of the nanovesicles!?®l. A scanning
electron microscope provides a 3-D shape of the niosome to better understand its
structurel®’l. A light microscope, although its resolution is much lower than that of
electron microscopes, can also be used to demonstrate niosome formation and

detect aggregation [5%,
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1.7.5 Stability Study

One of the biggest challenges facing the niosomal colloidal system is
physicochemical instability, in which niosomes can aggregate and precipitate. A long-
term stability study is required to ensure the formulation remains stable during its
intended shelf-life and to demonstrate its suitability for administration to patients. The
most important factors to study during a stability study are the niosome size and size
distribution!?®. Some studies also add zeta potential measurements and the amount

of drug remaining entrapped after stability!®2l.

1.7.6 Studying pH Gradient Across the Nanovesicle Membrane

In pH-gradient nanovesicle formulations, the pH gradient across the membrane can
be studied. In a pH gradient nanovesicle, the pH inside the nanovesicle is different
from that outside the nanovesicle. To measure the pH inside the nanovesicles, a pH
probe can be used. A pH probe is a compound that undergoes chemical changes in
response to different pH conditions. A change in the probe chemical structure will
affect its excitation-emission characteristics. This change can be used to study the

pH inside the nanovesicles.

The pH probe excitation-emission response is calibrated in known standards. The
pH probe is then loaded into the nanovesicle, and any unentrapped pH probe
molecules are removed from the buffer. Changes in the excitation-emission
characteristics are linked to the calibration curve and thus indicate the pH inside the

nanovesicle.

In pH gradient liposomes, fluorescent probes such as pyranine (HPTS)[99.100]
BCECF!100.1011 SNARF-1[100.1021 'gand Porphyrin dendrimer!'®l have been used to
study pH gradients.
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1.8 Loading of Doxorubicin in Liposomes

Doxorubicin has been successfully loaded into liposomal formulations that have
reached the market. Doxorubicin was loaded into liposomes at high entrapment
efficiency, reaching almost 100% in some formulations. Sun Pharma (India) has
published a patent that describes a technique with almost 100% entrapment

efficiency!'%4],

There are two types of liposomal doxorubicin formulations: pegylated and non-
pegylated. Pegylated liposomes contain a pegylated lipid, such as DSPE-PEG 2000,
whereas non-pegylated liposomes do not. Pegylated liposomes were found to
circulate in the blood for a longer period than non-pegylated liposomes, thereby
increasing their blood shelf life. However, pegylated doxorubicin liposomes can
cause a side effect called palmar-plantar erythrodysesthesia. This occurs due to their
accumulation in the blood capillaries of the hands and feet, resulting in redness,
swelling, tingling, pain, and blistering. However, non-pegylated liposomes have less

risk of causing this side effect!'%%].

There are two standard techniques for loading doxorubicin in liposomes: pH gradient
using citric acid and the pH gradient using ammonium sulfate. For the citric acid
technique, the liposomes are prepared in a citric acid solution, and then a sodium
carbonate solution is added to increase the pH of the surrounding medium. This
results in doxorubicin being unionised in the external media while being ionised
inside the liposomes. Another technique is the use of an ammonium sulfate gradient.
During this technique, liposomes are formed in an acidic ammonium sulfate solution.
Then, the ammonium sulfate in the media surrounding the liposomes is removed and
replaced with another buffer, such as sodium chloride (NaCl) or sucrose. Doxorubicin
will start to enter the liposomes and get entrapped. The technique is explained in

figure 1.13 below!'%l,
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Figure 1.13: Active loading of doxorubicin using ammonium sulfate gradient.
Concentration of ammonium sulfate in the liposomal core is much higher than that
outside the liposomes. DOX-NH3CI is doxorubicin hydrochloride. Doxorubicin will
become de-ionised in the external medium and cross the liposomal membrane. In
the liposomal aqueous core, doxorubicin amine will receive one hydrogen from
ammonia and become positively charged. Two of the positively charged doxorubicin
molecules will form a complex with the negatively charged sulfate (SO4%) ion. This
complex is not soluble, and doxorubicin will precipitate within the liposomes, allowing
more doxorubicin to enter the liposomal core. In exchange for doxorubicin entry,
ammonia will leave the liposomes through the liposomal membrane, becoming
neutral after donating its hydrogen to the doxorubicin amine (created using
BioRender)!'l,

The liposomal doxorubicin formulations have faced some challenges, including
batch-to-batch variation. The first FDA-approved liposomal doxorubicin formulation
was Doxil in 1995. In 2011, the FDA issued a warning to the company responsible for
Doxil production for failing to comply with manufacturing practices. This was due to
difficulties in reproducibility across devices used to manufacture Doxil. In 2013, the
FDA approved a new technique to manufacture Doxil due to a shortage. Research
has now focused on formulating doxorubicin liposomes using improved methods to
minimise batch-to-batch variation. At the University of Strathclyde in 2020, C. Roces

and colleagues formulated liposomes using microfluidic techniques and achieved an
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entrapment efficiency of over 90% through the ammonium sulfate pH gradient
technique. The advantage of using the microfluidic technique is that it produces
liposomes with controlled size, thereby avoiding batch-to-batch variation and
allowing for scalable production. To date, no microfluidic doxorubicin liposome
formulations have been marketed. However, the results obtained by C. Roces and

colleagues are promising!®3l.

The lesson learnt from liposomes will be studied in this thesis but applied to
niosomes. This will help us overcome the challenges that the liposomes face during

their development.

1.9 Loading of Doxorubicin in Niosomes

Niosomes offer several benefits over liposomes, including reduced manufacturing
costs and improved stability. Furthermore, the issue of inconsistent lipid purity found
in liposome preparation is not encountered with niosomes. These factors make
niosomes a more advantageous option than liposomes.!'¢l. Additionally, niosomes
loaded with doxorubicin can be engineered with targeting components, enabling
them to selectively deliver doxorubicin to cancer cells and thereby improve the
overall effectiveness of these nanocarriers!['%:1%] Niosomes can deliver multiple
anticancer agents simultaneously, thereby enhancing effectiveness against
multidrug-resistant cancer cells. They can also be engineered to be responsive to
different stimuli—such as pH, temperature, ultrasound, electric fields, light, and

enzymes—allowing controlled drug release specifically at tumour sites!l,

There have been previous attempts to load doxorubicin into niosomes, each with a
different purpose. Drake et al. have formulated niosomes using Span 60 and
cholesterol with dextran-coated iron oxide nanoparticles. The purpose of adding iron
oxide is to enable the release of the loaded drug upon application of an external
alternating magnetic field stimulus (AMF). AMF will heat the nanoparticles, thereby
releasing doxorubicin. The niosomes co-loaded iron oxide nanoparticles with
doxorubicin in the aqueous core achieved a 61% doxorubicin entrapment
efficiency!'%). | aim to achieve higher entrapment efficiency at higher doxorubicin

concentrations in the final product.
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Another study conducted by Bragagni et al. loaded doxorubicin into niosomes
functionalised with the glucose-derivative N-palmitoylglucosamine (NPG) to target
the brain. The niosomal formulation containing doxorubicin was prepared using the
thin-film hydration technique. The maximum entrapment efficiency achieved was
57.8%['19],

Other studies have also attempted to load doxorubicin in niosomes for various
purposes. For example, Zaer et al. loaded doxorubicin into niosomes functionalised
with gelatine-alginate. However, they have prepared the niosomes in PBS buffer (1x,
pH 7.4). This can cause a serious problem as doxorubicin is unstable in PBS and
can cause its dimerisation and significant reduction in its function('!-112] |n 1984,
Janssen et al. studied the effect of different buffer pH on the stability of doxorubicin
in liposomes. They have concluded that loading doxorubicin into liposomes using
PBS at pH 7.4 results in the decomposition of the doxorubicin due to pH
instability(''3]. PBS can be used to actively load doxorubicin; however, PBS in active
loading of doxorubicin remains outside the liposomes, while ammonium sulfate or

similar salts are usually kept inside the liposomes, mediating active drug loading!®3l.

1.10 Aim and Novelty of the Research
The aim of this thesis is to address knowledge gaps in the field of active drug loading

(pH and salt gradients) in niosomes and to contribute to the understanding of this
field.

The first knowledge gap identified is that several techniques have been used to
study pH gradients in liposomes (as per section 1.7.6), which can also be applied to
niosomes. However, there is no single technique that uses a pH probe to visualise a
pH gradient and actively load the probe to study its entrapment efficiency. For this
reason, a pH indicator called bromocresol green (BCG) will be used, with dual
benefits: to study the entrapment efficiency of active drug loading and to visualise
the pH gradient in niosomes.

The effect of using affordable co-surfactants to pegylate niosomes on niosome
stability and the entrapment efficiency of doxorubicin using a pH gradient has not
been studied before, and thus, it represents another knowledge gap in niosomes.
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Pegylated co-surfactants Cremophor RH 40, Cremophor ELP, and Solutol HS-15 will
be used to prepare pegylated niosomes, and their effects on entrapment efficiency
and niosome stability under a pH gradient will be studied. The compatibility of the co-
surfactants with Span 40, Span 60 and Span 65 surfactants will be studied using
FTIR, niosomes size and size distribution (PDI), pH gradient formation and stability,
and zeta potential.

Another knowledge gap is that the use of the microfluidic technique to prepare
niosomes for active drug loading has not been previously studied. For this reason,
the microfluidic technique will be used to prepare niosomes with controlled size to
enable active loading of doxorubicin, thereby assessing its feasibility for future
industrial-scale production of pH-gradient doxorubicin niosomes. The long-term
stability of these niosomes will also be studied.

1.11 Objectives

There are three main objectives for this thesis. The first objective is to develop a new
technique to study the ability of different niosomes to create and maintain a pH
gradient. The new technique will use the pH indicator bromocresol green as a pH
probe to indicate the formation of a pH gradient, the ability of the niosomes to
actively load an ionisable drug using a pH gradient, and the ability of niosomes to
maintain the pH gradient.

The second objective is to use the data generated from the bromocresol green study
and the established knowledge of the optimised parameters for active loading of
ionisable compounds into niosomes to actively load drugs such as doxorubicin and,

potentially, other drugs such as methotrexate, salicylic acid, and ketorolac.

The third objective is to formulate the niosomes that successfully load doxorubicin
using the microfluidic technique. Given that the microfluidic technique has not been
used previously to formulate niosomes for active drug loading, the objective is to
optimise it, as it can improve formulation properties and reduce production time
compared to other techniques. The objective is also to formulate a stable and
optimised niosomal formulation with a specific size to enable its use in injection

dosage forms.
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Collectively, these objectives seek to advance our understanding of pH-gradient
niosomes and assess their capacity for active doxorubicin loading with high

entrapment efficiency, as well as their stability during storage.
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Chapter 2: Materials and Methods

The materials and methodology described in this chapter were used in my open-
access published article!™. All methods and their exact step-by-step explanations

were carried out and written by the author of this thesis in both the publication and
the thesis.
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2.1. Materials

2.1.1 Sources and Molar Masses of Materials Used

Doxorubicin HCI (Molecular weight: 579.98 g/mol), citric acid (Molecular weight:
192.12 g/mol), Ketorolac (Molecular weight: 255.27 g/mol), and 4-2(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) (Molecular weight: 238.30 g/mol) were
obtained from Flourochem, UK. Span 40 (Molecular weight: 402.57 g/mol), Span 60
(Molecular weight: 430.62 g/mol) and Span 65 (Molecular weight: 963.55 g/mol)
were obtained as free samples from Croda, Spain. Cremophor RH-40 (Molecular
weight: ~ 2700 g/mol), Cremophor ELP (Molecular weight: ~ 2500 g/mol) and Solutol
HS-15 (Molecular weight: ~ 960 g/mol) were obtained as free samples from BASF,
Germany. Bromocresol green (Molecular weight: 698.05 g/mol) was purchased from
Sigma-Aldrich (Switzerland), while cholesterol (Molecular weight: 386.65 g/mol) was
purchased from Sigma-Aldrich (USA). Trizma base (Molecular weight: 121.14 g/mol),
trizma hydrochloride (Molecular weight: 157.60 g/mol), Chloroform (Molecular
weight: 119.38 g/mol), Hydrochloric acid (HCI) and polyethersulfone (PES) 0.2 um
filters were purchased from Fisher Scientific, UK. Sephadex G50 was purchased
from GE Healthcare (Sweden). Methotrexate (Molecular weight: 454.44 g/mol) was
obtained from Apollo Scientific, UK. All reagents were of analytical grade. Dicetyl
phosphate (DCP) (Molecular weight: 546.8 g/mol) was obtained from Avanti Polar,
USA.

2.1.2 Characteristics of the Surfactants Used to Formulate the Niosomes
The following table summarises the properties of the surfactants selected for this

project. The properties of these surfactants have been discussed in detail in Chapter
1.
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Table 2.1: Summary of characteristics of Span 40, Span 60 and Span 65

surfactants.
Name No. of hydroxyl Molar Number of Phase HLB
groups inthe  mass hydrophobic transition
surfactant (g/mol) tails zfgperature
head
Span 40 3 402.57 1 42 6.7
Span 60 3 430.62 1 53 4.7
Span 65 1 963.55 3 53 2.1

Span 60 surfactant is one of the most commonly used in niosomal formulations.
Span 40, with a shorter hydrophobic tail, was chosen to study the effect of
hydrophobic chain length on entrapment efficiency. Span 65 is more hydrophobic
than Span 60 due to its having three hydrophobic tails instead of one and one

hydroxyl head group, rather than three. Thus, it can form a thicker hydrophobic

membrane layer. Figure 2.1 illustrates their structures.
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Figure 2.1: Structure of Span 60, Span 40 and Span 65.
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2.1.3 Characteristics of the Co-surfactants

Three co-surfactants were selected to assess their ability to maintain a pH gradient
in niosomes: Solutol HS-15, Cremophor RH40, and Cremophor ELP. The three co-
surfactants have different hydrophilic-lipophilic balances, structures, and sizes, as
summarised in table 2.2 and shown in figure 2.2. None of these co-surfactants has
been used before in niosomes to maintain a pH gradient. | theorise that the addition
of these co-surfactants will pegylate the niosomes, enhancing their colloidal stability
and making them stealth from white blood cells when administered by injection,
thereby prolonging their circulation time in the body.

The FDA approved Solutol HS-15 for inclusion in parenteral formulations!''4. It was
also found that Solutol HS-15 has low haemolytic activity when tested in vitro.
Moreover, it can inhibit P-glycoprotein (P-GP) in cancer cells, enabling the

accumulation of cytotoxic drugs('15.116],

Cremophor RH40 and Cremophor ELP both have the same structure, but they differ
in the size of the polyethylene glycol group and the saturation of the hydrophobic
alkyl chain (figure 2.2). Cremophor RH 40 has more PEG groups than Cremophor
ELP, which makes Cremophor RH 40 more hydrophilic with a higher HLB than
Cremophor ELP. Cremophor ELP has unsaturated hydrophobic tails, while
Cremophor RH 40 has saturated hydrophobic tails. Cremophor RH 40 and ELP have
both been tested in commercially available oral formulations for drug solubilisation.
Cremophor ELP has been used in injectable formulations, while Cremophor RH 60,
similar to Cremophor RH 40 but with twenty more PEG groups, has been used in
injectable formulations, which also suggests the safety of Cremophor RH 40 in
injectable formulations. This indicates the safety of Cremophor RH 40 and
Cremophor ELP when administered parenterally, such as in chemotherapy.
Cremophor RH40 has also been reported to inhibit p-GP, a glycoprotein that can

enhance the accumulation of cytotoxic drugs in cancer cells*6:1171,

The formulation's ability to inhibit the p-GP glycoprotein is an added advantage, as

one of this project's goals is to load doxorubicin, a cytotoxic drug.
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Table 2.2: Summary of characteristics of co-surfactants

Co-surfactant HLB Molar mass (g/mol)
Solutol HS-15 14-16 ~ 960
Cremophor ELP 12-14 ~ 2500
Cremophor RH40 14-16 ~ 2700

Cremophor RH 40

/[’\/O]‘R R =ca. 80%
O m
/[’\/ O]*R \II’{/\]M’H?
o) n o) OH
of-
O’F\/ o R

(m+n+0)=40

Cremophor ELP

/{’\/O]\R R =ca. 80%
O m

o]\ N
o/{'\/ o R 5

(m+n+o0)=35

Solutol HS 15

(Contains two main compounds)

H(O— CHZ—CH)—O
X 6 5

Figure 2.2: Structure of co-surfactants Cremophor RH 40 (hydrogenated polyoxyl 40
castor oil), Cremophor ELP (polyoxyl 35 castor oil) and solutol HS 15 (polyoxyl 15
hydroxystearate).
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2.2 Methods

2.2.1 Studying Niosomes pH Gradient Properties Using Bromocresol
Green

The ability of niosomes to create and maintain a pH gradient, and how different
parameters can affect the stability of the pH gradient and other niosome properties,
such as size and zeta potential, will be studied using bromocresol green, a pH
indicator. The parameters to be studied include buffer type, surfactant and co-
surfactant types, cholesterol concentration in the formulation, loading temperature,

and niosomal size.

2.2.1.1 Niosomes Preparation Using Thin Film Hydration for Loading Bromocresol
Green Using a pH Gradient

Niosomes were prepared using the thin film hydration technique. Surfactants (Span
60 or Span 40) and cholesterol with or without co-surfactants (Cremophor RH40,
Cremophor ELP or Solutol HS-15) were used to formulate the niosomes. The
ingredients (as summarised in table 2.3) were dissolved in 3 mL of chloroform in a 25
mL round-bottom flask. The chloroform was then removed under vacuum using a
rotary evaporator (Rotavapor R-210, Buchi, Switzerland) at 40 °C. The pressure was
reduced to 400 mbar and kept for 5 minutes to warm the chloroform. Then, the
pressure was gradually reduced to 200 mbar to ensure chloroform evaporation
without solvent bubbling. Once a thin film is formed, the round-bottom flask
containing it is detached from the rotary evaporator and left in the fume cupboard to
dry overnight.

The thin films of BCG formulations (table 2.3) were hydrated with a buffer of choice
(Trizma or HEPES) at 60°C for 1 hour using a shaking water bath (NB-303 model, N-
Biotek, South Korea). The thin films in formulations F1 to F5 were hydrated with 5
mL of 0.1 M Trizma buffer (pH 9.0) containing BCG at 0.1 mg/mL to assess the
efficiency of passive drug loading. However, in formulations F6 to F15, the
formulations were hydrated with 4.5 mL of Trizma or HEPES buffer without adding
BCG to test for active BCG loading by adding the drug after niosome formation. All

BCG formulations were prepared in triplicate. Trizma buffer was prepared by
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dissolving Trizma hydrochloride (6.4 mM) and Trizma base (93.6 mM) in deionised

water. The pH was then adjusted to 9.0 using NaOH and HCI as required.

Unless otherwise stated, the suspension was then sonicated in an ultrasound bath

sonicator (Hilsonic, UK) for 30 minutes to convert the niosomes from multilamellar

vesicles (MLV) to large uni-lamellar vesicles (LUV).

Table 2.3: Niosomes compositions for encapsulation of bromocresol green (BCG)

via pH gradient.

Formulation Co- Span Total molar ratio of Thin film hydration buffer
code surfactant surfactant number of Span
used used moles of surfactant :
ingredients  cholesterol :
(umol) co-surfactant
F1 Cremophor Span 60 60 45:45:10 5mL of trizma (0.1M, pH 9.0,
RH40 0.1mg/mL BCG)
F2* Cremophor Span 60 60 46.5:46.5:7.0 5mL of trizma (0.1M, pH 9.0,
ELP 0.1mg/mL BCG)
F3 Solutol HS15  Span 60 60 45:45:10 5mL of trizma (0.1M, pH 9.0,
0.1mg/mL BCG)
F4 N/A Span 60 60 50:50:0 5mL of trizma (0.1M, pH 9.0,
0.1mg/mL BCG)
F5 N/A Span 40 60 50:50:0 5mL of trizma (0.1M, pH 9.0,
0.1mg/mL BCG)
F6 Solutol HS15  Span 60 60 45:45:10 4.5mL of trizma (0.1M, pH 9.0)
F7 Solutol HS15  Span 40 60 45:45:10 4.5mL of trizma (0.1M, pH 9.0)
F8 Solutol HS15  Span 60 60 45:45:10 4.5mL of trizma (0.1M, pH 9.0)
F9 Solutol HS15  Span 40 60 45:45:10 4.5mL of trizma (0.1M, pH 9.0)
F10 Solutol HS15  Span 60 60 45:45:10 4.5mL of HEPES (0.1M, pH
8.0)
F11 Solutol HS15  Span 60 60 45:45:10 4.5mL of HEPES (0.1M, pH
8.0)
F12 Solutol HS15  Span 60 60 35:55:10 4.5mL of trizma (0.1M, pH 9.0)
F13 Solutol HS15  Span 60 60 55:35:10 4.5mL of trizma (0.1M, pH 9.0)
F14 Solutol HS15  Span 65 60 45:45:10 4.5mL of trizma (0.1M, pH 9.0)
F15 Solutol HS15  Span 65 60 45:45:10 4.5mL of trizma (0.1M, pH 9.0)
+ Cremophor
RH 40 (1:1
molar ratio)
F16 Cremophor Span 65 60 45:45:10 4.5mL of trizma (0.1M, pH 9.0)
RH 40

* In formulation F2, the ratio of 45:45:10 of span 60:cholesterol:Cremophor ELP has been tried. Still, it did
not produce large unilamellar vesicles (LUV) niosomes after sonication, which is one of the targets for
these formulations to study the effect of size on %EE. The ratio shown in this table (46.5:46.5:7.0) has
been tested and produced LUV niosomes upon sonication. For this reason, it has been chosen.
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2.2.1.2 Bromocresol Green (BCG) Loading
A 1mg/mL BCG solution was prepared in 0.1 M Trizma buffer (pH 9.0). The BCG

drug model was either loaded into niosomes by adding 0.5mL of BCG solution to
4.5mL of hydration media (for passive loading of niosomes like in formulations F1 to
F5) or by adding the BCG solution to the niosomal suspension after niosomes were
formed (for active loading of niosomes like in formulations F6 to F13 by adding the
drug after the formation of niosomes).

Achieving pH gradient and thus starting active loading of BCG into niosomes was
performed by the addition of either 0.1 mL of 1 M HCI to 1 mL of the formulation
containing BCG (like in formulations F1 to F7, F10, F12 to F16) to reduce the pH to
1.5 (for formulations hydrated with trizma buffer) and to 2.8 (in case of formulation
F10 which is hydrated with HEPES buffer) or adding 0.5 mL of 0.25 M citric acid to 1
mL of the formulation containing BCG (like in formulations F4, F5, F8, F9 and F11) to
reduce pH to 3.2 (for formulations hydrated with trizma buffer) and to 3.36 (in case of
formulation F11 which is hydrated with HEPES buffer). Drug loading took place at
either room temperature (RT, ~23 °C), around 23 °C, or at 40 °C.

In formulations F1 to F3, active loading was also tested by adding 0.1 mL of 1 M HCI
to 1 mL of the formulation, which already contained BCG (0.1 mg/mL) that was
passively loaded. HCl was added either before the formulations were sonicated to
test the efficiency of active loading via pH gradient on large MLV niosomes or after
the formulations were sonicated to study the effect of reducing niosomes' size on

%EE via active loading.

For formulations F4 and F5, 0.1 mL of 1 M HCI was added to 1 mL of the formulation
to reduce the pH to 1.5 and 0.5 mL of 0.25 M citric acid was added to 1 mL of the

formulation to reduce the pH to 3.2, creating a pH gradient.

2.2.1.3 Bromocresol Green Lambda Max and Calibration Graph
Lambda max was measured using a UV/Vis spectrophotometer (Spectrasonic

Camspec Ltd, Canada). A wavelength scan was performed on a BCG solution in
Trizma buffer (0.1 M, pH 9.0) (blue colour) to identify the Amax between 190 nm and
900 nm.

A wavelength scan has shown that when BCG is in its blue form (pH > 5.8), its Amax

is 617nm, as shown in figure 2.3 below.
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Figure 2.3: Wavelength scan for BCG in its blue form (pH > 5.4)

However, it should be noted that the wavelength scan graph is completely different
when BCG is in its yellow form (pH < 3.8), where its lambda max becomes 444nm,

as shown in figure 2.4 below.

Wavelength {xnm)

Figure 2.4: wavelength scan for BCG in its yellow form (pH < 3.8)

For this reason, when measuring entrapment efficiency and establishing a calibration
graph, the colour of BCG should be either completely yellow or completely blue, as

absorbance changes with colour.

This is because when a chemical substance changes colour, it interacts differently
with visible light. When white light passes through a coloured material, specific
wavelengths are absorbed, depending on the material's properties. The light that is
not absorbed is the light we end up seeing—and it appears as the complementary
colour of the absorbed wavelength(s). This idea is illustrated by the colour wheel
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(figure 2.5 below), where complementary colours sit directly opposite each other. For
example, if a substance absorbs light in the 420—430 nm range (which is violet), it

will look yellow to our eyes!18.119],

Figure 2.5: Colour wheel showing complementary colours and their wavelengths.

For this reason, when measuring entrapment efficiency and establishing a calibration
graph, the BCG should be either completely yellow or completely blue, as
absorbance varies with colour. In this study, BCG will always be in its blue form when

measuring its concentration.

A calibration graph was then obtained by measuring the absorbance of different
concentrations of BCG solution. The absorbance at Amax (617 nm) of four BCG
standard solutions was measured. All standards were prepared in a 1:1 ratio of
trizma buffer (0.1 M, pH 9.0) to isopropanol to mimic the conditions used to measure

BCG entrapment efficiency.

2.2.1.4 Encapsulation Efficiency of Bromocresol Green
The method used to investigate %EE was based on determining the total drug

concentration in the formula, rather than relying solely on the theoretical drug
quantity, to achieve an accurate measurement. Hence, for pH-gradient niosomes,
0.5 mL of the suspension was collected at 15- and 60-minute intervals during drug
loading and mixed with 0.5 mL of the same buffer used to hydrate the niosomal thin
film to quench the pH gradient by raising the pH above 5.4. Then, the 1 mL
suspension was transferred to a 2 mL Eppendorf tube and centrifuged in a
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Centrifuge Mikro 200R (Hettich Zentrifugen, Germany) at 15,000 RPM for 1 hour at 4
°C to pellet the niosomes and separate them from the supernatant. Then, 0.5 mL of
the supernatant containing the unentrapped drug was collected and mixed with 1.5
mL of isopropanol. The absorbance of this new solution was measured, and the
concentration of the free BCG was calculated. It was found that a 1:1 and a 1:3 ratio
of trizma to isopropanol yield similar absorbance values. However, increasing the
isopropanol concentration to a 1:3 of trizma: isopropanol ratio was more effective at

disrupting the niosomes, as measured by the total BCG content in the formulation.

To measure the total amount of BCG model drug in the formulation loaded via active
loading, 0.5 mL of the niosomal suspension was taken and mixed with 0.5 mL of the
same buffer used to hydrate the niosomal thin film. Then, 0.5 mL of the suspension
was mixed with 1.5 mL of isopropanol to disrupt the niosomes and release the
entrapped drug. A homogeneous solution was obtained. The absorbance of the
formed solution was measured, and its BCG concentration —the actual total
concentration in the formula —was calculated. To avoid any possibility of BCG
instability, the total concentration of the drug in the formulation was measured at the
beginning of the experiment (as BCG solutions) and after drug loading (as the

niosome suspension) to assess drug retention and encapsulation efficiency.

For passively loaded niosomes, 0.5 mL of the suspension was mixed with 0.5 mL of
the same buffer used to hydrate the niosomal thin film to dilute the sample for
absorbance measurements. The 1 mL suspension was added to 2 mL Eppendorf

tubes and centrifuged under the same conditions as above for active loading.

To measure the total amount of drug in the niosome formulation loaded passively,

the same steps as above for the active-loaded niosomes were employed.

The percentage of entrapped BCG was measured using the following equation:

amount of drug unentrapped
%EE = (1 - f drug Ppedy ¥ 100
total amount of drug

eq. 2.1

All measurements have been conducted in triplicate.

2.2.2 Doxorubicin Entrapment into Niosomes Via pH Gradient
Niosomal formulations containing Span 60, Solutol HS-15, and cholesterol will be

used to prepare pH-gradient niosomes for the remote loading of doxorubicin, after
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they have been shown to actively load BCG. However, a different surfactant, Span
65, will also be tested, as it produces niosomes smaller than those made with Span
600291,

2.2.2.1 Niosomes Preparation Using Thin Film Hydration for Loading Doxorubicin
Using Ammonium Sulphate and pH Gradient

Doxorubicin formulations (table 2.4) were treated slightly differently; the F1-D thin
film was hydrated with 5 mL of Trizma buffer to assess passive doxorubicin loading.
However, formulations F2-D to F5-D, F5-D-E and F6-D to F9-D were hydrated with
an ammonium sulfate solution (0.12 M or 0.25 M). All doxorubicin formulations were
subjected to bath sonication before the addition of doxorubicin using an ultrasound
bath sonicator (Hilsonic, UK) for 30 minutes to convert the multilamellar vesicles

(MLV) to large unilamellar vesicles (LUV).

2.2.2.1.1 Extruding Niosomes Using a Manual Extruder
To study the effect of extrusion on the niosomal size and size distribution, formulation

F5-D-E was extruded using a mini-extruder (Avanti, USA) with a 100 nm filter. The
formulation was heated to 40°C and passed through the filter 11 times immediately
after film hydration and sonication. All formulations were prepared in duplicate, as

consistent results were obtained.
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Table 2.4: Entrapment of anticancer drug (doxorubicin) into niosomes via pH gradient.

Formulation  Span Co-surfactant molar ratio of Span Total number Hydration buffer External buffer exchange
code surfactant used surfactant: of moles of method
cholesterol: Co- ingredients
surfactant 1: Co- (mmol)
surfactant 2 (if
present)
F1-D Span 60 Solutol HS-15 45:45:10 120 5mL of trizma (0.1M, pH 9.0) N/A
F2-D Span 60 Solutol HS-15 45:45:10 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in PBS 1x)
F3-D Span 60 Solutol HS-15 45:45:10 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in trizma 0.1M)
F4-D Span 60 Solutol HS-15 45:45:10 120 5mL Ammonium sulfate (0.25M)  Sephadex G50 (in trizma 0.1M)
F5-D Span 60 Solutol HS-15 55:35:10 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in trizma 0.1M)
F5-D-E* Span 60 Solutol HS-15 55:35:10 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in trizma 0.1M)
F6-D Span 65 Solutol HS-15 45:40:10:5 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in trizma 0.1M)
Cremophor RH40
F7-D Span 65 Solutol HS-15 45:45:5:5 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in trizma 0.1M)
Cremophor RH40
F8-D Span 65 Cremophor RH40 50:45:5 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in trizma 0.1M)
F9-D Span 65 Cremophor RH40 45:45:10 120 5mL Ammonium sulfate (0.12M)  Sephadex G50 (in trizma 0.1M)

* Niosomal formulation F5-D-E was extruded after sonication.
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2.2.2.2 Loading of the Anticancer Drug
For passive loading in formulation F1-D, 1 mL of the formulation was diluted to 5 mL

to maintain a similar concentration of the niosome ingredients to that in the pH
gradient niosomes. Then, 0.9 mL of the formulation was mixed with 0.1 mL of a
doxorubicin solution (1 mg/mL in 0.15 M NaCl). Drug loading was left for 1 hour at

room temperature, RT, ~23 °C.

To create a pH gradient, the Sephadex G50 gel column technique was used. The
Sephadex G50 column was prepared by mixing 1 g of Sephadex G50 powder with
20 mL of either PBS buffer (pH 7.4, the buffer formed from sodium chloride 0.137M,
potassium chloride 0.0027M, sodium phosphate dibasic 0.01M and potassium
phosphate monobasic 0.0018M) or Trizma (0.1M, pH 9.0). The suspension was then
left to equilibrate overnight at room temperature, ~23 °C, allowing the Sephadex
resin to swell. The suspension was then loaded into a column. pH gradient was
created by passing 1 mL of the niosomal formulation through the Sephadex column
pre-equilibrated with either PBS (as in formulation F2-D) or Trizma (as in
formulations F3-D to F5-D, F5-D-E and F6-D to F9-D). Then, 5 mL of the new pH

gradient niosomal formulation was collected.

To load doxorubicin into formulations F1-D to F5-D, and F5-D-E, 0.9 mL of the pH
gradient formulation was taken and mixed with 0.1 mL of doxorubicin solution
(1mg/mL dissolved in 0.15 M NaCl). Drug loading was left for 30 or 60 minutes at RT
or 60 °C.

However, formulations F6-D to F9-D were loaded with 0.5mg/mL doxorubicin to
assess loading efficiency at higher concentrations. For this purpose, a 2 mg/mL
doxorubicin solution was prepared in 0.15 M NaCl. Then, 0.25 mL of the doxorubicin
solution was mixed with 0.75 mL of the formulation to achieve a final concentration of
0.5 mg/mL.

2.2.2.3 Calibration Plot of Doxorubicin
The doxorubicin lambda max was determined at pH levels of 9.0 and 5.5.

Doxorubicin was dissolved in trizma buffer (0.1 M, pH 9.0) or 0.15 M NaCl solution

(pH 5.5) to produce a concentration of 0.025 mg/mL. Knowing from the literature that
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the doxorubicin lambda max is around 480nm. A lambda max search was conducted
between 190 nm and 650 nm.

The Amax of doxorubicin in both solutions was 482 nm (figure 2.6). Since
isopropanol will be used to disrupt the niosomes' bilayer and release the drug,

doxorubicin was dissolved in 0.1 M Trizma with isopropanol (1:1 ratio) to obtain the

calibration curve.

Figure 2.6: wavelength scan for doxorubicin in the 0.15M NaCl with isopropanol (1:1
ratio) solution at a concentration of 25 mcg/mL.

2.2.2.4 Determination of Entrapment Efficiency for Doxorubicin
Entrapment efficiency was measured by comparing the concentration of

unentrapped drug to the total drug concentration in the formulation.

The total concentration of the drug in the formulation was measured at the beginning
of the experiment as solutions and after drug loading to assess drug retention and
loading efficiency, and to detect/avoid potential drug instability. For this, 0.1 mL of the
formulation was mixed with 1 mL of isopropanol. After disrupting the niosomes with
isopropanol, 0.9 mL of 0.1M trizma buffer was added. The absorbance was then

read at Amax 482nm to determine the actual total drug concentration in the formula.

To measure the concentration of the unentrapped drug for formulations loaded at 0.1
mg/mL, 0.15 mL of the formulation was taken at 30- and 60-minute intervals during

drug loading. The collected niosomal suspension was pelleted by centrifugation for 1
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hour at 15,000 RPM and 4 °C. Then, 0.1 mL of the supernatant was collected and
mixed with 1 mL of isopropanol and 0.9 mL of 0.1 M trizma buffer. The absorbance

was taken at Amax of 482 nm.

To measure the concentration of the unentrapped drug for formulations loaded at 0.5
mg/mL of doxorubicin, the loaded niosomes were first separated from the
unentrapped drug by gel filtration using a Sephadex G50 column pre-equilibrated
with 0.15 M NaCl. Centrifugation was not used because preliminary studies showed
that, at high drug concentrations, the drug leaked from the niosomes in significant
amounts during centrifugation. For this reason, and to avoid underestimating
entrapment efficiency, centrifugation was avoided during drug loading at doxorubicin
concentrations greater than 0.1 mg/mL. The percentage of entrapped doxorubicin
was measured using equation 2.1. All measurements have been conducted in

duplicate.

2.2.3 Entrapment of Acidic Drugs (Methotrexate, Ketorolac and Salicylic
acid) in Niosomes Using pH Gradient

Niosomes prepared by thin-film hydration have successfully entrapped the acidic pH
indicator BCG. For this reason, the ability of these niosomes to entrap three acidic
drugs was tested. Methotrexate, ketorolac, and salicylic acid all have carboxylic acid

functional groups that can become ionised at alkaline pH and unionised at acidic pH.

2.2.3.1 Thin Film Hydration for Niosomal Formulations
The niosomal formulations listed in Table 2.4 below were prepared by thin-film

hydration. Two buffers were used to hydrate the formulations: trizma buffer (0.1 M,
pH 9.0) and HEPES buffer (0.1 M, pH 8.0).

Trizma and HEPES buffers were chosen because they have been shown to entrap
the acidic pH indicator BCG. Then, a buffer exchange is performed to remove the
alkaline buffer from the environment surrounding the niosomes and replace it with an
acidic buffer. Drugs carrying carboxylic acid functional groups will be unionised
outside the niosomes and become ionised inside the niosomes. This will increase

the drug concentration within the niosomes and enhance entrapment efficiency.
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To create a pH gradient in niosomes, 0.1 mL of 1 M HCI solution was added to 1 mL
of niosomes prepared with Trizma or HEPES, reducing their pH to 1.5 and 2.8,

respectively. Table 2.5 below shows the formulations prepared.

Table 2.5: Methotrexate, ketorolac and salicylic acid entrapment into Niosomal
formulations via pH gradient.

Formulation molar ratio of Total number Hydration buffer Achieving a pH
code Span 60: of moles of gradient
cholesterol: ingredients
Solutol HS-15 (umol)
F1-MKS 45:45:10 120 4.5mL of trizma (0.1M, pH was reduced by
pH 9.0) adding 1 M HCl to
1mL of the

formulation to
reach 1.5 (and 4.0
for methotrexate).

F2-MKS 45:45:10 120 4.5mL of HEPES (0.1M, pH was reduced by
pH 8.0) adding 1 M HClI to
1mL of the

formulation to
reach 2.8 (and 4.0
for methotrexate).

Each one of the above formulations was used to entrap methotrexate, ketorolac and
salicylic acid individually.

2.2.3.2 Achieving pH Gradient to Load Methotrexate, Ketorolac and Salicylic Acid
Stock solutions of 1 mg/mL of the drugs being loaded (methotrexate, ketorolac and

salicylic acid) were prepared in trizma buffer (0.1 M, pH 9.0). To load the drugs into
the niosomes, 0.9 mL of each F1-MKS and F2-MKS formulation was mixed with 0.1
mL of 1 mg/mL methotrexate, ketorolac, or salicylic acid, separately. Then, to
establish a pH gradient, 0.1 mL of 1 M HCI was added to the F1-MKS and F2-MKS
formulations, reducing the pH from 9.0 and 8.0 to 1.5 and 2.8, respectively. This

technique follows the same pattern as loading BCG.

Methotrexate and ketorolac precipitated upon the reduction of the pH to 1.5 and 2.8
in formulations F1-MKS and F2-MKS. To solve this problem, a cosolvent was added
to enhance the solubility of these drugs. Dimethyl sulfoxide (DMSQO) was added to
the formulation at a 5%v/v concentration during drug loading to improve drug

solubility. Drug loading of methotrexate, ketorolac and salicylic acid was studied with
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and without DMSO. Also, drug loading was conducted at room temperature, ~23 °C,
and at 40 °C to study the effect of temperature on loading these three drugs with and
without DMSO.

2.2.4 Formulating Niosomes Using Microfluidic Technique

A microfluidic technique for niosome formulation can produce small, narrow-size-
distribution niosomes (low PDI), meaning they do not require extrusion. The process
can also scale up niosome production without the need to extrude the niosomes to
reduce their sizes. This technique will be tested to produce small niosomes for
loading doxorubicin. The size of the niosomes will be studied both after loading and
during long-term storage.

Various parameters can affect the size and size distribution of niosomes. The
ingredients used and their concentrations, the buffer and organic solvent used, the
temperature, and the total flow rate (TFR) and flow rate ratio (FRR) of the
microfluidic instrument are all parameters that can affect niosomes size and their

ability to load drugs.

2.2.4.1 Formulations Preparation
Niosomes were formulated using a benchtop microfluidic instrument, NanoAssemblr,

provided by Precision NanoSystem Inc (Vancouver, Canada) which was later
acquired by the USA company Danaher Corporation. A microfluidic technique forms
niosomes by mixing an organic solvent containing surfactants and cholesterol with
an aqueous buffer in a microchannel. The organic phase containing the surfactants
and cholesterol is added to one syringe, and the aqueous buffer is added to another
syringe. The two syringes are fitted into a cartridge that allows the two liquids to mix
in a microchannel contained within the cartridge. The instrument will push the
syringes at a controlled rate to control the speed of mixing the two phases in the
microchannels. The niosomes will exit the cartridge through a third opening and be

collected for further processing.
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Niosomes were prepared by dissolving the surfactants and cholesterol in ethanol.
Different formulations contained different ingredients and were dissolved in 4mL of
ethanol. Ethanol was sonicated to help dissolve the ingredients, and the mixture was
heated to 60 °C because the ingredients did not dissolve at room temperature, ~23
°C. A heating block was used to maintain a temperature of 60 °C during micromixing

to prevent precipitation of ingredients.

The following parameters were studied to obtain the most optimised niosomal

formulation for loading doxorubicin using a pH gradient:

a. Different formulation compositions of surfactants, co-surfactants and cholesterol
and different FRR.

Table 2.6: Different compositions of niosomes formulated using the microfluidic
technique. All formulations were prepared at 60 °C with a TFR of 12mL/min, and
three different FRRs (ratio of aqueous phase to organic) for each formulation were
tested (5:1, 3:1, and 2:1). The aqueous phase was an ammonium sulfate solution
(0.12 M, pH 5.5). All formulations were prepared in duplicate.

Formulation Molar % of Molar % of Molar % of Molar % of Total amount

code span 65 cholesterol  Solutol HS-15 Cremophor RH40 dissolved in 4
mL of ethanol
(umol)

F1-1 45 40 10 5 120

F2-1 45 45 5 5 120

F3-1 45 45 0 10 120

F4-1 50 45 0 5 120

F5-1 45 40 5 10 120

F6-1 45 35 10 10 120

F7-1 45 45 10 0 120

Niosomes in table 2.6 above were prepared to study the effect of different
surfactants, co-surfactants and cholesterol compositions on niosome size, size
distribution and zeta potential. Each formulation was repeated twice. The surfactant,

co-surfactant(s), and cholesterol of each formulation were dissolved in 4 mL of
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ethanol, giving a total concentration of 30 pmol/mL. The total flow rate was 12
mL/min, and the aqueous buffer-to-organic solvent ratio, known as the flow rate ratio
(FRR), was 5:1, 3:1 or 2:1. This will result in a final surfactant and cholesterol total
concentration of 5 ymol/mL for 5:1, 7.5 ymol/mL for 3:1 and 10 ymol/mL for 2:1,

assuming ethanol does not evaporate.

b. Different total flow rate

The total flow rate (TFR) determines the speed at which the organic and aqueous
phases are pumped through the cartridge's microchannel. Some studies have shown
that higher TFR is associated with smaller niosome size. For this reason, two
formulations were selected to study the niosome size at five different total flow rates.

Table 2.7 below summarises the experiment.

Table 2.7: Studying five different TFRs of two niosomal formulations. The flow rate

ratio was 2:1. All experiments were prepared in duplicates.

Formulation Total amount FRR Total flow rate
code dissolved in 4
mL of ethanol
(umol)
4
8
12
F3-1 120 2:1
16
20
4
8
12
F6-1 120 2:1
16
20
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c. Different concentrations of ingredients and different flow rate ratios

The higher the concentration of surfactants and cholesterol dissolved in the ethanol,

the more niosomes should be produced by the microfluidic instrument. Another factor

that determines the number of niosomes produced is the flow-rate ratio between the

aqueous and organic phases. The higher the organic phase, the higher the niosome

concentration. Table 2.8 below summarises the formulations prepared.

Table 2.8: Niosomes prepared at different concentrations of surfactants and
cholesterol in ethanol. TFR was 1 2mL/min, and three different FRRs for each
formulation were tested (5:1, 3:1 and 2:1). The aqueous phase was an ammonium
sulfate solution (0.12 M, pH 5.5). All experiments were conducted in duplicates.

Formulation % ofspan % of % of Solutol % of Cremophor  Total amount

code 65 cholesterol HS-15 RH40 dissolved in 4 mL
of ethanol (pmol)

F1-2 45 45 10 5 240

F1-3 45 45 10 5 480

F2-2 45 45 5 5 240

F2-3 45 45 5 5 480

F3-2 45 45 0 10 240

F3-3 45 45 0 10 480

F4-2 50 45 0 5 240

F4-3 50 45 0 5 480

F5-2 45 40 5 10 240

F5-3 45 40 5 10 480

F6-2 45 35 10 10 240

F6-3 45 35 10 10 480

F7-1* 45 45 10 0 120

* The size of the F7-1 formulation at 5:1, 3:1 and 2:1 FRR was very high, and for this reason, and to
avoid clogging the cartridge containing the microchannel, higher concentrations of the F7-1 formulation

were not tested as they were not necessary.
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2.2.4.2 Passive Drug (Doxorubicin) Loading into Niosomal Suspension via
Microfluidic Technique

To assess the ability of niosomes to entrap doxorubicin via passive loading, the F3-3
formulation was used. Doxorubicin was dissolved in a sucrose-histidine buffer
solution (10 %w/v sucrose, 10 mM histidine, pH 6.5). The F3-3 ingredients were
dissolved in ethanol. Niosomes were prepared by mixing the two solvents at the
following settings: TFR of 12mL/min, FRR of 2:1 and at 60 °C. The final doxorubicin

concentration in the formulation was 0.5 mg/mL.

The unentrapped drug was separated from the niosomes using Sephadex G50 gel
filtration. The Sephadex column was pre-equilibrated with the sucrose-histidine

buffer. Entrapment efficiency was measured using equation 2.1.

2.2.4.3 Creating pH Gradient and Drug Loading
Formulation F3-3 was selected for drug loading using a pH gradient. The formulation

was made using a microfluidic technique at a TFR of 12 mL/min and a FRR of 2:1.
Then, 1 mL of each of the formulated niosomes was passed through a Sephadex

column pre-equilibrated with Trizma buffer (0.1M, pH 9.0) to create a pH gradient,
where inside the niosomes will be acidic ammonium sulfate, while outside the

niosomes will be basic Trizma.

Two solutions of doxorubicin were prepared, one by dissolving doxorubicin in
sucrose-histidine buffer (10 %w/v sucrose, 10 mM histidine, pH 6.5) and the other by
dissolving doxorubicin in NaCl solution (0.9%). Doxorubicin was loaded into the
niosomes at two concentrations: 0.3 mg/mL and 0.5 mg/mL. For a 0.3 mg/mL
loading, 0.85 mL of the pH gradient niosomes was mixed with 0.15 mL of 2 mg/mL
doxorubicin dissolved in normal saline (0.9% NaCl) or sucrose-histidine buffer
solution and for a 0.5 mg/mL loading, 0.75 mL of the pH gradient niosomes was
mixed with 0.25 mL of 2 mg/mL doxorubicin.

After 1 hour of adding doxorubicin to the niosomes, the formulation was passed
through a Sephadex G50 column pre-equilibrated with NaCl solution for doxorubicin
that was already dissolved in NaCl or sucrose-histidine buffer for doxorubicin that

was already dissolved in sucrose-histidine to separate the unentrapped drug from
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the niosomes, measure entrapment efficiency, and assess niosome stability upon

storage in NaCl vs sucrose-histidine solution.

2.2.4.4 Drug Recovery During Sterilisation
In addition to a sterile production environment, the gold standard method for

sterilising nanoparticles, such as niosomes and liposomes, is to filter them through a
sterile 0.22 pm filter. This is usually the last stage before packaging. For this reason,
the niosomes' size and size distribution must be small enough for them to pass
through the filter, while microorganisms and other large unwanted particles will be

trapped in the filter.

To test the ability of the formulated niosomes to pass through the filter, a 0.20 ym
Polyethersulfone (PES) filter was used. 3 mL of the niosomal formulation F3-3,
loaded with 0.3 mg/mL and 0.5 mg/mL of drug, were passed through the filter after
removing any unentrapped drug.

The total amount of drug in the formulation was measured before and after filtration

to study the effect of filtration on niosome retention. To calculate the amount of drug,
0.1 mL of the formulation before filtration and 0.1 mL after filtration were each mixed
with 1.9 mL of isopropanol to break the niosomes and release the drug. The amount
of drug was measured using a UV/Vis spectrophotometer (Spectrasonic Camspec

Ltd, Canada) at a wavelength of 482 nm.

Drug recovery was calculated using the following equation:

% drug recovered during filtration = ( -2Rountof drug after ftration y , 40

eq2.2

amount of drug before filtration

Given that the drug is entrapped in the niosomes, and any unentrapped drug is
removed using a Sephadex G50 column, drug recovery is also an indication of the
amount of niosomes that passed through the filter and the interaction between the

niosomes and the filter to study the suitability of this sterilisation technique.
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2.2.5FT-IR

FT-IR was used to investigate interactions among the niosome components after
niosome formation. The FT-IR of Span 60, Span 65, Cremophor RH40, Cremophor
ELP and Solutol HS-15 was done individually using Agilent Cary 630 FTIR (CA,
USA). Then the FT-IR of the niosomes in table 2.9 below was measured in their
pelleted form. However, the water peaks affected the readability of the FT-IR graph;
therefore, the FT-IR was measured after lyophilising the formulations. The spectra
were recorded over a frequency range of 4000-550 cm™ with a 2 cm™ resolution.
The number of scans were 32. The Happ-Genzel function was applied for

apodisation.

Table 2.9: Niosomal formulations synthesised for FT-IR study

Formulation Co- Span Total molar ratio of Thin film
code surfactant surfactant number of Span hydration
used used moles of surfactant : solvent
ingredients  cholesterol :
(umol) co-surfactant
F1-IR Cremophore  Span 60 60 45:45:10 5mL of Distilled
RH40 water
F2-IR Cremophore  Span 60 60 45:45:10 5mL of Distilled
ELP water
F3-IR Solutol HS15  Span 60 60 45:45:10 5mL of Distilled
water
F4-IR Cremophore  Span 65 60 45:45:10 5mL of Distilled
RH40 water
F5-IR Solutol HS15  Span 65 60 45:45:10 5mL of Distilled
water

2.2.6 Physical Size Using Zetasizer

The niosomal size was measured using Zetasizer ZSP (Malvern Instruments, UK).
Each sample was diluted 50-fold with the same buffer in which it was made. Al
experiments have been conducted in triplicate. Disposable cells were used to
measure the sample size. Three measurements were conducted for each sample at

room temperature (approximately 23 °C).
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2.2.7 Zeta Potential

The zeta potential of the niosomal formulations was measured using a Zetasizer
ZSP (Malvern Instruments, UK). Zeta potential is a key factor for determining the
stability of a suspension system. One of the key factors that affects zeta potential is
the pH of the environment in which the niosomes are suspended. For this reason,
the zeta potential of the nanoparticles was measured at three pH values (pH 5, 7,
and 9) to predict the effect of pH on the long-term stability of the niosomes. pH 9 was
obtained using Trizma buffer (0.1 M, pH 9 adjusted with HCl and NaOH). pH 7 and
pH 5 solutions were prepared by adding HCl and NaOH to the pH 9 Trizma buffer
until the target pH was reached. To measure zeta potential at different pHs for each
formulation, 20 uL of the sample was diluted into 980 L of the buffer of choice. Each

experiment was repeated twice.

2.2.8 Niosomes Morphology

Bioblue.Lab light microscope (Euromex, Netherlands) was used to observe
niosomes' morphology under 100x magnification.

2.2.9 Stability Study

The niosome stability study was conducted for 3 months, or until the formulation size
significantly increased, indicating the study was unsuccessful. The formulations
being tested were stored in the fridge at 4 £ 3°C. Samples from the formulation were
taken at predetermined intervals, and the physicochemical niosomal characteristics

(particle size and PDI) were measured.

2.2.10 Statistical Analysis

Student T-Test was used to calculate the statistical significance, where p < 0.05
indicates a significant difference.
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Chapter 3: Studying pH Gradient in Niosomes
Using pH Indicator Bromocresol Green — a
Novel Approach

The data produced form the research and included in this chapter have been open
access published!, cited and referenced in this thesis
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3.1 Introduction

The main goal of formulating pH gradient niosomes is to enhance the entrapment
efficiency of the drug of interest. In pH gradient niosomes, the pH inside the
niosomes will be different from that outside the niosomes!®2. This will allow the drug
to become unionised and more lipophilic outside the niosomes. It will then cross the
niosomal membrane, and once inside the niosome's core, it becomes ionised at the
new pH and cannot cross back through the niosomal membrane in its ionised form.
Over time, the drug will accumulate and get entrapped inside the niosomes, resulting
in better entrapment efficiency!'2°];

| hypothesise that in niosomes, several factors affect the pH gradient. The most
critical factor that controls the pH gradient in niosomes is the niosomal membrane.
The niosomal membrane must be rigid enough to control the pH gradient but flexible
enough to allow the drug to cross the membrane in its unionised form. The type of
the main surfactant can affect the membrane's rigidity. Depending on the phase
transition temperature of the surfactant, surfactants with a high phase transition
temperature can produce a more rigid membrane than surfactants with a low phase
transition temperature!?®l. Cholesterol is usually incorporated into the niosomal
membrane to stabilise it and improve vesicle stability. Cholesterol is known as a
membrane modifierl?€l, In cell membranes, it inserts itself between phospholipids,
reducing membrane fluidity and enhancing rigidity. The percentage of cholesterol in
the niosomal membrane composition can play a crucial role in the membrane
integrity and rigidity!'2'l. Moreover, co-surfactants, which are surfactants with a high
hydrophilic lipophilic balance, are sometimes added to the niosomal membrane to
improve its properties, such as niosomal stability and drug leakagel?3l. Different co-
surfactants can have varying effects on membrane stability, thereby affecting the
membrane's ability to maintain a pH gradient and to allow the drug of interest to pass

through.

From the pH gradient in liposomes, we learnt that other factors can affect the pH
gradient and the ability of nanovesicles to actively load drugs, including the choice of
buffers and their concentrations, the nanovesicle concentration, and the temperature

during drug loading('?2l.
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Several techniques have been used to study the pH gradient across the membrane
of a nanovesicle. For example, in pH gradient liposomes, fluorescent probes such as
pyranine (HPTS)[®%.100] BCECF!100.101 SNARF-1190.102] ' gand Porphyrin dendrimer!'%3l
have been used to study pH gradients. These techniques rely on the fluorescent
probe being encapsulated within the nanovesicle, and the unentrapped probe
(external probe) is removed (e.g., via dialysis), leaving only internal fluorescence.
These probes emit at two wavelengths depending on the pH of the environment. The
ratio of the intensities at the two wavelengths changes with pH, indicating that the pH

has changed.

All these techniques lack at least one of the following three criteria: ease of use, the
ability to visualise the pH gradient immediately, and the ability to use the probe as a
model drug to assess the nanovesicle's ability to entrap drugs efficiently. Some of
these probes need to be passively loaded into the nanovesicles such as
BCECF!100.1011 ' SNARF-1[190.102] ' gand Porphyrin dendrimer!'%3l, Then, the amount
remaining outside the nanovesicles should be removed using techniques such as gel
or membrane filtration. This can introduce uncertainty if the probe is not removed
efficiently or leaks during the pH gradient study, leaving the researcher unsure
whether the results are due to the pH gradient or to probe leakage outside the
nanovesicles. It also means they can only be used to study pH differences across
the membrane and will not assess the membrane's ability to load the drug using the
pH gradient technique. This is because the probe will be passively loaded into the
nanovesicles, and the unentrapped probe is filtered out. Also, the probes mentioned
above must be used with an instrument capable of measuring fluorescent signals.
This means that the pH gradient and drug loading will not be visible to the naked

eye.

For the reasons mentioned above, a novel technique has been established to study
the pH gradient across the niosome membrane. The new method relies on a probe,
the pH indicator bromocresol green (BCG), which enables the visualisation of the pH
gradient as it forms. A pH indicator can be used to assess the niosomal membrane's
ability to maintain separation between two environments with differing pH values,
namely the internal aqueous core and the surrounding external medium. pH
indicators are chemical compounds that exhibit a change in colour in response to

variations in pH. This behaviour is attributed to the presence of ionisable functional
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groups with defined pKa values, with the observed colour change corresponding to

the compound's ionisation statel'23],

This study proposes that pH indicators can serve as effective tools for investigating
and visualising pH-gradient niosomes, with several practical advantages. For
instance, the establishment of a pH gradient across the niosomal membrane can be
rapidly confirmed through observable colour changes in the suspension. In addition,
pH indicators can act as model compounds representing different classes of active
agents and can be readily detected using spectrophotometry due to their distinct
colours and characteristic Amax values, which allow clear differentiation from other
substances. Furthermore, variations in solution colour may indicate the percentage
encapsulation efficiency (%EE). Monitoring colour changes over time can also offer
insight into the stability of the pH gradient. Overall, these indicators can contribute to
a better understanding of niosomal properties and membrane permeability.

In this chapter, bromocresol green (BCG) was utilised as a pH indicator to examine
the characteristics of pH-gradient niosomes. BCG has a molar mass of 698.01
g/moll'?4, BCG is sparingly soluble in water and exists predominantly in a di-anionic,
blue form at pH values above 5.4, and in a mono-anionic, yellow form at pH values

below 3.8, as illustrated in Figure 3.1-Al'25],

When the internal pH of the niosome exceeds 5.4, BCG appears blue, whereas at an
external pH below 3.8 it turns yellow (Figure 3.1-B). Consequently, in the presence of
BCG, pH-gradient niosomes exhibit both colours simultaneously: blue within the
niosomal core and yellow in the surrounding medium. The combination of these
colours produces a green appearance in the overall suspension, indicating successful
pH gradient formation.

As a greater proportion of BCG becomes encapsulated within the niosomes, the
suspension colour gradually shifts towards blue. This change can be used as an
indicator of the encapsulation efficiency (%EE) and the effectiveness of the loading
process. In addition, %EE can be quantitatively determined using spectrophotometric

analysis.
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B) The sphere represents a BCG compound where it is yellow in pH = 2 (pH < 3.8) and blue in
pH= 9 (pH > 5.4). The pH of the environment that BCG is present in will change colour depending
on its pH when pH gradient is established.

Figure 3.1: The influence of BCG ionisation on its colour and the colour of its
environments. Figure 3.1-A was generated using ChemDraw 22.2.0, and figure 3.1-B
was created using BioRender.

3.2 Aim and Obijectives

This chapter aims to study the use of the pH indicator BCG as a probe to evaluate
the ability of different niosomal formulations to establish and maintain a pH gradient
across their membranes. BCG will be loaded into different niosomal formulations
using pH gradient techniques to validate the efficiency of this probe for studying pH

gradients in niosomes.

This chapter will also examine how different niosomal membrane compositions affect
pH gradient stability. Span 60 or Span 40 will be the main surfactant in all niosomal
formulations. Different co-surfactants (Cremophor RH 40, Cremophor ELP and
Solutol HS-15) will be added to the formulations. Various cholesterol-to-surfactant
ratios will also be studied to assess the effect of cholesterol on membrane rigidity

and, thus, on pH gradient control and drug loading efficiency in niosomes.
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Moreover, the effects of various buffers, including Tris, HEPES, citric acid, and
hydrochloric acid (HCI), on maintaining the pH gradient will also be studied.

3.3 Results and Discussion

3.3.1 Lambda Max and Calibration Plot

A wavelength scan demonstrated that BCG in its blue form (pH > 5.8) exhibits a
maximum absorbance (Amax) at 617 nm (Figure 2.3). In contrast, when BCG is in its
yellow form (pH < 3.8), the wavelength scan profile differs significantly, with a Amax
observed at 444 nm (Figure 2.4). This is because when a chemical substance
changes colour, it interacts differently with visible light. For this reason, when
measuring entrapment efficiency and establishing a calibration graph, the colour of
BCG should be either entirely yellow or entirely blue. In this study, BCG will always
be in its blue form when measuring its concentration. A calibration graph was

established for BCG in its blue form, as shown in Figure 3.2 below.

o ta)
y =67.069x

1.2 R*=0.9999

Absorbance
[
[,

0 0.005 0.01 0.015 0.02 0.023

Bromocresolgreen concentration (mg/mL)

Figure 3.2: Calibration graph for BCG in its blue form at 617 nm wavelength. Similar
readings were obtained upon rerunning the results. Measurement was done three
times for each concentration and absorbance results were the same for each repeat
of each concentration.
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3.3.2 Passive Loading of BCG into Niosomes

BCG was passively loaded into three niosomal formulations (F1, F2, and F3) of Span
60 and cholesterol, containing Cremophor RH40, Solutol HS15, or Cremophor ELP.
Formulation content (F1 to F3) is summarised in table 2.3.

The size and entrapment efficiency of the three formulations above were studied

both before and after bath sonication. Results are summarised in table 3.1 below.

Table 3.1: % Encapsulation Efficiency (EE) (n=3) and size before and after
sonication for niosomes with passively loaded BCG in F1-F3 formulations. All
formulations formed of Span 60 and cholesterol but contain various co-surfactants:
Cremophor RH40 (F1), Cremophor ELP (F2), and Solutol HS-15 (F3).

Formulation Before sonication After sonication
%EE Niosomes PDI (+SD) %EE (+SD) Niosomes PDI
(xSD) Size - Size - (xSD)
d nm (+SD) d nm (+SD)
F1 3.92 1631 0.78 2.37 (= 177.9 0.52
(£0.07) (£191.0) (£0.28) 0.86) (+8.28) (x£0.07)
F2 4.30 1687 0.72 2.55 (x 219.1 0.46
(x1.34) (x493.8) (x0.18) 1.77) (£39.38) (x0.06)
F3 4.99 1171 0.76 0.00 159.6 0.53
(x1.30) (£119.1) (x0.09) (+4.34) (x0.03)

As presented in Table 3.1, passive loading resulted in a very low encapsulation
efficiency (%EE). This suggests that the incorporation of negatively charged,
relatively large, and hydrophilic molecules such as BCG (molar mass = 698.01
g/mol) at a formulation concentration of 12 ymol/mL using Span 60 as the surfactant

is limited.

Therefore, BCG is considered an appropriate model compound for investigating how
the introduction of a pH gradient (active loading) can improve the encapsulation

efficiency of such molecules!".

Following sonication of the BCG-containing formulations, leakage was observed in
all samples. This highlights a limitation of passive loading, where formulation
processing and optimisation steps can lead to a reduction in encapsulation efficiency
(%EE). The use of probe sonication appears to have a similar impact to bath
sonication. For example, Yeo et al. reported a significant decrease in the entrapment

efficiency of methylene blue, a hydrophilic compound, after probe sonication at 40%
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amplitude for two cycles of 2 minutes with 1-minute intervals. In one formulation, the

%EE decreased from 40.1% prior to sonication to 11.6% afterwards!?3l.

One notable benefit of sonication is its ability to reduce niosomal size. As indicated in
Table 3.1, bath sonication led to a significant decrease in particle size and a

reduction in the polydispersity index (PDI) across all three formulations (P < 0.05).

3.3.3 Investigating Niosomes Ability to Form a pH Gradient Using
Bromocresol Green (BCG) and the Consequence of the pH Gradient on
the % Encapsulation Efficiency, EE, of BCG

To the best of our knowledge, our publication!'! is the only study to date that has
employed active loading of BCG to evaluate the capacity of niosomes to establish
and sustain a pH gradient. This approach is feasible because BCG exhibits pH-
dependent solubility and ionisation behaviour: it is more water-soluble and exists in a
di-anionic form at pH values above 5.4, while at pH values below 3.8 it becomes less
soluble and predominantly mono-anionicl'?%l. When the internal pH of the niosome
exceeds 5.4, BCG diffuses into the vesicle and becomes effectively entrapped, as its
di-anionic form is unable to permeate back across the hydrophobic bilayer. As a
result, this method promotes both the uptake and retention of BCG within the
niosomes, as illustrated in Figure 3.3.

In addition, the effect of different co-surfactants on the formation of a pH gradient
was examined. Niosomal formulations were prepared using either Span 60 or Span
40 in combination with cholesterol, with or without the inclusion of co-surfactants
such as Cremophor RH40, Cremophor ELP, or Solutol HS15.
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BCG is less water soluble in pH < 3.8 and becomes mono-anionic
and yellow in colour. When pH inside niosomes is > 5.4 while pH
outside niosome is <3.8, BCG will prefer to be inside the niosome to
become more water soluble. Also, once BCG is inside the niosome,
it will become more ionised and thus more difficult to leave through
the niosome hydrophobic bilayer, thus entrapped inside the niosome.

BCG is more water soluble in pH > 5.4 and becomes
di-anionic and blue in colour. When pH inside
niosomes = pH outside niosomes, there is no
driving force for BCG to be entrapped in niosomes

Figure 3.3: lllustrates how a pH gradient can actively load BCG into niosomes.

3.3.3.1 pH Gradient Niosomal Formulations with Span 60 or Span 40 with
Cholesterol Only (F4 and F5)

Stable niosomes could not be obtained from formulations containing only Span 60
and cholesterol. Immediately after lowering the pH, the vesicles rapidly aggregated,
forming large, visible particles within the suspension (Figure 3.4-A).

A similar outcome was observed with the Span 40—cholesterol formulation (F5),
indicating that the aggregation was not specific to Span 60. The issue also persisted
when hydrochloric acid was used in place of citric acid, suggesting that the type of

acid was not a contributing factor.

To further investigate, the system was tested at a moderately acidic pH of 4.0 in the
absence of BCG, to rule out any influence of the indicator or extremely low pH
conditions. Aggregation still occurred under these conditions (Figure 3.4-B),
confirming that neither BCG nor highly acidic environments were responsible for this

behaviour™.
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Figure 3.4: Showing the effect of pH gradient on niosomes without the presence of a
co-surfactant. (A)The F4 formulation is produced with Span 60 and cholesterol,
without a co-surfactant. F4 was prepared in Trizma buffer (0.1 M, pH 9) containing
0.1 mg/mL BCG (blue suspension - pH 9). The suspension turned yellow after the
addition of citric acid (yellow — pH 3.2), where green aggregates (shown in red
circles) are clearly visible, indicating that niosomes are not stable without a co-
surfactant. (B) On the left, a Span 60-cholesterol niosomal suspension after
sonication in trizma buffer (0.1 M, pH 9.0) without BCG. On the right, the same
niosomal suspension, after the addition of HCI to reduce the pH to 4.0, showed only
aggregates. This indicates that niosomes are unstable under acidic conditions in the
absence of co-surfactants, and that this instability is not due to the presence of BCG.
The same observation was seen with Span 40-cholesterol niosomes!'.

A comparable finding was reported by Dehaghi et al., who observed that lowering the
pH to 6.0 and 5.5 inhibited the formation of niosomes composed of Span 60 and
cholesterol!'?%l. They also highlighted the influence of buffer concentration on
niosomal stability. In their study, a diammonium hydrogen phosphate buffer was used
to hydrate the surfactant—cholesterol thin film. Niosome formation occurred at pH 6.5
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with a buffer concentration of 200 mM; however, increasing the buffer concentration
to 250 mM prevented niosome formation at the same pH.

3.3.3.2 Influence of Niosomal Size and Co-surfactant Used on Encapsulation
Efficiency Via pH Gradient

The pH gradient loading approach offers several advantages, primarily by improving
the encapsulation efficiency (%EE) of nanovesicles!'?”1281 while avoiding exposure of
the drug to potentially degrading conditions, such as elevated temperatures during
thin-film hydration or mechanical stress during sonication. Additionally, a higher %EE
means that a smaller quantity of niosomes may be required to achieve the desired
therapeutic effect. Another benefit is that the drug is introduced after the formation
and optimisation of the niosomal system, allowing parameters such as size to be
refined beforehand. This helps minimise drug leakage, which can occur during

processes like sonication and subsequently reduce %EE?3l.

In this study, confirmation of pH gradient formation was based on two key criteria.
Firstly, after acidification to a pH below 3.8, the suspension should initially appear
yellow, then transition to green or blue. Secondly, an increase in %EE should be
observed.

The expected green-blue colour arises from the pH difference between the
niosomes' internal and external environments. Specifically, the internal aqueous core
maintains a pH above 5.4, while the external medium maintains a pH below 3.8.
Under these conditions, BCG appears blue inside the vesicles and yellow in the
surrounding solution. The combination of these colours results in a green
appearance. At very high encapsulation efficiency, the suspension may appear
predominantly blue, reflecting a greater proportion of BCG retained within the

niosomes at higher pH.

The inclusion of co-surfactants—such as Cremophor RH40, Cremophor ELP, and
Solutol HS-15—improved formulation stability and prevented aggregation following
pH reduction. All three co-surfactants supported the formation of niosomes capable
of establishing a pH gradient across their membranes. However, their effects on

encapsulation efficiency and gradient formation varied. Figure 3.5 illustrates the
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observed colour changes after the addition of HCI to formulations F1, F2, and F3

prior to sonication™.

Figure 3.5: The change that occurred in 3 formulations (from left to right: F1, F2 and
F3) after 6 minutes of adding HCI. HCI was added to these formulations before
sonication. Note that immediately after adding HCI, the suspension turned yellow;
then, it gradually changed in colour to green and blue (from left to right). The %EE
reported after 15 minutes of drug loading is F1 = 55.73%, F2 = 41.45%, and F3 =
57.45%"".

As outlined in the introduction, bromocresol green (BCG) offers two key advantages
for studying pH gradients: it provides an immediate visual indication of whether a pH
gradient has been established across the niosomal membrane, and changes in

solution colour can give an estimate of encapsulation efficiency (%EE).

Following the addition of 0.1 mL of 1 M hydrochloric acid, the suspension is expected
to become fully yellow, corresponding to a pH of approximately 1.5. However, as
illustrated in Figure 3.5, a pH gradient was successfully established in all three
formulations. Formulations F1 and F2 changed to a green colour, whereas F3
appeared blue within 6 minutes of acid addition. Based on this observation, it can be
inferred that F3 would exhibit the highest encapsulation efficiency, as indicated by its

more intense blue colour. The %EE values are presented in Table 3.2.
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Although formulation F3 displayed the most pronounced blue colour in Figure 3.6, its
measured encapsulation efficiency was comparable to that of F1 (57.45% versus
55.73%, respectively; p = 0.277; Table 3.2). This outcome may be explained by drug
leakage occurring during the centrifugation step used for niosome isolation. The high
forces involved in centrifugation, along with the close packing of vesicles during
pelleting, can promote vesicle fusion and subsequent drug loss!'?®1301. This effect is
likely to be more pronounced in F3 due to the higher initial BCG concentration within

its niosomes.

This is another advantage of using BCG to study drug loading using the pH gradient
technique. The colour change indicated that a significant amount of drug had leaked
during the pelleting of formulation F3. The dark blue colour of formulation F3 6
minutes after adding HCI (figure 3.5) suggested that the entrapment efficiency of
BCG was almost 100%, whereas only 57.45% was recorded after pelleting.

The relationship between niosomal size and encapsulation efficiency (%EE) was
also investigated. Following size reduction by bath sonication, which transformed the
vesicles from multilamellar vesicles (MLVs) to large unilamellar vesicles (LUVs), the
%EE of the resulting smaller niosomes was evaluated using the pH gradient method.
The colour changes observed in the three sonicated formulations after the addition of
hydrochloric acid are presented in Figure 3.6. The corresponding data for niosomal

size and encapsulation efficiency are summarised in Table 3.2.
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Figure 3.6: The change that occurred in 3 sonicated formulations (from left to right: 2
repeats for F1, two repeats for F3 and two repeats for F2) upon the addition of HCI.
HCI was added to these formulations after sonication. The picture was taken 15
minutes after the addition of 0.1 mL of 1 M HCI. %EE reported after sonication after
15minutes of drug loading is F1=15.57%, F2= 17.81% and F3= 67.86%!"".

As illustrated in Figure 3.6, formulations F1 and F2 appeared more yellow than blue
after sonication and 15 minutes of active loading. This suggests that, following size
reduction, these formulations may lose the pH gradient more rapidly and show a

reduced ability to encapsulate BCG using the pH gradient approach.

Table 3.2: Assessing the effect of niosomes’ size on pH-gradient-active drug loading
encapsulation efficiency, %EE (n=3). Accordingly, %EE in F1-F3 niosomal
formulations was determined before and after sonication.

Formulation Before sonication After sonication
Niosomes PDI %EE Niosomes PDI %EE
Size - (xSD) 15 min* 60 Size - (xSD) 15 min* 60
d nm (xSD) min** d nm (xSD) min**
(xSD) (xSD) (xSD) (xSD)
F1 1631 0.78 55.73 61.80 177.9 0.52 15.57 15.09
(£191.0) (£0.28) (£1.15) (¢1.53) (#8.28) (£0.07) (£1.72) (x2.74)
F2 1687 0.72 41.45 39.83 219.1 0.46 17.81 13.90
(+493.8) (£0.18) (£1.68) (x1.74) (£39.38) (£0.06) (+4.48) (x2.58)
F3 1171 0.76 57.45 49.47 159.6 0.53 67.86 42.02
(£119.1) (£0.09) (£1.97) (+2.52) (#4.34) (£0.03) (+4.26) (x4.81)

*%EE measured after 15 minutes of adding HCI
**%EE measured after 60 minutes of adding HCI
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The data presented in Table 3.2 for the pH gradient following sonication are
consistent with the colour changes observed in Figure 3.6. Among the three
formulations, F3 exhibited the most intense blue colour after 15 minutes and
achieved the highest encapsulation efficiency (%EE) (p < 0.05). This finding further
highlights the usefulness of BCG as a model indicator, where colour variation can be
used as a visual marker of %EE.

It was also observed that, after the addition of hydrochloric acid, larger niosomes
(Figure 3.5) appeared more intensely blue compared to smaller niosomes (Figure
3.6). However, the maximum %EE recorded for F3 prior to sonication was lower than
that measured after sonication (57.45% versus 67.86%, respectively; p < 0.05). This
apparent discrepancy can be attributed to the separation method used to distinguish
encapsulated from free BCG, namely centrifugation-based pelleting. As discussed
earlier, the high forces generated during centrifugation may deform niosomes,
leading to drug leakage. Larger vesicles are more susceptible to such damage due
to their greater surface area, which increases the likelihood of friction and collision.
Consequently, this may have resulted in a lower measured %EE before sonication,
despite the stronger blue colour observed in the larger niosomes. This comparison is

illustrated in Figure 3.7, where the two size ranges are evaluated directly!".

before after
sonication sonication

Figure 3.7: Comparison of F3 colour after addition of HCI to the formulation before
sonication (left picture) (%EE after 15 minutes of drug loading is 57.45%) and after
sonication (right picture) (%EE after 15 minutes of drug loading is 67.86%). The
formulation is bluer before sonication but shows lower entrapment efficiency!'.
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Based on the observations in Figure 3.7, the greater intensity of the blue colour in
formulation F3 before sonication suggests that larger multilamellar vesicles (MLVs)
achieved higher encapsulation efficiency (%EE). This can be explained in part by the
surface area-to-volume ratio. Similar to liposomes, niosomes can lose their pH
gradient, and if this occurs during the active drug-loading phase, the %EE will be
reduced!'3']. Larger niosomes have a lower surface area-to-volume ratio and a
greater internal aqueous volume, which helps them better maintain their internal pH
and sustain the pH gradient for a longer period. As a result, the diffusion of hydrogen
ions into the vesicles is reduced, allowing more effective maintenance of the gradient

and improved drug retention.

Another contributing factor relates to the structural differences between niosomes
before and after sonication. The thin-film hydration method typically produces
multilamellar vesicles, which consist of multiple concentric bilayer structures!'32. This
layered arrangement creates additional barriers to the diffusion of hydrogen ions,
slowing their movement into the internal compartments. Consequently, the internal
pH is better preserved, supporting sustained pH gradients and higher encapsulation
efficiency. In addition, the presence of multiple internal compartments provides
several regions into which BCG can partition, reducing its exposure to acidic
conditions and limiting protonation. The presence of these multilamellar structures

was confirmed by light microscopy, as shown in Figure 3.8.

It is also important to note that preliminary findings indicated that sonication of
actively loaded MLVs resulted in significant drug loss. For this reason, in the present
study, sonication was performed prior to drug loading to convert MLVs into large
unilamellar vesicles (LUVs), followed by active loading of BCG. This approach
avoids the reduction in encapsulation efficiency that would occur if already loaded

MLVs were subjected to sonication.
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Figure 3.8: lllustrates the structure of and multilamellar vesicles (MLVs) and
unilamellar vesicles. Formulation F3 before size reduction using sonication was
viewed under the light microscope (100x magnification).

3.3.3.3 Justifying the Influence of Co-surfactants on the Stability of Niosomes During
pH Gradient Loading
As discussed earlier, niosomes prepared with only Span 60 or Span 40, in

combination with cholesterol, exhibit poor stability under acidic conditions. The
surface of these niosomes is rich in hydroxyl (OH) groups, as each Span surfactant
molecule contains three hydroxyl groups within its hydrophilic head (Figure 3.9). This
results in a surface with a net negative character due to the presence of
electronegative oxygen atoms. Under normal conditions, this negative surface
charge promotes electrostatic repulsion between vesicles, helping to prevent

aggregation and fusion during movement within the suspension.

When the pH of the suspension is reduced, the concentration of hydrogen ions (H)
increases, which can partially neutralise the negative surface charge of the
niosomes. As the surface charge approaches neutrality, the repulsive forces between
vesicles diminish. Consequently, when niosomes collide, they are more likely to
adhere and merge, leading to aggregation. This explanation is supported by
observations that niosomes tend to redisperse when pH is increased, and prolonged
exposure to acidic conditions (approximately 1 hour) results in irreversible

aggregation.
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The inclusion of co-surfactants enhances niosome stability in acidic environments by
reducing vesicle fusion and creating a protective surface barrier. As illustrated in
Figure 3.9, these co-surfactants insert their hydrophobic tails into the niosomal
bilayer alongside the Span surfactants. The hydrophobic chains of Cremophor RH
40, Cremophor ELP, and Solutol HS-15 each contain approximately 17 carbon
atoms, which is comparable to the chain length of Span 60. Their hydrophilic head
groups extend outward from the niosome surface, forming a hydrated layer that
contributes to steric stabilisation. The size of this hydrophilic region varies depending
on the co-surfactant. Specifically, Cremophor RH 40 contains around 40
polyethylene glycol units in its head group, Cremophor ELP contains approximately
35, and Solutol HS-15 contains about 15 polyethylene glycol unitsl'46l,

The data presented in Table 3.2 indicate that the combination of Solutol HS-15 with
Span 60 and cholesterol provides superior drug encapsulation using the pH gradient
method compared with Cremophor RH40 and Cremophor ELP. This improved
performance may be explained by the relatively smaller size of Solutol HS-15 and its
structural compatibility with Span 60, as illustrated in Figure 3.9. In particular, Solutol
HS-15 possesses a single hydrophobic chain containing 17 carbon atoms, similar to
Span 60, which likely facilitates better integration within the niosomal bilayer
membranel'l.

Cremophor RH40 and Cremophor ELP each contain three hydrophobic chains, which
may disrupt the niosomal bilayer due to limited compatibility with Span surfactants,
such as Span 60, which has only a single hydrophobic tail. Furthermore, their relatively
large molecular sizes and high molar masses (approximately 2700 g/mol for
Cremophor RH40 and 2500 g/mol for Cremophor ELP)Xl are significantly greater than
that of Span 60 (430.62 g/mol)l'33l. This difference may reduce their ability to integrate

effectively within the bilayer, potentially leading to decreased membrane stability.
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Figure 3.9: Structure of co-surfactants (Cremophor ELP, Cremophor RH40, Solutol

HS15), main surfactants (Span 60, Span 40), cholesterol and citric acid. The figure
also illustrates the interaction between Span 60 and cholesterol in niosomes!®®l. Note
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that one hydrogen atom cannot form hydrogen bonds with two oxygen atoms at the
same time. However, this figure illustrates that the oxygen atoms with which the
hydrogen atom can form hydrogen bonds are one at a time. All structures were
generated using ChemDraw 22.2.0.

3.3.3.4 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis of Niosomes

FT-IR can study interactions between ingredients in a mixture by detecting changes
in the vibrational spectra of chemical bonds when they absorb infrared (IR) radiation.
The purpose of this experiment is to study the interaction between Span 60 and the
different co-surfactants (Cremophor RH 40, Cremophor ELP and solutol HS-15)
using FT-IR.

Figure 3.10 below shows three graphs. Each graph contains the absorbance of each
ingredient used in the formulation of niosomes. It also shows the absorbance of the
lyophilised niosomes, which contain all the ingredients combined in niosome form.
The purpose is to compare the absorbance of the individual ingredients with that of

the combined sample to detect absorbance changes that could indicate interactions.

In conclusion, no noticeable changes were observed in the graphs that could
indicate major interactions between Span 60 and Solutol HS-15 over Cremophor
RH40 or Cremophor ELP to explain why Span 60 and Solutol HS-15 form better
membranes that can maintain a pH gradient. In the absence of such interactions, the
rational explanation for why Span 60 forms better membranes for maintaining a pH
gradient is related to the structural compatibility between Span 60 and Solutol HS-15
over Cremophor RH40 and Cremophor ELP, as explained in the previous section
(section 3.3.3.3). Span 60 and Solutol HS-15 can form a tighter membrane due to
structural compatibility, while Span 60 is less compatible with Cremophor co-
surfactants, resulting in the presence of pores in the membrane which reduce the

membrane ability to maintain pH gradient.
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Figure 3.10: FT-IR graphs of surfactants (Span 60) co-surfactant (Cremophor RH
40, Cremophor ELP and Solutol HS-15 and cholesterol with lyophilised form of the
niosomal formulations: Nio Lyo (60 + RH40) is the lyophilised F1-IR formulation, Nio
Lyo (60 + ELP) is the lyophilised F2-IR formulation, and Nio Lyo (60 + sol) is the
lyophilised F3-IR formulation (table 2.9).
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3.3.3.5 Maintaining the pH Gradient: Niosomes vs Co-surfactants
To confirm that pH gradient formation is specifically associated with niosome

formation, rather than the formation of alternative structures such as micelles from
co-surfactants, formulation F3 was prepared by directly dispersing the components
in water without using the thin-film hydration method, followed by bath sonication.
Upon addition of hydrochloric acid, the suspension turned yellow immediately and
did not exhibit the characteristic green colour (Figure 3.11), indicating that a pH

gradient was not established under these conditions.

Figure 3.11: Cholesterol, Span 60, Solutol HS15 added to water and sonicated with
BCG (0.1mg/mL) after the addition of HCI (0.1 mL of 1 M). The formed suspension
changed and stayed yellow.

3.3.3.6 Addition of BCG and Active Loading it into Optimised Niosomes
In many situations, achieving high encapsulation efficiency using passive loading

requires elevated concentrations of niosomal components, which may increase the
risk of adverse effects upon administration. For instance, pegylated doxorubicin
liposomes are known to cause a dose-limiting toxicity, palmar—plantar
erythrodysesthesia, which is associated with liposome accumulation in skin
capillaries['34. Therefore, increasing the number of nanovesicles beyond what is

necessary may lead to enhanced side effects.

Moreover, niosomes produced using the thin-film hydration method are generally
large in size?>4% making them unsuitable for parenteral administration. Efforts to
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reduce their size, such as sonication, can lead to significant drug leakage and a
subsequent decrease in encapsulation efficiency?3l. Low encapsulation efficiency
poses a significant challenge, as it may limit the formulation's ability to deliver an

effective therapeutic dosel'l.

Another limitation of passive loading is that the drug may be exposed to harsh
conditions that can lead to degradation, particularly for temperature-sensitive
compounds. For example, hydration of a thin film composed of Span 60 must be
carried out above its gel-fluid transition temperaturel'®l, which is approximately 53
°Cl3], Certain drugs are unstable at elevated temperatures and may degrade when
maintained in aqueous environments under such conditions. This is especially
relevant for compounds containing ester functional groups, which are susceptible to
hydrolysis!'-136l,

To address these limitations, the feasibility of introducing BCG after niosome
formation and optimisation was explored. This approach helps minimise drug
exposure to harsh conditions and reduces the likelihood of degradation. In
formulation F6, BCG was added after the sonication step, followed by hydrochloric

acid to initiate active loading. The corresponding results are presented in Table 3.3.

Table 3.3: Measuring niosome size, PDI and %EE of BCG in four niosomal
formulations (F6-F9), (n=3). BCG was added after the niosomes were formulated
and sonicated. Formulations F6 and F8 contain span 60, while formulations F7 and
F9 contain span 40. pH gradient was achieved in formulations F6 and F7 by the
addition of HCI, while in formulations F8 and F9, it was achieved by adding citric
acidl'l.

Formulation code Niosomes Size — PDI (+SD) %EE
d nm (£SD) 15 min* 60 min**
(xSD) (xSD)

F6 147.8 (£6.30) 0.39 (£0.04) 68.59 34.61 (x2.97)
(£0.70)

F7 226.9 (£16.08) 0.37 (£0.04) 53.30 28.53 (£7.91)
(£2.88)

F8 147.8 (£6.30) 0.39 (+0.04) 2418 29.63 (£3.95)
(£5.56)

F9 226.9 (+16.08) 0.37 (£0.04) 14.86 24.34 (£3.04)
(£0.56)

*%EE measured after 15 minutes of adding the acid
** %EE measured after 60 minutes of adding the acid
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As shown in Table 3.3, the encapsulation efficiency (%EE) of BCG in formulation F6
was comparable to that of F3 after sonication (68.59% versus 67.86%, respectively,
after 15 minutes of loading). This indicates that introducing the drug after formulation
optimisation does not adversely affect %EE. Therefore, adding the drug at a later
stage should be considered, as it minimises exposure to harsh processing
conditions, such as those encountered during thin-film hydration, and reduces the

risk of drug degradation.

3.3.3.7 Span 60 vs Span 40 as Main surfactants
Span 40 is a non-ionic surfactant with a structure comparable to that of Span 60, but

with a shorter hydrophobic chain (15 carbon atoms compared with 17 in Span 60;
Figure 3.9). It also has a lower phase transition temperature (42 °C versus 53 °C)l'37]

and a smaller molar mass (402.57 g/mol compared with 430.62 g/mol)\"33.138],

The influence of the differing physical properties of Span 40 and Span 60 on
encapsulation efficiency and niosome size during pH gradient loading of BCG was
investigated. In a similar approach to formulation F6, BCG was introduced into
formulation F7 after sonication, followed by the addition of hydrochloric acid to

initiate active loading. The results are presented in Table 3.3.

Comparison of F7 and F6 indicates that niosomes prepared with Span 60 exhibit a
greater capacity to encapsulate BCG via the pH gradient method than those
prepared with Span 40. This observation can be interpreted in light of findings from
liposomal systems, where lipids with higher phase transition temperatures (Tm) are
more effective at maintaining pH gradients!'3°l. A similar principle appears to apply to
surfactant-based niosomes. Additionally, the longer hydrophobic chain of Span 60
contributes to the formation of a thicker, more robust bilayer, providing a stronger
barrier and allowing the pH gradient to be sustained for a longer period. Since the pH
gradient is the primary driving force for BCG encapsulation, maintaining this gradient
for a prolonged period improves encapsulation efficiency. Consistent with behaviour
observed in liposomes, the loss of the pH gradient is associated with a marked

reduction in %EE["31],
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3.3.3.8 Influence of various buffers on BCG encapsulation efficiency
a. Acid Buffer Changing

The use of a weak acid in place of hydrochloric acid was also investigated to
determine whether a milder pH reduction could produce a more stable pH gradient
and thereby improve encapsulation efficiency. For this purpose, a 0.25 M citric acid
solution was evaluated in both Span 40 and Span 60 formulations. Formulations F8
and F9 were prepared in the same manner as F6 and F7, respectively, except that
0.5 mL of 0.25 M citric acid was added instead of 0.1 mL of 1 M hydrochloric acid to
adjust the external pH to 3.2. The results are summarised in Table 3.3!"l.

The addition of citric acid led to the appearance of a green colour, as shown in
Figure 3.12-A, indicating the formation of a pH gradient. However, after 15 minutes,
the formulations treated with hydrochloric acid appeared more blue-green than those
treated with citric acid, suggesting a higher encapsulation efficiency with hydrochloric
acid. This indicates that hydrochloric acid is more effective in rapidly establishing a

pH gradient.

Despite this, citric acid demonstrated a greater ability to maintain the pH gradient
over time. As illustrated in Figure 3.12-B, after 60 minutes, formulations treated with
hydrochloric acid lost the pH gradient and turned completely yellow, whereas those
treated with citric acid retained their green colour. This observation is consistent with
the encapsulation efficiency data in Table 3.3, where formulations containing
hydrochloric acid showed high %EE at 15 minutes but a significant decrease after
one hour (P < 0.05). In contrast, formulations prepared with citric acid exhibited an
increase in %EE over time, with higher values recorded after one hour than after 15

minutes!!l.
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Figure 3.12: In figure 3.12-A, the F6 formulation after 15 minutes of adding HCI (left
Eppendorf) and the F8 formulation after 15 minutes of adding citric acid (right
Eppendorf). %EE after 15 minutes for F6 is 68.59% and for F8 is 14.86%. In figure
3.12-B, F6 (left Eppendorf) and F8 (right Eppendorf) formulation after 60 minutes of
adding HCI (left Eppendorf) and citric acid (right Eppendorf). %EE after 60 minutes
drug loading under pH gradient for F6 is 34.61% and for F8 is 29.63%!"l.

This behaviour can be attributed to the buffering capacity of citric acid, which releases
hydrogen ions more gradually compared to hydrochloric acid, a strong acid that
dissociates completely in aqueous solutionl'%141 In addition, citric acid is highly
water-soluble and possesses three dissociation constants (pKa values of 3.15, 4.78,
and 6.40) corresponding to its carboxylic acid groups!'#?. At an external pH of
approximately 3.5, citric acid exists predominantly in its ionised form('40l. Because it
remains largely ionised and hydrophilic, citric acid is less able to permeate the
niosomal bilayer and therefore remains primarily in the external medium. In contrast,
hydrochloric acid establishes a steeper initial pH gradient, promoting a more rapid
influx of BCG into the niosomes and resulting in higher encapsulation efficiency after
15 minutes. Based on these findings, 0.25 M citric acid is less effective than
hydrochloric acid for loading BCG into niosomes.

A further theoretical consideration in favour of using hydrochloric acid rather than citric
acid concerns potential chemical interactions. Citric acid contains three carboxylic acid
groups, while Span surfactants possess three secondary alcohol groups (Figure 3.9),
creating the possibility of ester formation through esterification reactions('4%l. Similarly,

cholesterol and Solutol HS-15 also contain alcohol functional groups that could react
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with the carboxylic acid groups of citric acid. The impact of such reactions on the
stability of pH-gradient niosomes composed of Span 60, cholesterol, and Solutol HS-
15 remains unclear, and the safety profile of any resulting esterified products is
unknown.

In addition, drugs containing alcohol functional groups may also undergo esterification
in the presence of citric acid. Such chemical modification could alter the drug’s
structure, potentially affecting its encapsulation efficiency and its ability to interact with
its intended biological target. Furthermore, the toxicity of any newly formed derivatives

would be uncertain, further raising concerns about their use.

b. Alkaline Buffer Changing

The effect of altering the alkaline buffer was also investigated. In formulations F10
and F11, HEPES buffer (0.1 M, pH 8.0) was used in place of Trizma buffer. To
establish a pH gradient, 0.1 mL of 1 M hydrochloric acid was added to 1 mL of F10,
while 0.5 mL of 0.25 M citric acid was added to 1 mL of F11, reducing the external

pH to 2.8 and 3.36, respectively. The results are presented in Table 3.4.

Table 3.4: F10 and F11 size, PDI and %EE using pH gradient (n=3). F10 and F11
were prepared in HEPES buffer (0.1M, pH 8.0) instead of trizma and were sonicated
to reduce their size. A pH gradient was created by either adding HCI (F10) or citric
acid (F11) to reduce the external pH!'l,

Formulation Niosomes PDI %EE (for HCI) %EE (for citric acid)
Size — (xSD) 15 min* 60 min** 15 min* 60 min**
d nm (+SD) (xSD) (xSD) (xSD) (xSD)
F10 283.4 0.38 53.19 72.85
(£34.08) (£0.07) (£2.90) (£x2.72)
F11 283.4 0.38 25.92 31.08 (£1.27)
(£34.08) (20.07) (x1.29)

*%EE measured after 15 minutes of adding HCl/citric acid
** %EE measured after 60 minutes of adding HCl/citric acid

In contrast to Trizma buffer, HEPES buffer demonstrated higher encapsulation
efficiency after 1 hour compared to 15 minutes when used with both hydrochloric
acid and citric acid. Furthermore, as illustrated in Figure 3.13, HEPES was more
effective at sustaining the pH gradient over time. The formulations retained a blue
colour after 1 hour, whereas comparable niosomes prepared with Trizma buffer

turned yellow, indicating loss of the pH gradient.
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Figure 3.13: Right Eppendorf presents F6 (in trizma buffer) after 1 hour of adding
HCI. Left Eppendorf indicates F10 (in HEPES buffer) after 1 hour of adding HCI. The
% F6 EE after 1 hour of drug loading was 34.61 %, while that of F10 after 1 hour of
drug loading was 72.85 %.

To explain this observation, it is important to compare the structural and
physicochemical properties of Trizma and HEPES. The molecular structures of both
compounds are shown in Figure 3.14, while their key properties are summarised in
Table 3.5.

Based on the data in Table 3.5, HEPES appears to be more hydrophilic than Trizma,
as indicated by its slightly higher water solubility (70.36 g/100 mL versus 67.8 g/100
mL) and its more negative log Pow value (-3.85 versus —2.31). In addition, HEPES
has a significantly larger molar mass (238.30 g/mol compared with 121.14 g/mol),

which may reduce its ability to diffuse across the niosomal bilayer.

At the pH conditions used in this study (approximately pH 8-9 inside the niosomes
and below 3.5 externally), HEPES is expected to be more ionised within the
niosomal core than Trizma (approximately 50% versus 10%) and less ionised in the
external medium (approximately 50% versus 100%). This creates a stronger
tendency for Trizma to diffuse out of the niosomes into the acidic external
environment, where it becomes fully ionised. In contrast, HEPES shows a more
balanced degree of ionisation inside and outside the vesicles, resulting in a weaker

driving force for its exit from the niosomes.
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As buffer molecules diffuse out of the niosomes, the internal environment becomes
more vulnerable to pH changes following acid addition, leading to a loss of the pH
gradient. Since HEPES is less likely to cross the bilayer and is not strongly driven to
leave the vesicles, it is better able to maintain the internal pH and sustain the pH

gradient over a longer period.

OH
\\S//\
QN/\/ OH  HO OH
Ho >N NH,
HEPES Trizma

Figure 3.14: Structure of HEPES and trizma compounds

Table 3.5: Comparison between trizma and HEPES physical properties!42-144]

Physical property HEPES trizma
Molar mass 238.30 g/mol 121.14 g/mol
Water solubility 70.36 g/100ml 67.80 g/100ml
Number of ionisable 3 1

functional groups

pKa of base 7.5and 3.0 8.1

pKa of acid Always ionised N/A

lonisation state at At pH 8 > 50% of HEPES will be At pH 9, only ~ 10% will
pH > 5.4 negatively charged, and the other 50% be ionised

will be zwitterionic (neutral)

lonisation state at pH At pH 2.8 — 3.36 (i.e. after adding HClor At pH < 3.8, 100% will be
<38 Citric acid), around 50% of HEPES will ionised

be positively charged, and the other 50%

will be zwitterionic (neutral)

Partition coefficient -3.85 -2.31
Octanol-water (Log
Pow)

3.3.3.9 Temperature’s Influence on BCG Loading
In liposomal systems, increasing the temperature above the phase transition

temperature of the main lipid during pH gradient drug loading has been shown to
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enhance encapsulation efficiency by increasing bilayer fluidity!'#%. This approach has
been widely applied in liposomes, and in the present study, its effect on niosomal

membrane properties and the ability to sustain a pH gradient was also investigated.

Formulations F6, F7, F8, and F9 were loaded with BCG using a pH gradient
generated by either hydrochloric acid (F6 and F7) or citric acid (F8 and F9) at 40 °C,
in order to evaluate the effect of increased temperature on encapsulation efficiency
(%EE). Measurements of %EE were taken after 10 and 40 minutes. These time
points were selected based on visual observations, as the suspension begins to shift
towards a yellow colour after approximately 10 minutes. The results are presented in
Table 3.601.

Table 3.6: Data of %EE (n=3), size, and PDI of niosomes loaded using pH gradient
at 40 °C. This table displays the %EE when drug loading performed at high
temperature, 40 °C.

Formulation Niosomes PDI %EE (for HCI) at 40 °C %EE (for citric acid) at 40 °C
size - (xSD) 10 min* 40 min** 10 min* 40 min** (£SD)
d nm (+SD) (xSD) (xSD) (xSD)
F6 147.8 (¢6.30) 0.39 11.19 2.46 (£1.04)

(:0.04)  (£2.49)

F7 226.9 0.37 19.59 4.52 (+5.34) ><
(+16.08) (£0.04)  (+6.77)

F8 147.8 (+6.30) 0.39 >< 40.44 (£7.79) 23.56
(+0.04) (+1.62)

F9 226.90 0.37 26.60 (+1.42) 21.00
(+16.08) (0.04) (1.10)

*%EE measured after 10 minutes of adding HCl/citric acid
** %EE measured after 40 minutes of adding HCl/citric acid

It can be concluded from Table 3.6 that increasing the temperature significantly
reduces encapsulation efficiency (%EE) during pH gradient loading of niosomes. For
formulation F6, the maximum %EE was substantially higher when loading was
performed at room temperature (approximately 23 °C) compared to 40 °C (68.59%
versus 11.19%, P < 0.05). A similar trend was observed for formulation F7 (53.3%
versus 19.59%, P < 0.05). This reduction in %EE at elevated temperatures can be
attributed to increased permeability of the niosomal bilayer, which promotes the loss
of the pH gradient. This effect is illustrated in Figure 3.15, where the pH gradient
dissipated within 10 minutes following the addition of hydrochloric acid at 40 °C. In

contrast, as shown in Figure 3.13-A, the pH gradient was maintained for at least 15

97



minutes during loading at room temperature (approximately 23 °C). These findings
suggest that, unlike many liposomal systems, which require elevated temperatures
to enhance drug loading, niosomal formulations composed of Span 60, Solutol HS-
15, and cholesterol can achieve effective active loading at room temperature without

the need for increased thermal input!'l.

Figure 3.15: Figure shows F8 formulation at 40 °C after 10 minutes of citric acid
addition (right Eppendorf) and F6 at 40 °C after 10 minutes of HCI addition (left
Eppendorf). The %EE of F8 after 10 minutes of the drug loading at 40 °C was 40.44
%, while that of F6 after 10 minutes of the drug loading at 40 °C was 11.19 %.

Increasing temperature raises the kinetic energy of molecules and enhances the
permeability of membrane structures. As a result, elevated temperatures may
facilitate the diffusion of Trizma out of the niosomes across the bilayer membrane.
This can accelerate the loss of the pH gradient, ultimately leading to a reduction in

encapsulation efficiency (%EE)451.

However, when pH gradient loading was induced using citric acid, a different trend
was observed. Increasing the temperature to 40 °C resulted in a higher maximum
encapsulation efficiency (%EE) being achieved more quickly than at room
temperature (approximately 23 °C). For example, in formulation F8, the %EE
reached 40.44% after 10 minutes at 40 °C, whereas at room temperature it reached
29.63% after 60 minutes (Tables 3.3 and 3.6).
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Despite this, the pH gradient was more stable at room temperature. Under these
conditions, %EE gradually increased from 24.18% at 15 minutes to 29.63% at 60
minutes. In contrast, at 40 °C, %EE decreased over time, from 40.44% at 10 minutes
to 23.56% at 40 minutes. These findings suggest that, when using a weak acid,
higher temperatures can accelerate drug loading and yield a higher initial %EE, but
the pH gradient dissipates more rapidly than at room temperature.

It can also be inferred that, at 40 °C, a weak acid is more effective than a strong acid
in maintaining the pH gradient over time, as illustrated in Figure 3.150"],

3.3.3.10 Cholesterol to Span 60 Different Ratios Effects on Active Loading of BCG
and its %EE

Cholesterol plays a key role in regulating the fluidity and permeability of bilayer
membranes!'4%, and its proportion within a formulation can therefore influence

encapsulation efficiency (%EE).

In this study, the effect of varying the molar ratio of Span 60 to cholesterol was
examined. Formulations F12 and F13 were prepared with different cholesterol-to-
Span 60 ratios, as outlined in Table 2.3, and the outcomes of active loading are

presented in Table 3.7.

The results indicate that reducing the Span 60-to-cholesterol molar ratio from 45:45
to 35:55 (F12) did not significantly affect the encapsulation efficiency of BCG after 15
minutes (68.59% versus 66.52%). However, this adjustment reduced drug leakage
over time. After 60 minutes of exposure to the pH gradient, the %EE of BCG was
higher (53.11% compared with 34.61%), suggesting improved retention within the

niosomes.

In contrast, increasing the Span 60-to-cholesterol molar ratio from 45:45 to 55:35
(F13) produced the opposite effect. The encapsulation efficiency (%EE) after 15
minutes increased (68.59% compared to 59.77%); however, greater drug leakage
was observed over time. After 60 minutes of exposure to the pH gradient, %EE
decreased to 34.61% compared with 27.06%, respectively.
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Cholesterol is known to play a critical role in modulating membrane rigidity, fluidity,
and permeability, all of which influence encapsulation efficiency('6.146l. The findings of
this study suggest that reducing cholesterol content to 35% results in a more
permeable bilayer, reducing the membrane's ability to retain the drug and maintain

the pH gradient over time.

Table 3.7: %EE (n=3), size, and PDI of niosomal formulations with various molar
ratios of Span 60 to cholesterol. The molar ratio of Span 60 to cholesterol to solutol
HS-15 in F12 formulation was 35:55:10, whereas in F13, it was 55:35:10. The size
was measured before and after sonication, however the drug loading was performed
on sonicated niosomes.

Formulation Before sonication After sonication %EE (for HCI) After
sonication
Niosomes PDI (xSD) Niosomes PDI 15 min* 60 min**
size - size - (xSD) (xSD) (xSD)
d nm (+SD) dnm
(xSD)
F12 1394 0.60 320.9 0.53 66.52 53.11
(+68.25) (x0.12) (x20.64) (x0.10) (x1.4) (+4.86)
F13 1390 0.45 148.4 0.35 59.77 27.06
(x87.54) (x0.16) (£9.65) (x0.07) (+£3.46) (x6.50)

*%EE measured after 15 minutes of adding HCI
** %EE measured after 60 minutes of adding HCI

3.3.3.11 Potential Uses of BCG Niosomes Other Than Studying Active Drug Loading
The use of BCG for pH gradient discovery has proven very successful for studying

pH gradients in niosomes and for understanding how different buffers and
ingredients affect active drug loading via pH gradients. This discovery can be applied
to nanoparticles with an aqueous core surrounded by a membrane, beyond

niosomes, such as liposomes, ethosomes, transferosomes, and others.

Moreover, there are potential uses for actively loading BCG into nanovesicles
beyond just studying the pH gradient within them. This is based on the following
properties of the BCG: it changes colour depending on pH, does not cross the cell
membrane in its blue form, is blue at physiological pH, and can be actively loaded

into nanovesicles. Below are examples of uses for BCG nanovesicles.

100



A. Endosomal Trafficking / Intracellular pH Mapping (Proof-of-Concept)
Nanoparticles, such as niosomes and liposomes, can significantly increase the

amount of drug that enters the cells. Many drugs, such as nucleic acids like
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), cannot cross cell
membranes!'47:148] They rely on the nanocarrier's ability to transport them across the
membrane and release them in the cytosoll'48.1491. The entry pathway is usually via
endocytosis, where the nanocarriers are engulfed by cells and delivered to early
endosomes, which mature into late endosomes and eventually lysosomes. The pH of

the early endosome is ~6.5, and the pH of the lysosome is ~5.0[4°],

In some formulations, endosomal escape must occur before endosomes mature into
lysosomes to prevent the degradation of the payload, such as nucleic acids (DNA or
RNA). The nanovesicle must be able to break down the endosomal membrane for its

payload to escape the endosomes and reach the cytosol intact.

The pH of the cell's cytosol is ~7.2, and the pH of endosomes starts around ~6.5 and
decreases to reach ~5.0 when endosomes mature to lysosomes. Also, the pH of the
media in which cells are suspended is usually physiological (~7.3-7.4)l"49. In this
case, BCG nanovesicles can be used to study their ability to enter cells and escape

endosomes.

Given that BCG cannot cross the cell membrane in its ionised blue form, this means
that free, unentrapped BCG will not be able to enter cells without the help of a
nanocarrier. Based on this, BCG can help study the ability of nanovesicles to cross
the membrane and release their payload inside cells. Since a cell's cytosol pH is
~7.2, the presence of blue colour in the cytosol indicates that nanovesicles can
successfully cross the cell membrane. Given that BCG can be loaded into niosomes
at high concentrations, it should provide a clear blue colour in cells' cytosols,

indicating that the nanovesicles have crossed the cells' membranes.

BCG can also be used to determine whether nanovesicles escape from endosomes
before reaching lysosomes. The pH inside endosomes is around 6.5, which means
BCG will be in its blue form. However, after endosomes become lysosomes, the pH
inside lysosomes is around 5.0, meaning that some of the BCG will be di-ionised and
in its blue form, while others will be mono-ionised and in its yellow form, producing a

green colour. If BCG-loaded nanovesicles produce only blue colour inside cells, this
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means that these nanovesicles managed to cross the cell membrane and escape the
endosomes. If the nanovesicles produce a green colour inside the cells, it means
they could not escape the endosomes and remained there until they reached the

lysosome stage.

In addition, this technique can help us study how long endosomes take to mature
into lysosomes. For this, a nanovesicle known not to escape endosomes can be
loaded with BCG, and colour observation can be used to monitor this. The time it
takes for an endosome to mature into a lysosome is from the first appearance of blue
colour in the cells until the appearance of green colour. This will provide a valuable,
easy method to study the time required for endosomes to develop into lysosomes,

and it can also help analyse the effect of nanovesicles on this process.

Different pH indicators can be loaded into endosomes for study. For example,
bromocresol purple (BCP), a different pH indicator from BCG, changes colour from
yellow to purple over the pH range 5.2 — 6.8'%, At pH 5.0, which is the pH of
lysosomes, BCP will be completely yellow. This can provide a better colour

distinction than green when studying endosomes using BCG.

One factor that affects endosomal escape is the lipid used to formulate the
liposomes. In liposomes, ionisable lipids, which become ionised at slightly acidic pH,
such as pH 5.4 — 6.5, while remaining neutral at physiological pH, can facilitate
endosomal escape by becoming ionised inside the endosomes and disrupting the
endosome membranel'5'l. Actively loading BCG or BCP into liposomes or niosomes
with various membrane compositions can potentially help in studying the effect of

these membranes on endosomal escape.

B. Studying Factors That Disrupt the Nanovesicles' Membrane and Release the Drug
Targeted drug-delivery nanovesicles are essential for ensuring drug release at a
specific site in the body. Several techniques have been studied to encourage drug
release in response to external triggers, such as temperature shifts, specific light
wavelengths, magnetic fields, or ultrasound waves. This is to ensure that the drug is

released at the right place and time to further enhance therapeutic outcomes!?°.
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Thermosensitive liposomes contain phospholipids with a phase transition
temperature (Tm) just above 37 °C, allowing drug release at specific local sites. For
example, liposomes rich in DPPC lipid are considered thermosensitive liposomes
because the Tm of DPPC is = 41 °C. At temperatures near the phase transition
temperatures, the lipid's hydrocarbon chain will become disordered, causing the
release of the drug!'®?l. The site of interest is exposed to focused ultrasound,
radiofrequency, or laser photothermal energy to raise its temperature to 40-45 °C for
a few minutes. Thermosensitive liposomes, when exposed to elevated temperatures,

will release their payload due to membrane disruptionl'%3].

Another technique for raising the temperature of DPPC liposomes is to incorporate
superparamagnetic iron oxide nanoparticles (SPIONs) into the aqueous core or to
anchor them to the bilayer. An alternating magnetic field can cause the
superparamagnetic cores to rotate and spin, generating heat. This will raise the
temperature of the nanoparticles' environment to over 42 °C, resulting in rapid drug

releasel’®4,

To study the effect of temperature on thermosensitive liposomes, they can be
actively loaded with BCG. Then, the liposomes will be exposed to external stimuli
that elevate the temperature, and a sufficient amount of excess acid will be added to
turn BCG yellow. The membranes of thermosensitive liposomes will become leaky at
elevated temperatures near the Tm of the lipid used. The acid will enter the
liposomes more quickly than at temperatures below Tm. This will help study the
properties of thermosensitive liposomes, such as the amount of DPPC lipid required
to form them. It will also examine the effect of other ingredients on the liposomes to
ensure drug release does not occur at lower temperatures, such as the addition of
specific lipids with a Tm lower than or higher than DPPC and in the case of SPIONSs,
the effect of their different concentrations and the magnetic field required on

membrane leakiness.

3.3.4 Concluding Remarks on the Use of Bromocresol Green in pH
Gradient Studies

Using BCG to study pH gradients in niosomes has proven valuable for

understanding these gradients. BCG's ability to change colour in response to
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different pH environments and its capacity to be actively loaded into niosomes have
enabled the study of how various parameters affect the stability of the pH gradient in

niosomes and the membrane's ability to actively load drugs.

Through this tool, it was possible to visualise and study how the following factors can
influence the stability of pH gradient and active drug loading in niosomes: the type of
surfactant used (Span 60 vs. Span 40), the choice of co-surfactant (Solutol HS-15,
Cremophor RH 40, or Cremophor ELP), the composition of both alkaline and acidic
buffers, the loading temperature and duration, the morphology of the niosomes (MLV

vs LUV), and the cholesterol content within the formulation.

These discoveries will aid in understanding how to successfully formulate pH
gradient niosomes with therapeutic drugs and how different formulation compositions
and buffer choices affect the enhancement of active drug loading into niosomes. In
this research, these findings will be applied to improve the entrapment efficiency of
the therapeutic agent doxorubicin into niosomes, as discussed in the next chapter.
The findings will not be limited to doxorubicin, but they can be applied to enhance
the entrapment efficiency of various drugs that can be actively loaded using a pH

gradientl],

Moreover, using BCG in pH-gradient niosomes offers educational advantages.
Explaining abstract ideas to students can be challenging. The pH gradient in
nanovesicles is an abstract idea that can be made concrete using BCG. The use of
BCG to study pH gradients can turn a textbook idea into something students can
see, improving their understanding of vesicle behaviour, formulation design, and
drug delivery principles in a simple, memorable way. The ingredients used in this
experiment are very safe, which means it can be turned into a lab practical with
simple steps to help students understand the concept of pH gradients. It will also
help students understand that nanovesicles have a membrane separating the
aqueous core from the surrounding environment. The same experiment can be
conducted on micelles to show how their structure differs from that of bilayered
nanovesicles, such as niosomes and liposomes. A famous saying states: “Tell me
and | forget, show me and | may remember, involve me and | will understand”.
Students can be involved and observe the pH gradient themselves to learn how it

works.
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Chapter 4: Active Loading of Anticancer Drugs
(Doxorubicin and Methotrexate) into Niosomes
via pH and Salt Gradient

Part of the data produced form the research and included in this chapter have been
open access published!], cited and referenced in this thesis
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4.1 Introduction

Given the success of actively loading BCG into niosomes, this chapter will focus on
actively loading therapeutic drugs. This chapter will attempt to actively load four
therapeutic drugs into niosomes: Doxorubicin, Methotrexate, Ketorolac, and Salicylic
acid.

Doxorubicin (figure 1.12) is a cytotoxic drug that belongs to the anthracycline class.
Doxorubicin is used in chemotherapy to treat different types of cancers, such as

breast cancer, sarcomas, ovarian cancer, and others!1°!,

One of the drug's mechanisms of action is the generation of reactive oxygen species
(ROS) that damage DNA, the cell membrane, and mitochondria. Many healthy cells
can deal with ROS through their antioxidant reserves, which help detoxify the cell.
However, cardiac cells have a limited antioxidant reserve and are rich in
mitochondria. The cardiac cells cannot sufficiently detoxify the ROS generated,
leading to mitochondrial damagel'®8l. For this reason, several measures are taken to
protect the heart muscle from doxorubicin, such as limiting the cumulative lifetime
dose of anthracyclines. For example, doxorubicin has a cumulative lifetime limit of
~450-550 mg/m?, depending on whether the patient has received previous
mediastinal radiation['%’]. Another solution is to administer dexrazoxane, a prodrug

that, upon activation, chelates iron and blunts ROS generated by doxorubicin!'%8l.

A third solution is to encapsulate doxorubicin in liposomes. The capillaries in
cancerous tissues are larger and leakier than those in the heart. Doxorubicin-loaded
liposomes are around 90 — 150 nm in size (Caelyx® has a size of 90 nm!'%° while
Myocet® has a size of 150 nm!'¢%]), making them too large to extravasate into heart
cells, unlike free doxorubicin (a small molecule), which diffuses readily. Liposomal
doxorubicin will reduce the heart's exposure to doxorubicin and concentrate the drug
at cancer sites, resulting in markedly reduced myocardial uptake and cardiotoxicity

risk versus conventional doxorubicint'61],

The leading challenge researchers faced when incorporating doxorubicin into
liposomes was reaching high entrapment efficiency. After research, two main
techniques are used by the industry to load doxorubicin into liposomes. The first
technique uses a citric acid pH gradient, while the second uses an ammonium
sulfate pH and salt gradient (as discussed in section 1.8)[106],
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Niosomes are being explored as an alternative nanocarrier for the delivery of
doxorubicin in place of liposomal systems. They offer several advantages, including
lower manufacturing costs and improved stability. Additionally, unlike lipids used in
liposome preparation, which may vary in purity, the components used in niosome
formulations are more consistent. For these reasons, niosomes are considered a

more attractive option than liposomes for drug delivery applications!'el.

Although liposomal systems have been extensively investigated, the application of
pH gradient-driven loading in niosomes remains relatively underexplored. Two key
knowledge gaps have been identified in this area. First, there is a lack of suitable
analytical approaches for evaluating and visualising pH gradients and drug loading
within niosomes. To address this, the pH indicator bromocresol green (BCG) was
employed in the previous chapter as a model compound for active loading studies.
Second, despite ongoing research, no niosomal formulations have yet been

translated into marketed medicinal products.

This study, therefore, aims to develop a novel niosomal formulation for doxorubicin
delivery, with the objective of enhancing its accumulation in cancer cells by

incorporating specific cosurfactants, namely Solutol HS-15 and Cremophor RH 40.

The rationale for choosing these cosurfactants is as follows: Solutol HS-15 and
Cremophor RH 40 are known to inhibit P-glycoprotein (P-gp), a glycoprotein that
actively pumps cytotoxic drugs out of cancer cells, thereby contributing to multidrug
resistance. It reduces intracellular drug accumulation, rendering the cancer more
aggressive and challenging to treat!'>116l, Incorporating Solutol HS-15 and
Cremophor RH40 can provide the opportunity for a niosomal formulation that
reduces side effects by avoiding healthy tissues and is more aggressive against

cancer cells expressing P-gp.

Solutol HS-15 is known to exhibit low haemolytic activity, suggesting minimal
irritation and toxicity toward healthy cells[''%], In addition, it contains a hydrophilic
head group composed of approximately 15 polyethylene glycol (PEG) units, which
can help reduce aggregation and enhance the stability of the niosomal membrane.

Cremophor RH 40, which possesses a larger hydrophilic head group containing
around 40 PEG units, was selected to investigate the influence of extended PEG
chains on the stabilisation of the pH gradient within niosomes. To date, neither of
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these co-surfactants has been explored in pH gradient-based niosomal systems,
highlighting the novelty of this study.

Methotrexate, ketorolac and salicylic acid are all acidic drugs that have carboxylic
acid as functional group, as shown in figures 4.1 A, B and Cl'%2-"64] These three
drugs have not been actively loaded before into nanovesicles. This chapter aims to
utilise the carboxylic acid functional group and to create pH-gradient niosomes that
ionise the carboxylic acid within their cores, while keeping it unionised outside the
niosomes. Similar to BCG, the pH outside the niosomes will be acidic, deionising the
compounds and allowing them to cross the niosomal membrane. The niosomal core
will be alkaline to ionise the compounds and prevent them from leaving the core.

This can, in theory, increase their entrapment efficiency within the niosomes.

A- Methotrexate

OH

OH
B- Ketorolac C- Salicylic acid

Figure 4.1: A- Structure of methotrexate. B- Structure of ketorolac. C- Structure of
salicylic acid.
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In addition to these three drugs having a carboxylic acid functional group, which can,
in theory, enhance their entrapment efficiency using active loading, there are other

reasons to attempt loading them in niosomes.

Methotrexate is an immunosuppressant and a cytotoxic drug that can be used in
inflammatory diseases such as rheumatoid arthritis and malignancies such as breast
cancer, ovarian cancer, lung cancer and others. Methotrexate causes side effects by
targeting healthy organs, such as immunosuppression, hepatic injury and others!'65].
Incorporating chemotherapeutic agents in nanovesicles can reduce side effects. This
is because the capillaries in cancerous tissues are larger and leakier than those in
healthy tissues. Nanovesicles are usually large (>*90 nm), making them too large to
extravasate into healthy tissues. However, they can reach malignant tissue due to
the nature of their leaky blood vessels. This will accumulate the chemotherapeutic
drug in malignant tissues, thereby reducing its side effects!'6"].

Ketorolac is a non-steroidal anti-inflammatory drug used in postoperative painl'6°l. |t
can also be administered ocularly following an ocular surgery to prevent and reduce
inflammation!'®7], In the British National Formulary (BNF), a 10mg dose should be
administered initially, followed by doses every 4-6 hours. The dose may be increased
to every 2 hours, with a maximum dose of 60mg per day!'®®l. Niosomes are known to
have the ability to slow the release of loaded drugs!'®®170. oading ketorolac into a
niosome can slow its release, making it a modified-release formulation that reduces
the frequency of administration and controls pain more efficiently. Moreover, ocularly
administered niosomes can increase drug retention, sustain drug release, and

enhance corneal penetration!®3, which can benefit ocular ketorolac formulations.

Salicylic acid can treat various skin conditions, such as acne, and improve the
overall skin texturel'”'l. Niosomes can boost the skin penetration of drugs and
sustain the release of drugs in the skinl'"2l, For this reason, salicylic acid was

selected for active loading into niosomes.

109



4.2 Aim and Objective

This chapter aims to study the active loading of the following therapeutic drugs in
niosomes: doxorubicin, methotrexate, ketorolac, and salicylic acid. The formulations
will be optimised to obtain a niosomal formulation with the highest entrapment
efficiency for each of these drugs. A stability study will also be conducted to ensure

that the niosomes are stable after formulation.

Thus, the objective of this chapter is to formulate niosomes to actively load
doxorubicin. Different formulations will be tested to achieve good entrapment

efficiency and size stability.

4.3 Results and Discussion

4.3.1 Entrapment of Doxorubicin in Niosomes Using a pH Gradient
Doxorubicin has been loaded into liposomal formulations using pH-gradient
techniques before. This shows that doxorubicin can be actively loaded into
nanovesicles and cross bilayer membranes in its unionised form, reaching the

nanovesicle core, where it remains in its ionised form!80l.

A commonly used method for loading doxorubicin into nanovesicles involves an
ammonium sulfate pH gradient (Figure 1.11)['%, |n this approach, niosomes are
initially prepared in an ammonium sulfate buffer, followed by a buffer exchange step
to remove ammonium sulfate from the external environment. This process creates a
concentration gradient, with a higher concentration of ammonium sulfate inside the
niosomal core than in the surrounding medium. Once established, this gradient is
expected to be maintained because both ammonium and sulfate ions are unable to
readily cross the niosomal bilayer. In this study, the ability of niosomes composed of
Span 60, cholesterol, and Solutol HS-15 to generate and sustain an ammonium

sulfate gradient was evaluated using doxorubicin as the model drug.

The formulation identified as optimal from the BCG studies consisted of Span 60,
cholesterol, and Solutol HS-15 in a molar ratio of 45:45:10 (Table 2.3). Solutol HS-15
was selected as an appropriate component due to its suitability for injectable

formulations and its reported ability to inhibit P-glycoprotein (P-gp) in cancer cells.
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4.3.1.1 Passive Loading of Doxorubicin into Niosomes
Doxorubicin is a cytotoxic agent administered intravenously, and therefore, the

niosomes used for its delivery should be of relatively small size. For this reason,
loading during the thin-film hydration stage was not considered, as this method
typically produces large vesicles (>1000 nm), as previously shown (Table 3.1).
Subsequent size-reduction techniques, such as extrusion or sonication, may result in
drug leakage and loss, as discussed earlier. Accordingly, and for comparison,
passive loading was evaluated using formulation F1-D (Table 2.4), in which
doxorubicin was added to niosomes prepared using Trizma buffer alone, without
establishing a pH gradient. Under these conditions, the encapsulation efficiency
(%EE) achieved after 1 hour of loading was 36.42% (+1.01).

The reason 36.42% entrapment was achieved could be that, at pH 9.0, doxorubicin
is predominantly unionised, given its pKa of 8.4['73l. This will cause doxorubicin to
become trapped within the niosomal bilayer membrane. However, the area available
for storing hydrophobic drugs in the bilayer is not significant, and for that reason,

only 36.42% entrapment occurred.

4.3.1.2 pH Gradient Loading of Doxorubicin into Niosomes
An ammonium sulfate gradient was generated to enable active loading of

doxorubicin into niosomes. This was achieved by initially preparing the niosomes in
an ammonium sulfate solution, followed by resuspension in either PBS (formulation
F2-D) or Trizma buffer (formulation F3-D). Drug loading was then carried out at room
temperature (approximately 23 °C) and at an elevated temperature of 60 °C. The

results are presented in Table 4.1.

In liposomal systems, ammonium sulfate gradient loading of doxorubicin is typically
performed at temperatures above the phase transition temperature of the main lipid.
This increases membrane fluidity and permeability, allowing doxorubicin to cross the

bilayer more easily and resulting in higher encapsulation efficiency!'4%1.

In niosomal systems, an opposite trend was observed. Increasing the temperature to
60 °C using a water bath resulted in a reduction in encapsulation efficiency when

either PBS or Trizma was used as the external buffer. This behaviour is consistent
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with the findings in Chapter 3, where elevated temperatures led to disruption of the
pH gradient and a corresponding decrease in %EE for BCG-loaded niosomes.

Furthermore, the use of Trizma as the external buffer produced higher encapsulation
efficiency than PBS after 1 hour of drug loading (57.14% versus 28.07% at room
temperature, approximately 23 °C). This difference may be attributed to the greater

ability of Trizma to maintain the pH gradient within niosomes compared with PBS.

4.3.1.3 Effect of Ammonium Sulfate Concentration
“Some literature has used a 120 mM ammonium sulfate buffer in the inner core of

liposomes, while other literature has used 250 mM[®3.174], The efficiency of 250 mM
ammonium sulfate in niosomes has been tested in formulation F4-D (refer to table
2.4). Drug loading was conducted at RT, ~23 °C, and 60 °C. Results are summarised
in table 4.2.

Using 250 mM ammonium sulfate instead of 120 mM did not increase the maximum
%EE at either temperature. However, the niosome size increases after 1 hour of
drug loading, with niosomes at RT (~23 °C) increasing from 389.1 nm to 543.6 nm.
This was not observed at 120 mM ammonium sulfate, as the size did not change
significantly after 1 hour of drug loading at room temperature, ~23 °C (360 nm before
drug loading vs. 367.3 nm after drug loading). This indicates that using 120 mM
ammonium sulfate is preferred over 250 mM, as it reduces the amount needed,

improves particle size after loading, and yields a similar maximum %EE.”
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Table 4.1: %EE (n=2), Size, and PDI of doxorubicin loaded niosomes at room temperature, RT, ~23 °C, and at 60 °C. The core of
niosomes contained 120 mM ammonium sulfate, while the external medium consisted of either PBS (1X, pH 7.4) in formulation F2-
D or trizma buffer (0.1 M, pH 9.0) in formulation F3-DU"],

Formulation = Niosomes' size Measuring size and %EE at RT Measuring size and %EE at 60 °C
after sonication
and before %EE (after %EE (after Niosomes PDI (after %EE %EE Niosomes PDI (after
entrapment 30min) 60min) size - 60min) (after (after size - 60min)
(xSD) (xSD) dnm (+SD) (xSD) 30min) 60min) d nm (+SD) (xSD)
d nm (+SD) (after 60min) (+SD) (£SD) (after
60min)
F2-D 384.6 (+ 10.8) 045(x 28.07%(x 28.07(+  389.2(+ 0.35 (+ 2155(+ 2233(+ 4130 (¢ 0.36 (+
0.57) 0.57) 48.3) 0.03) 2.41) 2.40) 31.82) 0.05
F3-D 360.0 (¢ 2.54) 044 (+ 5544 (x 5714(x  367.3(¢ 0.46 (+ 2653 (+ 3231(x 380.8(+ 0.37 (+
2.41) 3.85) 18.8) 0.02) 3.85) 4.33) 10.59) 0.04)

Table 4.2: Size, PDI and entrapment efficiency (n=2) of niosomal formulation prepared in 250 mM ammonium sulfate buffer, and
the drug was loaded at RT, ~23 °C, and 60 °C. The niosomal external buffer consisted of trizma buffer (0.1M, pH 9.0)

Formulation  Niosomes' Measuring size and %EE at RT Measuring size and %EE at 60 °C
size after
sonication %EE (after ~%EE (after Niosomes  PDI (after  %EE (after %EE Niosomes  PDI (after
and before 30min) 60min) size - 60min) 30min) (+SD) (after size - 60min)
entrapment (+SD) (+SD) d nm (¢SD)  (+SD) 60min)  dnm (+SD) (+SD)

(after (xSD) (after

d nm (+3D) 60min) 60min)

F4-D 389.1 (+/- 56.76 (+ 56.47 (£ 0) 543.6 (+/-  0.44 (+)- 2596 (£3.44) 2756 (+ 6931 (+-  0.45 (+/-
30.26) 0.42) 8.752) 0.06) 2.98) 29.68) 0.05)
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Table 4.3: %EE (n=2), Size, and PDI of niosomal formulation, F5-D formulated with a core containing 120 mM ammonium sulfate
and an external buffer of trizma (0.1M, pH 9.0). F5-D prepared with the molar ratio of Span 60 to cholesterol to solutol HS-15 of
55:35:10. Drug loading was taken place with mixing or without mixing as an additional drug loading driving forcel'l,

Formulation Niosomes' PDI Without mixing With mixing
size after
sonication %EE (after %EE (after Niosomes PDI (after %EE (after %EE Niosomes PDI (after
and before 30min) 60min) size - 60min) (+SD) 30min) (+SD)  (after size - 60min)
entrapment (+SD) (+SD) d nm (£SD) 60min) d nm (+SD) (+SD)

(after (xSD) (after

d nm (+SD) 60min) 60min)

F5-D 473.5 (+/- 048 6493 (x 6493 (¢ 464.8 (+/- 054 (+/-0.09)  62.69 (t2.11) 63.43(x 456.9 (+-  0.50 (+/-
37.80) (+]- 5.28) 5.28) 82.76) 3.17) 19.9) 0.03)

0.08)
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4.3.1.4 Effect of Percentage of Cholesterol in the Formulation
As discussed in Chapter 3, the cholesterol content of the formulation plays a key role

in determining membrane stability and drug-loading performance. To investigate this
further, a modified formulation (F5-D, Table 2.4) was prepared with a reduced
cholesterol content of 35%. In addition, the impact of continuous mixing during drug
loading, using a magnetic stirrer and stir bar, was evaluated as a potential method to
improve encapsulation efficiency (%EE). The resulting data for particle size and %EE

following active loading are presented in Table 4.3.

Lowering the cholesterol content to 35% increased encapsulation efficiency
compared with formulation F4-D containing 45% cholesterol (64.93% versus
56.47%, respectively; Table 4.2). This change also resulted in a larger niosome size
after sonication, measuring 473.5 nm compared with 389.1 nm for F4-D. Despite this
increase, the particle size remained stable during drug loading (473.5 nm before
loading versus 464.8 nm after 1 hour). These findings indicate that reducing the

cholesterol proportion to 35% can enhance %EE without compromising size stability.

Mixing during drug loading did not improve encapsulation efficiency and had no
noticeable effect on niosome size. Therefore, incorporating a mixing step during

doxorubicin loading does not appear to be necessary (Table 4.3).

Particle size can be controlled through extrusion, as discussed in the following

section.

4.3.1.5 Effect of Extrusion on Size and %EE
Extrusion is a common method used to reduce the size of liposomes and

niosomes!'6.1751, Extrusion is a technique used to control vesicle size by forcing
niosomes through a membrane with defined pore dimensions. Under applied
pressure, the vesicles pass through small pores (100 nm), resulting in a reduction in

their size.

Formulation F5-D (Table 2.4) was selected for this process due to its high
encapsulation efficiency. The extruded formulation (F5-D-E) is also detailed in Table
2.4, while the corresponding particle size and encapsulation efficiency (%EE) data
are presented in Table 4.4.
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Table 4.4: Encapsulation efficiency (n=2), size, PDI of the F5-D-E, which is similar to
F5-D in contents, but niosomes were extruded to reduce and unify the size. Drug
loading was performed for 1 hour at RT, ~23 °C, and the size was measured after
completion of drug loading.

Formulation Niosomes' PDI %EE after Niosomes PDI after
size after 60 min size - 60 min
extrusion d nm

(¥+SD)
d nm (£SD) (after 60
min)

F5-D-E 241.1 (+/- 0.18 68.28 (+/- 265.8 (+/- 0.22 (+/-
1.65) (+/- 0.53) 10.05) 0.02)

0.03)

Sonication is commonly used to reduce niosome size; however, it may not
sufficiently improve the polydispersity index (PDI), which can remain relatively high,
as observed in Tables 4.1, 4.2, and 4.3. To address this, extrusion was applied, as
shown in Table 4.4. This process effectively reduced the particle size to 241.1 nm
and improved the formulation's PDI. In addition, encapsulation efficiency (%EE)
increased to 68.28%. The particle size remained stable after 1 hour of drug loading,

with only a slight increase in PDI (Table 4.4).

The development of doxorubicin-loaded niosomes incorporating Solutol HS-15, a
known P-glycoprotein (P-gp) inhibitor, may enhance drug accumulation in cancer
cells and represents a potentially cost-effective therapeutic approach.

4.3.2 Comparing the Stability of Span 60 With Span 65 Niosomes

The data in Chapter 3 showed that a stability problem occurred with niosomes during
pH gradient formation, indicating that niosomes without a co-surfactant cannot
withstand the acidic pH of the environment. The addition of the co-surfactant

enhanced niosomal stability and improved pH gradient stability.

The storage stability of niosomes needs to be studied. Span 60 and Span 65
niosomes were prepared in 3 buffers at three different pHs: Trizma (0.1M, pH 9.0),
Citric acid (0.1M, pH 4.0) and NaCl (0.9 %wl/v, pH 5.5). Stability data were recorded
for 1 month or until the niosome size increased significantly. Results are summarised

in table 4.5 below.
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Table 4.5: Stability study for span 60 and span 65 niosomes with solutol HS-15 prepared in three different buffers: Trizma (0.1M,
pH 9.0), NaCl (0.9 %wl/v, pH 5.5) and Citric acid (0.1M, pH 4.0). Molar ratio of surfactant to cholesterol to co-surfactant is 45:45:10

in both formulations.

In trizma In NaCl In Citric acid
Niosomes Size — Niosomes Size — Niosomes Size —
Dayof d nm (+SD) PDI (+SD) d nm (+SD) PDI (+SD) d nm (£SD) PDI (+SD)
Span 60 Span 65 Span 60 Span 65 Span 60 Span 65 Span 60 Span Span Span 65 Span Span
65 60 60 65
Day 0 243.0 246.6 0.46 (£+0.08) 0.35 413.3 (£ 252.9 0.45 0.18 481.4 339.5 0.50 0.30
(£79.50) (£37.37) (x0.04) 21.65) (£1.89)* (£0.11)  (0.03) (£38.14) (+26.44) (£0.09) (£0.07)
Day 1 205.9 238.0 0.42 (+0.08) 0.41 399.1 275.7 0.43 0.26 496.8 339.3 0.43 0.27
(£19.19) (£14.26) (x0.07) (+44.36) (£5.88) (0.06)  (£0.04) (£27.45) (+30.05) (£0.14) (£0.03)
Day 3 206.1 237.8 0.46 (£+0.05) 0.50 691.7 301.3 0.53 0.41 1121 382.1 0.25 0.52
(£53.75) (£23.87) (£0.09) (+45.67) (£3.16) (£0.12)  (#0.04) (£100.8) (+14.40) (+0.16) (x0.15)
Day 7 232.0 0.47 330.1 0.43 399.4 0.56
(£22.73) (x0.07) (x7.41) (£0.05) (£73.32) (£0.22)
Day 14 231.3 0.32 416.0 0.36 744.0 0.43
(£30.36) (£0.05) (x15.7) (£0.02) (x174.7) (x0.12)
Day 28 216.1 257.8 0.47 (£0.12) 0.42
(£25.55) (£29.10 (£0.06)
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As can be concluded from table 4.5 above, niosomes prepared with Span 65
produced smaller sizes over time and had better overall stability than niosomes

prepared with Span 60, given that the same co-surfactant (Solutol HS-15) is used.

The reason for this is that Span 65 has three hydrophobic tails and an HLB of 2.1,
compared to Span 60, which has one hydrophobic tail and an HLB of 4.7 (figure 2.1).
The size of niosomes can be affected by the HLB value of the surfactant used.
Surfactants with lower HLB form smaller niosomes than surfactants with higher HLB.
This is because surfactants with a lower HLB produce niosomes with a lower surface
free energyl'’8l, Surface free energy is the measure of excess energy present on the
surface of a material when compared to its bulk. Thus, this is a measure of the
energy required to make a new surface. In the case of niosomes, it is governed by
the interface between the surfactants forming the niosome membrane and the
surrounding aqueous medium. Since surfactants with lower HLB are more
hydrophobic, they have less tendency to interact with the aqueous media and thus
will produce lower surface free energy. Smaller vesicles have a higher surface area-
to-volume ratio, meaning more surfactants are exposed at the interface, thereby
increasing the surface free energy. Consequently, small niosomes tend to form larger
vesicles to reduce this energy®%. Niosomes with a lower surface free energy can
reduce their size and remain stable because increased hydrophobicity can

counteract their tendency to grow, thereby creating smaller niosomes.

The fact that Span 60 niosomes are less stable than Span 65 niosomes does not
mean that they are not stable or not suitable for use to entrap doxorubicin. As shown
by the stability in Trizma, Span 60 niosomes remained stable for 1 month. This
means that with the use of a suitable buffer, Span 60 niosomes can load the drug
and stay stable. Moreover, Span 60 niosomes can be lyophilised in future work if

suspension stability remains a problem.

Since Span 65 niosomes have proven more stable than Span 60 niosomes (table

4.5), Span 65 niosomes will be further developed to load doxorubicin.

4.3.3 Active Loading of BCG into Span 65 Niosomal Formulations

The ability of Span 65 niosomes to create and maintain a pH gradient has been
studied using BCG. Niosomes were formulated using Span 65 and cholesterol with
either solutol HS-15 (F14), a mixture of both solutol HS15 and Cremophor RH40 at a
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1:1 molar ratio (F15), or Cremophor RH40 (F16) as per table 2.3. HCIl was added to
the niosomes to establish a pH gradient and initiate active loading of BCG. Results

are shown in figure 4.2 below.

(A) (B)

Figure 4.2: Loading of BCG into niosomal formulations containing Span 65 with
different co-surfactants (Solutol HS-15 in the formulation on the left, a 1:1 molar mix
of Solutol HS-15 and Cremophor RH 40 in the middle formulation and Cremophor
RH 40 alone in the formulation on the right). pH gradient was established by adding
0.1 mL of 1M HCI to start active loading of BCG. Figure 4.2 (A) was taken after 15
minutes of active loading, while Figure 4.2 (B) was taken after 1 hour of active
loading.

All three Span 65 niosomal formulations successfully created a pH gradient and
actively loaded BCG, as shown in figure 4.2, where green colour was produced.
However, Span 65 was more compatible with Cremophor RH40 than with solutol HS-
15. After 1 hour of pH gradient, niosomes made from Span 65 and Solutol HS-15 lost
the pH gradient, and the green colour turned yellow (Figure 4.2-B). In comparison,
the presence of Cremophor RH40 in the formulation maintained the pH gradient for 1
hour; after 1 hour, the green colour remained in niosomes containing Cremophor
RH40 or Cremophor RH40:Solutol HS-15 (1:1 molar ratio).

Span 65 with Cremophor RH40 was more compatible than Span 60 with Cremophor
RH40, yielding a niosomal membrane that maintained a pH gradient for a much
longer time. When Span 60 was prepared with Cremophor RH40, the pH gradient
was lost within a few minutes (Figure 3.6), and the suspension was ineffective at
loading BCG, turning yellow. Moreover, Span 65 with Cremophor RH40 formed a

niosomal membrane that more efficiently maintained a pH gradient for a longer
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period than Span 60 with Solutol HS-15, where Span 60 and Solutol HS-15
niosomes lost pH gradient within 60 minutes (figure 3.13) while Span 65 and
Cremophor RH40 niosomes maintained pH gradient for more than 60 minutes (figure
4.2).

This result supports our theory about the importance of compatibility between the
main surfactant (Span 60 or Span 65) and the co-surfactant (Cremophor RH40 vs
Solutol HS-15), and its effect on maintaining the pH gradient explained in section
3.3.3.3 of chapter 3. Span 65 was found to be more compatible with Cremophor
RH40, while Span 60 was found to be more compatible with Solutol HS-15 to
maintain a pH gradient. This concerns the structural compatibility of these
ingredients. Span 60 and Solutol HS-15 both have one hydrophobic tail in their
structure, while Span 65 and Cremophor RH40 both have three hydrophobic tails in
their structure (figure 4.3). This can explain why Cremophor RH40 is more
compatible with Span 65 but not with Span 60. Span 65 and Cremophor RH40 can
form a niosomal membrane with a denser hydrophobic region, allowing better control

of the migration of ions and hydrophilic compounds across the membrane.
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Solutol HS 15 Cremophor RH 40

(Contains two main compounds)
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Figure 4.3: Structures of Span 60, Span 65, Solutol HS-15 and Cremophor RH 40.

Another explanation for the compatibility of Cremophor RH40 with Span 65 over
Span 60 is that Span 65 can anchor Cremophor RH40 in the niosomal membrane
more than Span 60. Span 65 has a bigger molar mass than Span 60 (963.55
g/moll'”I vs 430.6 g/mol) and has three hydrophobic tails compared to one in Span
60. Cremophor RH40 has a very large hydrophilic head (consists of 40 PEG groups)
(Figure 4.3). This means it has a strong tendency to partition into aqueous media,
which can disrupt the niosomal membrane if it is not firmly anchored within it. Given
Span 65 has a bigger molar mass than Span 60 (more than twice) and has three
hydrophobic tails, it has a better ability to anchor Cremophor RH 40 in the niosomal
membrane than Span 60. Furthermore, the HLB of Cremophor RH40 is 14-16. Span
65 has an HLB of 2.1, while Span 60 has an HLB of 4.7. Cremophor has a high HLB,
and Span 65 has a very low HLB. Span 65 has a better ability to balance the HLB of
the niosomal membrane system, as very high HLB can disrupt the niosomal
membrane without the right additives[?l thereby increasing membrane permeability

and preventing the maintenance of the pH gradient.
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4.3.4 FTIR Span 65 Formulations

FT-IR has been used to study the interactions between the niosome ingredients to
better understand the nature of the interactions between Span 65 and Cremophor
RH40, and between Span 65 and Solutol HS-15.

Figure 4.4 below shows the stacked FTIR spectra of the individual ingredients and
the spectra of the formulated niosomes. Niosomes were lyophilised to ensure that

water peaks did not affect the graph reading.

cholesterol Cremophor RH40 Nio Lyo (65 + RH40) Span 65
3
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Figure 4.4: FTIR graphs of the individual ingredients and their FTIR spectra after
they are formulated into niosomes. Niosomes were lyophilised after formulation. Nio
Lyo (65 + RH40) stands for lyophilised niosomes that are composed of Span 65,
cholesterol and Cremophor RH40 (molar ratio of 45:45:10, respectively). Nio Lyo (65
+ Sol) stands for lyophilised niosomes that are composed of Span 65, cholesterol
and Solutol HS-15 (molar ratio of 45:45:10, respectively).
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Similar to Span 60 FTIR findings (section 3.3.3.4 and figure 3.10), no significant
peak changes were observed in the graphs. This further supports our findings in
sections 3.3.3.3 and 3.3.3.4 that Span 65 is compatible with Cremophor RH40 rather
than Solutol HS-15 due to shape and size compatibility, rather than a special form of
bonding that would have appeared in the FTIR graph. Shape compatibility reduces
pore formation in the membrane, thereby prolonging the maintenance of the pH

gradient in niosomes.

4.3.5 Zeta Potential of Span 65 Formulations

Malvern, the company that manufactures ZetaSizer instruments, has written a
technical note explaining how pH affects the zeta size of nanoparticles!'’8l. The pH of
the environment surrounding the nanoparticles is a significant factor that affects their
zeta potential. If the nanoparticle is negatively charged, adding an alkali to the
suspension tends to make it more negative by attracting negative ions, such as OH-,
to it. Adding an acid to the suspension will neutralise the negative charges by
increasing the concentration of H* ions around the nanoparticle.

The zeta potential of the four niosomal formulations listed in table 4.6 below has
been measured at three pH values (5, 7, and 9). The zeta potential can maintain
colloidal stability of the niosomes when it is > 30mv or < -30mv. Table 4.6 below
demonstrates that the niosomes' zeta potential is affected by the pH of the media.
Neutral and acidic pH values don’t allow the niosomes' zeta potential to reach -30mv.
In this case, the colloidal stability will rely on steric stabilisation by the pegylated co-
surfactants such as Cremophor RH40 and Solutol HS-15 for both Span 60 and Span

65 niosomes.
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Table 4.6: Comparison of zeta potential of Span 60 and Span 65 niosomal
formulations with Cremophor RH 40 or Solutol HS-15 at three different pH values (5,
7 and 9)

Zeta potential (mV)

Niosome Niosome formulation composition
formulation molar ratio
( ) pH 5 pH7 pH9
1 Span 60 : solutol HS15 : cholesterol -3.13 -13.31 -45.17
(45:10:45) (£0.39) (£3.51) (+6.02)
2 Span 60 : Cremophor RH 40 : cholesterol -2.29 -35.40
(45:10:45) (x046) (40 E182) 559
3 Span 65 : solutol HS15 : cholesterol -3.35 -13.83 -41.53
(45:10:45) (+0.85) (£2.80) (x4.71)
4 Span 65 : Cremophor RH 40 : cholesterol -2.89 -37.80
(45:10:45) (2051)  209(#200) 460

4.3.5 Size and Entrapment Efficiency of Span 65 Niosomes

The ability of different combinations of niosomes containing various ratios of Span
65, cholesterol and co-surfactants Solutol HS-15 and/or Cremophor RH40 to entrap
doxorubicin using a pH gradient has been studied. Table 2.4 shows four formulations
containing Span 65 as the main surfactant (F6-D to F9-D). Moreover, the doxorubicin
concentration to be loaded was increased from 0.1mg/mL to 0.5mg/mL (Table 4.7) to
study the effect of loading doxorubicin at higher concentrations in more enhanced

niosomes.

Table 4.7: Size, PDI and %EE of Span 65 niosomes actively loaded with doxorubicin
(0.5 mg/mL). Size was measured after sonication (before the drug was loaded) and

after loading the drug.

Co-surfactants After sonication After drug loading
Formulation used (molar Ni ' ' ' %EE
percentage of liosomes PDI N|osomes PDI o
total formulation) S'Z€ (+SD)  size (+SD)
d nm (xSD) d nm (xSD)
F6-D Solutol HS-15 + 219.6 (+6.33) 0.25 275.2 (+ 0.27 68.86 (+
Cremophor RH40 (x0.05) 28.01) (x0.07) 1.28)
(10 +5)
F7-D Solutol HS-15 + 206.8 (+ 0.24 242.6 ( 0.33 69.54 (+
Cremophor RH40  14.74) (x0.07) 16.81) (x0.04) 2.23)
(5+5)
F8-D Cremophor RH40 2256 (+3.78) 0.29(x 237.8(% 027 (+ 78.79 (z
(5) 0.03) 10.51) 0.05) 2.55)
F9-D Cremophor RH40  189.0 ( 0.32(x 1919 (x 0.28 (+ 76.99 (
(10) 17.32) 0.09) 12.46) 0.04) 5.74)
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Formulation F6-D had a size increase during drug loading (275.2 nm vs 219.6 nm).
F6-D has solutol HS-15 (10% of formulation) and 5% Cremophor RH40. Removing
solutol HS-15 and keeping 5% Cremophor RH40 (as in formulation F8-D) increased
entrapment efficiency by ~10% (78.79% vs 68.86%) and reduced the size increase
during drug loading (size increase during drug loading was 12.2 nm in F8-D vs 55.6
nm in F6-D). Increasing Cremophor RH40 concentration from 5% to 10% further
reduced the niosome size post-production (189 nm vs 225.6 nm) and reduced the
size increase during drug loading (2.9 nm vs 12.2 nm). However, it did not improve
%EE (76.99% vs 78.79%).

4.3.5.1 Size and Entrapment Efficiency of Span 65 Niosomes vs Span 60
Niosomes

Span 65 produced niosomes with smaller sizes and better PDI values after thin film
hydration and sonication than Span 60 niosomes (table 4.7 vs tables 4.1, 4.2 and
4.3). The PDI of Span 60 niosomes was always more than 0.44 after sonication,
reaching up to 0.51 for formulation F4-D, while the PDI of Span 65 niosomes was

less than 0.33 after sonication.

The niosomes' size was also much smaller in Span 65 niosomes than Span 60,
where the Span 60 niosomes always had a size greater than 360 nm after
sonication, while Span 65 niosomes had a size less than 226 nm after sonication
(table 4.7 vs tables 4.1, 4.2 and 4.3). These results show that Span 65, with or
without Solutol HS-15, can produce smaller niosomes with lower PDI than Span 60

niosomes with Solutol HS-15.

4.3.5.2 The Effect of Co-surfactants on Span 65 Niosomes
There were two reasons Solutol HS-15 was included in the niosomal formulation

containing Span 65, along with Cremophor RH40 as a co-surfactant. The
combination of Solutol HS-15 and Cremophor RH40 did not deteriorate the ability of
the niosomes to maintain a pH gradient, as shown from the results of the BCG active
loading into these niosomes (figure 4.2). Also, Solutol HS-15 can inhibit P-gp protein.
The aim of combining it with Cremophor RH40, which also inhibits P-gp, is to

achieve a synergistic effect on inhibiting P-gp.
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The results of four formulations were presented in table 4.7. Two formulations were
made with Span 65, cholesterol, and only Cremophor RH40 as the co-surfactant,
with one containing only 5% Cremophor RH40 (F8-D) and another containing 10%
Cremophor RH40 (F9-D). After loading doxorubicin at 0.5 mg/mL, the size of the
niosomes did not change, indicating that the niosomes remain stable during drug
loading.

When Solutol HS-15 was added to the formulation at a molar percentage of 10%
(F6-D) and 5% (F7-D) with Cremophor RH40 being 5% in both formulations, the size
of the niosomes after drug loading noticeably increased (Table 4.7), where in
formulations F6-D and F7-D, it increased by 55.6 nm and 35.8 nm, respectively. This
shows that loading doxorubicin into Span 65 niosomes with Solutol HS-15 can

increase niosome size.

Regarding %EE, formulations F8-D and F9-D had higher %EE (78.79% and 76.99%,
respectively) than formulations F6-D and F7-D (68.86% and 69.54%, respectively)
(Table 4.7). This further indicates that niosomes with Span 65 and Cremophor RH40,
without Solutol HS-15, are more efficient at loading doxorubicin and maintain their

size after loading.

4.3.6 Factors (Membrane Hydrophobicity and Hydration Buffers)
Affecting the Size of Niosomes

In this research, | have established that niosome size is affected by factors such as
membrane hydrophobicity and the hydration buffer (Tables 4.1 — 4.5 and 4.7).

The hydrophobicity of the niosomal membrane is affected by the HLB of the
surfactant used and the percentage content of cholesterol. In tables 4.2 and 4.3,
Formulation F4-D had a total cholesterol concentration of 45% while F5-D had a total
cholesterol concentration of 35%. This reduction in cholesterol content has reduced
the hydrophobicity of the niosomes and increased their size (389.1nm vs 473.5nm).
A similar result was reached by Nowroozi et al., where they changed the percentage
content of cholesterol in niosomal formulations containing Span 60 and Brij72 and
observed that increasing cholesterol concentration in the formulation from 20 to 40%
resulted in decreasing particle size by 27% and 20% of Span 60 and Brij 72
niosomes (578 + 5.79 vs. 466 + 7.32 and 591 + 5.08 vs. 426 + 2.18 respectively)4l.

However, they also found that niosomes made with the Tween 60 surfactant did not
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exhibit a significant change in particle size when the cholesterol content was
increased from 20 to 40%. This is because Tween 60 surfactant has a very high HLB
(14.9), and increasing the cholesterol content could not significantly reduce the

niosome size.

Agawal et al. have also concluded that the more hydrophobic the niosomal
membrane, the smaller the niosomes produced!'”l. Niosomes were prepared with
Span 20, Span 40, Span 60, Span 80, or Span 85, and they have HLB values of 8.6,
6.7,4.7, 4.3, and 1.8, respectively. It was found that the niosome size decreased as
HLB decreased.

In our study, niosomes made of Span 65, which has an HLB of 2.1, produced smaller
niosomes than those made with Span 60. For example, formulation F6-D, which is
made with Span 65, had a size of 219.6 nm, while formulation F4-D, which is made
with Span 60, had a size of 389.1 nm after sonication. Both formulations were
prepared at the same surfactant-to-cholesterol-to-co-surfactant ratio, hydrated with
the same buffer, and sonicated for the same duration. A similar finding was reported
by Hadjipour et al., who formulated niosomes with Span 60 or Span 65, cholesterol,
and Cremophor RH402%, Span 65 produced niosomes smaller than those produced
by Span 60. For example, a formulation consisting of Span 65, cholesterol, and
Cremophor RH 40 at a molar ratio of 45:45:10 produced niosomes with a diameter of
206.7 nm, while the same formulation with Span 60 instead of Span 65 produced

niosomes with a diameter of 743.6 nm.

The reason behind this observation is the fact that niosomes with lower HLB and
more hydrophobicity have lower surface free energy and tend to produce smaller

niosomes, as explained in detail in section 4.3.2 above.

Formulation F9-D produced niosomes with the smallest size after bath sonication
(189 nm with PDI of 0.32). However, the ideal formulation should have a size below
150 nm and a PDI below 0.2 to allow sterilisation by filtration through a 220 nm
filter'7®l. In addition, the niosomes are pegylated with Cremophor RH40, which
should reduce opsonisation by white blood cells and increase their half-lives in the

blood!"80],

To reduce the size of the niosomes to less than 150 nm, the extrusion technique is
usually applied. However, in this research, the microfluidic technique will be used in
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Chapter 5 to produce niosomes with a small size (<150 nm) and a uniform size
distribution (PDI < 0.2). To our knowledge, this technique has not been used before
to prepare niosomes for active loading of drugs and, therefore, has not been used to
load doxorubicin actively. The microfluidic technique will be explored in the next

chapter (Chapter 5).

4.3.7 Attempting Active Loading of Methotrexate in Niosomes
Methotrexate structure comprises three sections: pteridine ring, p-aminobenzoic acid
and glutamyl residues (figure 4.5). It also has three ionisable functional groups: two
carboxylic acid groups located in the glutamyl residue region and nitrogen 1 situated
in the pteridine ring. The ionisation of these functional groups is determined by their
pKa and the pH of their surrounding media. The literature does not agree on a
specific pKa value for the two carboxylic acid groups because different methods are
used to calculate pKa values. Moreover, the pKa of one of the carboxylic acids is
higher than that of the second one. However, it is also debatable which of the two
carboxylic acids has the higher pKa. Some literatures state it is the one attached to
the alpha carbon, while other literature states it is the one attached to the gamma

carbon!181],

oo OYﬁ

N J————\
Y
Pteridine ring p-aminobenzoic Glutamyl residues
acid

Figure 4.5: Structure of methotrexate

The pKa of the carboxylic acid with a lower pKa is estimated to be between 2.89 and

3.8. The pKa of the second carboxylic acid is estimated at approximately 4.11. The
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pKa of the nitrogen in the pteridine ring was reported to be between 5.7 and 6.6. A
recent article has reported the pKa value of the two carboxylic acids to be 2.68 for
the carboxylic acid attached to the alpha carbon and 4.11 for the carboxylic acid

attached to the gamma carbon, while the pKa of the nitrogen is 5.48081],

Based on this information, methotrexate will be loaded into the niosomes at pH 8.0
(using HEPES) or 9.0 (using Trizma), and the pH outside the niosomes will be

reduced to 1.0 and 4.0 as per table 2.5.

4.3.7.1 Behaviour of Methotrexate in Solution at Different pH Values
Methotrexate has different solubilities at different pHs, mainly due to its ionisation

state. At pH above 7, methotrexate is di-anionic, with both carboxylic acids ionised
and the nitrogen largely neutral, based on their pKa values stated before. As pH
decreases, methotrexate becomes less ionised as pH approaches the pKa of the
carboxylic acids. For example, at pH 4.0, the nitrogen will be mainly ionised, and the
first carboxylic acid with pKa of 2.68 will also be mainly ionised. However, the second
carboxylic acid (pKa 4.11) will be mainly unionised. This results in a compound with
one positive charge and one negative charge, giving a neutral overall charge.
Neutral compounds have poor water solubility and good lipid solubility. At pH 1, both
carboxylic acids will be neutral. At the same time, the nitrogen atom in the pteridine
ring (pKa 5.48) will be positively charged, giving methotrexate a net positive charge,

which can increase the solubility.

It was observed that at pH 8.0 (0.1 M HEPES), methotrexate dissolved completely in
the buffer at a concentration of 1 mg/mL. However, when the pH was reduced to 4.0,
the buffer became turbid, indicating the precipitation of methotrexate. At pH 1.0
(0.1M HCI), methotrexate, similar to that at pH 8.0, completely dissolved in the
solution. This observation supports the pKa values stated for methotrexate.
Methotrexate will be loaded into niosomes at pH 4.0, where it will be predominantly
in its zwitterionic state. The core of the niosomes will be at pH 8.0 (if HEPES is used)
or pH 9.0 (if Trizma is used).
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4.3.7.2 Active Loading of Methotrexate into Niosomes
Span 60 niosomes were prepared in Trizma (F1-MKS) or HEPES (F2-MKS) buffer

(table 2.5). To initiate active loading, 0.1 mL of a 1 mg/mL methotrexate solution
(dissolved in Trizma, pH 9.0) was added to 0.9mL of the niosomal suspension. Then,
HCI (1M) solution was added to decrease the pH of the suspension to 1.5 in case of
niosomes prepared in Trizma, 2.8 in case of niosomes prepared in HEPES or 4.0 in
both cases.

In both niosomes prepared in Trizma and niosomes prepared in HEPES,
methotrexate was not actively loaded into the niosomes. Around 99% of the drug
remained outside the niosomes. The main reason for this observation was that,
when a drug precipitates, it can no longer cross the niosomal membrane. This is
because the drug aggregates into a large solid particle that cannot diffuse through

the niosomal membrane.

Elevating the temperature of a solution can increase the solubility of a drug. To
overcome the solubility problem, the temperature of the niosomal suspension with
methotrexate was elevated before the acid was added. Two temperatures have been
tested: one (40 °C) below the phase-transition temperature of Span 60, and the other
(60 °C) above it.

Increasing the temperature did not seem to improve the entrapment efficiency of
methotrexate into the niosomes, where the percentage of unentrapped drug

remained around 99%.

A different approach, known as Solvent-Assisted Active Loading Technology (SALT),
was tested to actively load methotrexate. Researchers developed this technique to
actively load poorly water-soluble compounds into liposomes. The method includes
adding a water-miscible solvent at a low %v/v (~5 vol%) to increase the solubility of
the poorly water-soluble drug. The researchers have succeeded in actively loading
Gambogic Acid (GA), an acidic, poorly water-soluble drug. The technique works by
adding a water miscible solvent that can also solubilise the drug of interest. In the
case of GA, eight solvents were tested and found to increase solubility and thus the
active loading entrapment efficiency. These solvents are Dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), ethanol, methanol, acetonitrile, acetone, 1,4-dioxane, and

N-Methylpyrrolidone. The researchers found that the solvent plays another vital role,
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in addition to enhancing the drug's solubility. It was found that the solvent can also
increase liposomal membrane permeability, thereby promoting complete drug
loading. However, the solvent concentration added must not exceed the limit that

causes membrane instability!'82],

DMSO has been used at 5 %v/v to enhance drug loading in the formulations. DMSO
was chosen because methotrexate is highly soluble in it, reaching 70 mg/mL[83],

Moreover, the drug loading was tested at room temperature (~23 °C) and at 40 °C.

The solubility of methotrexate improved with the addition of DMSO. However, drug
loading remained low, with the percentage of unentrapped drug remaining around
98%.

4.3.7.3 Interpreting Methotrexate Actively Loaded into Niosomes Results
To actively load drugs into the nanovesicles, three conditions must be met. The drug

of interest must have an ionisable functional group, there must be a pH or ion
gradient that encourages the drug to reside in the nanovesicle core rather than in the
surrounding medium, and the drug must be able to cross the nanovesicle bilayer
membrane from the medium outside the niosomes to reside inside the niosome and

get trapped.

From BCG experiments, it was shown that niosomes can actively load drugs when
the inside is alkaline and the outside is acidic. This concludes that the main issue
with methotrexate is that it cannot diffuse through the niosomal membrane and thus
cannot reach the niosomal core. This could be mainly due to the molecule's polarity,
even at low pH. Methotrexate has a high hydrogen-bonding capacity and a high
polar surface area. Methotrexate has 6 hydrogen-bond donors and 12 hydrogen-
bond acceptors!'®, These can interact with the hydroxyl groups on the surface of the
niosomes formed by the Span 60 surfactant and the solutol HS-15 co-surfactant.
This results in low drug permeability through bilayer membranes. Moreover,
methotrexate, in vivo, enters cells through transporters such as RFC1/SLC19A1
(Reduced Folate Carrier), PCFT/SLC46A1 (Proton-Coupled Folate Transporter), and
Folate Receptors (FRa/FRRB), not through passive diffusion!8%],
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4.3.8 Loading Attempts for Ketorolac and Salicylic Acid

Two other acidic drugs have also been used to load niosomes via a pH gradient:
ketorolac and salicylic acid. Both ketorolac and salicylic acid have one carboxylic
acid functional group, with pKa values of 3.5['81 and 2.98['¢7], respectively, and they
were attempted to be actively loaded into F1-MKS and F2-MKS formulations.

To start pH gradient loading, 0.1 mL of 1mg/mL of ketorolac and 0.1 mL of 1Tmg/mL of
salicylic acid (both dissolved in trizma buffer with a trizma concentration of 0.1 M and
pH 9.0) were individually added to F1-MKS and F2-MKS formulations. Upon pH
reduction to 1.5 and 2.8 for formulations F1-MKS and F2-MKS, respectively, using 1
M HCI solution, ketorolac precipitated, while salicylic acid did not precipitate.
Entrapment efficiency in both cases was negligible, where 99% of both drugs

remained unloaded in their respective formulations.

Like methotrexate, drug loading was also attempted at 40 °C and 60 °C for both
drugs, but entrapment efficiency did not improve. Finally, DMSO was added to the
solution, as with methotrexate, to enhance the solubility of these two drugs at acidic

pH, but this attempt also did not improve entrapment efficiency.

Since, regardless of all attempts to enhance entrapment efficiency and since
entrapment efficiency remained near zero, a conclusion has been reached that
methotrexate, ketorolac and salicylic acid cannot cross the Span 60, Solutol HS-15
and cholesterol niosomal membrane even in their least ionised states. For this

reason, they cannot be actively loaded into the niosomes.

4.4 Concluding Remarks on the Active Loading of Drugs
(Doxorubicin, Methotrexate, Ketorolac and Salicylic Acid) into
Niosomes

The Span 60 niosomal formulation containing cholesterol and solutol HS-15 was
shown to efficiently maintain the pH gradient and actively load doxorubicin.
Doxorubicin was loaded at an efficiency of 68.28% at 0.1mg/mL. With the extrusion

technique, span 60 niosomes reached a diameter of 241.1 nm.

The effect of the surfactant's HLB on niosome size and stability was also studied.
Span 65 with a lower HLB than Span 60 produced smaller and more stable

niosomes because they produced niosomes with lower surface free energy.
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Span 65 niosomes containing Cremophor RH 40, Solutol HS-15, or a mixture of both
were formulated, and pH gradient ability and active drug loading were tested using
BCG. Cremophor RH 40 is more compatible with Span 65 than Solutol HS-15, where
a pH gradient was maintained for longer with Cremophor RH 40 than with Solutol
HS-15. The combination of both Cremophor RH 40 and Solutol HS-15 did not affect
the ability of the niosomes to maintain the pH gradient when compared to
Cremophor RH 40 alone.

Span 65 niosomes containing cholesterol and Cremophor RH 40 as a co-surfactant
have been shown to efficiently load doxorubicin, with entrapment efficiency reaching
78.79% when Cremophor RH40 concentration was 5% and 76.99% when
Cremophor RH 40 concentration was 10%. It should be noted that as the
concentration of Cremophor RH40 in the formulation increases, the niosome size
decreases, where increasing the Cremophor RH 40 content from 5 to 10 molar %

decreased the niosome size from 225.6 nm to 189.0 nm.

Span 65 niosomal formulation with Cremophor RH 40 is a promising formulation for
actively loading doxorubicin, producing a small size and high entrapment efficiency.
For this reason, it will be used in the microfluidic technique in the next chapter to

produce niosomes with controlled size, suitable for injection formulations.

Acidic drugs, methotrexate, ketorolac and salicylic acid, were also attempted to be
actively loaded using Span 60 niosomal formulation containing cholesterol and
Solutol HS-15. However, active loading was not achieved primarily because these

drugs were unable to cross the niosomal membrane.

In the next chapter, the data collected from this chapter will be used to formulate
niosomes using the microfluidic technique to actively load doxorubicin. The
microfluidic technique has not been used to produce pH gradient niosomes. This
technique is also promising, as it can reduce the number of steps required to

produce a batch and yield niosomes with controlled size and size distribution.
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Chapter 5 — Enhancing Niosomal Size and Size
Distribution Using Microfluidic Technique for
Industrial Scale
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5.1 Introduction

Several methods have been developed for the manufacture of niosomes and
liposomes. However, for a product to reach the market, the manufacturer must
demonstrate that its manufacturing process will produce batches that are identical
and exhibit no batch-to-batch variation. As a result, pharmaceutical companies face

several challenges in translating research into bedside practicel?4122,

The marketed liposomal formulations of doxorubicin are manufactured using
techniques that result in large particle sizes and high PDI values. Manufacturers then
use extrusion to reduce and uniform the liposomes' size before loading the drug.
This can result in variations in lipid content across formulations and potentially affect

the amount of doxorubicin loaded if not carefully monitored!'22.188l,

The first Food and Drug Administration (FDA) approved nanomedicine was
Doxil/Caelyx in 1995. The formulation comprises the fully hydrogenated
phosphatidylcholine (HSPC) phospholipid, cholesterol, and a pegylated lipid to
maintain liposome stability and stealth within the body, thereby prolonging circulation
time and preventing early opsonisation by white blood cells. Despite the success of
the Doxil/Caelyx formulation in the market, nanovesicle development in general
faces several challenges, including complex regulatory requirements, reproducibility,
and practicality for scale-up. As a result, the manufacturing of nanovesicles can be
challenging. For example, after 16 years of Doxil's FDA approval, the FDA issued an
injunction against the Doxil manufacturer in 2011 for failing to comply with Good
Manufacturing Practice (GMP) requirements. As a result, a supply shortage
occurred, and in 2013, the FDA approved a generic liposomal doxorubicin (Lipodox)

to address it

However, the manufacture of generic liposomes has been considered a time-
consuming, multistep process that requires at least 5 days to produce a batchl®3. It
involves manufacturing liposomes and then extruding them to obtain a small, uniform
size. The liposomes are then buffer-exchanged to generate a pH and ammonium
sulfate gradient. The liposomes are then mixed with doxorubicin to initiate loading .
Another buffer exchange is then performed to suspend the loaded liposomes in a

suitable buffer for long-term storage.
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This has become an area of research focused on developing a method to reduce the
number of steps required to manufacture nanovesicles while simultaneously
producing small, uniform nanovesicles. The microfluidic technique is one answer to
this challenge!®3l. The microfluidic technique involves mixing two solvents — an
organic phase containing lipids/surfactants and an aqueous phase containing the
buffer — in a microchannel. This technique can produce small niosomes with low
PDI values!'89l, As a result, the extrusion step will not be required, as niosomes will
be small and uniform. This can reduce the number of steps necessary to make

nanovesicles, thereby reducing the time needed to manufacture a batch.

The extrusion step requires the nanovesicles to pass through a membrane filter
contained within a stainless-steel container several times, then through tubes until
collected. This can increase the risk of product loss. Moreover, extrusion requires
raising the temperature of the niosomal/liposomal suspension above the phase
transition temperature. This can increase energy consumption and production

cost®4l,

However, the microfluidic technique controls the amount of lipids and surfactants
present in the formulation. This is controlled by adjusting the amount of lipids and
surfactants dissolved in the organic phase and the ratio of the organic phase to the
aqueous phase, which the instrument accurately measures. In a single step,
nanovesicles are produced at a known lipid and surfactant concentration and have a

uniform, small sizel199],

One challenge in microfluidic formulations is the presence of organic solvents in the
final formulation, which require purification!'9l. However, in pH-gradient doxorubicin
nanovesicles, buffer exchange is necessary to create an ammonium sulfate pH
gradient. During buffer exchange, a pH gradient will be generated and the organic
solvent removed, yielding pH-gradient nanovesicles free of organic solvent. As a
result, nanovesicles produced using the microfluidic technique will not require any
extra manufacturing steps. Figure 5.1 below explains the difference between
conventional methods for manufacturing liposomes for doxorubicin loading and how

the microfluidic technique can save time and reduce the number of steps required.
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Conventional methods

1. Formation of MLVs 2. Formation of LUVs/
SUVs via extrusion

Multi-step, time-consuming
process

3. Buffer
: .- exchange
Microfluidics 9
‘:.
Surfactants and
cholesterol in

organic solvent

Aqueous 1. & 2.
buffer Formation of LUVs/SUVs

Continous streamline, easy to
scale up

4. Remote
loading of
Doxorubicin

5.
Sterilisation
and vialing

Figure 5.1: Doxorubicin nanovesicle manufactured using a conventional method vs

using the microfluidic technique.

The microfluidic technique has been used to manufacture niosomes. However, to our

knowledge, no peer-reviewed article has used microfluidics to manufacture

niosomes for pH-gradient applications. This work will be the first of its kind, in which |

will manufacture niosomes using microfluidic techniques and actively load

doxorubicin into the formulation using an ammonium sulfate pH gradient. This will

help to avoid many of the challenges that liposomes faced. This technique will also

address the size challenges encountered in the previous chapter to achieve small,

uniform niosomes (monodisperse).

Several factors need to be considered when manufacturing niosomes using the

microfluidic technique. The organic solvent being used to dissolve the lipids and

surfactants, the total flow rate, flow rate ratio, the temperature at which the aqueous

phase and organic phase mix in the micromixer, the surfactants and lipids used and

their ratio, and the nature of the buffer used!6!.
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Different organic solvents can produce different nanovesicle sizes. Typical organic
solvents include ethanol, isopropanol, and methanol. The total flow rate is the rate at
which the aqueous and organic phases mix in the micromixer and is measured in
mL/min. The flow rate ratio is the ratio of the organic phase to the aqueous phase.
The more organic phase is used, the higher the lipid/surfactant concentration in the
formulation will bel¢l. The temperature can be used for lipids with high phase-
transition temperatures. In this chapter, a high temperature was necessary to ensure
all ingredients were dissolved. The effect of different co-surfactants on the
formulation size and size distribution will also be studied. Also, different

concentrations of ammonium sulfate will be tested.

5.2 Aim and Obijectives

This chapter aims to study the use of microfluidics to manufacture small, uniform
niosomes. The niosomes will be manufactured to actively load doxorubicin. To our
knowledge, no published peer-reviewed article has used Span 65, solutol HS 15,
and Cremophor RH 40 in combination to manufacture niosomes using microfluidic
techniques. For this reason, this chapter will examine how the following parameters
affect niosome size and size distribution: different combinations of surfactant and co-
surfactants, total flow rates and flow rate ratios, buffer concentration, and organic

solvent.

The chapter will also study the doxorubicin loading into the most optimised
formulation using active drug loading. The loaded formulations will be analysed for
their entrapment efficiency and stability. They will also be studied for their ability to
be filtered through a 0.2 micrometre filter for sterilisation and the effect of this on

drug retention.
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5.3 Results and Discussion

5.3.1 Preliminary Data

There are no peer-reviewed journal articles reporting the formulation of niosomes
using microfluidic techniques to actively load drugs via pH- and salt-gradients. Given
the novelty of this work, no studies have reported the formulation of niosomes using
a microfluidic technique with an aqueous buffer containing ammonium sulfate (0.12
M)

For this reason, a preliminary study was conducted to assess the effects of various
parameters on the size and size distribution of various niosomal formulations. The

following factors will be explored: the type of co-surfactant used, the concentrations
of ingredients in the organic solvent, the total flow rate, and the flow-rate ratio of the

aqueous solvent to the organic solvent.

5.3.1.1 The Effect of Changing Co-surfactants
The compatibility study conducted in Chapter 4 on Span 65 with Cremophor RH40

and Solutol HS-15 has shown that different co-surfactants interact differently with
Span 65. Cremophor RH 40 was proven to be more compatible with Span 65 than
Solutol HS-15. Cremophor RH 40 with Span 65 formulation maintained the pH
gradient when tested with BCG for a longer time than the Span 65 with Solutol HS-

15 formulation.

Table 2.6 shows the different formulations of niosomes with varying co-surfactant
compositions used to synthesise niosomes via the microfluidic technique. Table 5.1
below shows the effects of different co-surfactant formulations on niosome size and
PDI.
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Table 5.1: Size and PDI of different niosomal formulations prepared using the

microfluidic technique at TFF of 12mL/min and FRR of 5:1, 3:1 and 2:1 at 60 °C.

FRR 5:1 FRR 3:1 FRR 2:1

Nlosome_ Niosomes PDI (+SD) Niosomes PDI (+SD) Niosomes PDI (+SD)
formulation . . .

Size - Size - Size -

d nm (xSD) d nm (xSD) d nm (xSD)
F1-1 79.61 (x1.27) 0.12(£0.02) 118.7 (+2.70) 0.12 (+0.04) 162.7 (x2.58) 0.12 (+0.02)
F2-1 98.86 (+1.74) 0.08 (#+0.02) 120.9 (+1.04) 0.06 (+0.02) 181.4 (¥8.21) 0.12 (+0.03)
F3-1 64.96 (+3.13) 0.14 (£0.04) 75.38 (+2.50) 0.08 (+0.04) 112.1 (¥1.96) 0.11 (+0.02)
F4-1 103.1 (£1.96) 0.06 (x0.02) 116.4 (£1.32) 0.05(+0.02) 154.6 (+1.94) 0.07 (x0.02)
F5-1 58.42 (+t0.46) 0.12(#0.03) 71.31(x0.74) 0.08 (#0.02) 112.9 (+3.60) 0.10 (+0.02)
F6-1 52.89 (x1.78) 0.09 (#+0.03) 58.76 (+2.03) 0.10 (+0.03) 92.61 (+x0.66) 0.13 (+0.03)
F7-1 231.4 (x2.04) 0.10 (£0.05) 365.1 0.51 (x0.08) 769.2 0.80 (x0.17)

(£21.47) (+69.86)

The results in table 5.1 are illustrated in figure 5.2 below for better presentation.
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Figure 5.2: Two graphs showing the size and PDI of the different niosomal
formulations prepared at different FRR as per table 2.6.

140



Given the fact that Cremophor RH40 is more compatible with Span 65 than solutol
HS-15, figure 5.2 above shows that the niosome size of formulations containing only
Solutol HS-15 (F7-1) is much larger than the other formulations, which contain either
5% or 10% Cremophor RH 40 with or without Solutol HS-15.

The formulation containing only 5% co-surfactant is formulation F4-1, which is
composed of 50% Span 65, 45% cholesterol, and 5 molar% Cremophor RH40. The
size of the F4-1 formulation increased from 103.1 nm to 154.6 nm as the FRR was
reduced from 5:1 to 2:1. The FRR was reduced to make more concentrated
niosomes because the ratio of the organic phase containing the surfactants and co-
surfactants would be higher than the aqueous phase containing the buffer. This
means that 5% of Cremophor RH40 co-surfactant is insufficient to control niosome
size as the FRR decreases.

The microfluidic technique formulates niosomes by rapidly mixing the organic phase
with the aqueous phase in a microchannel (figure 1.6). During this process,
niosomes self-assemble, and the presence of co-surfactants appears to help
pegylate their surface and prevent collision and aggregation during mixing. The
presence of only 5% co-surfactant appears insufficient to control the size of Span 65
niosomes when the FRR is reduced. However, formulation F3-1 contains 10% of
Cremophor RH40. Compared to F4-1, F3-1 always produced much smaller
niosomes (64.96 nm vs 103.1 nm at FRR 5:1, 75.38 nm vs 116.4 nm at FRR 3:1,
and 112.1 nm vs 154.6 nm at FRR 2:1).

Moreover, F1-1 and F2-1 contain 10% and 5% of Solutol HS-15, respectively, and
both contain 5% Cremophor RH40. As FRR decreased from 5:1 to 2:1, F1-1 size
increased from 79.61 nm to 162.7 nm, and F2-1 size increased from 98.86 nm to
181.4 nm.

The addition of Solutol HS-15 on top of the 10% Cremophor RH 40 content did not
worsen the formulation size. F5-1 and F6-1 contain 5% and 10% of Solutol HS-15,
respectively, and both contain 10% Cremophor RH 40. As FRR decreased from 5:1
to 2:1, the sizes of F5-1 and F6-1 remained below 150 nm (112.9 nm and 92.61 nm,
respectively), and close to that of F3-1 (112.1 nm).
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This shows that to produce niosomes with a size less than 150 nm at a low FRR and
thus higher niosome concentration, a minimum of 10% Cremophor RH 40 needs to

be present in the Span 65 formulation.

It should be noted that the microfluidic technique produced niosomes with a narrow
size distribution, except for formulations F7-1 at FRRs of 3:1 and 2:1, for which the
PDI exceeded 0.2 (0.51 and 0.8, respectively). All other formulations had a PDI <
0.2. This is one of the main advantages of using the microfluidic technique to
produce niosomes, as it allows control of niosome size and size distribution without
extrusion. The literature also shows that a low PDI and small particle size can be
achieved using the microfluidic technique if the right ingredients, FRR, organic
solvent and aqueous phase are chosen correctly. Seleci et al. formulated niosomes
containing Span 60, cholesterol, and DSPE-PEG (2000) maleimide, and, at an FRR
of 1:1, produced niosomes using chloroform as the organic solvent, with a size of
128.5 nm and a PDI of 0.13['8, However, they did not obtain the same size pattern
as | did. They found that FRRs of 2:1, 3:1, and 5:1 could not produce monodispersed
niosomes, as the size distribution graphs for each of these FRRs showed two peaks
rather than one. This could be due to them using a different organic phase
(chloroform vs ethanol), a different surfactant (Span 60 vs Span 65), and a different
co-surfactant (DSPE-PEG (2000) maleimide vs Cremophor RH 40 and Solutol HS-
15) than what | used.

Obeid et al. formulated niosomes consisting only of surfactants and cholesterol at
either a 50:50 or 70:30 molar ratio and dissolved them in ethanol. Surfactants were
Span 20, Span 80, Span 85 and Tween 85. Size was measured before and after
atenolol drug loading. FRR for all formulations was 3:1, and TFR was 12 mL/min. All
niosomes produced had a size less than 120 nm, and all empty formulations had a
PDI less than 0.21'%. This further demonstrates the microfluidic technique's ability to
make small, monodispersed niosomes. Moreover, Obeid et al. obtained
monodispersed niosomes with an FRR of 3:1, whereas Seleci et al. were unable to
obtain them. This may be due to other factors, such as the ingredients used and the
organic solvent used to dissolve them. In our research, an FRR of 3:1 produced
monodispersed niosomes in all formulations (PDI < 0.2) with niosome size ranging
between 58 and 121 nm, except for F7-1, where PDI was 0.51 and niosome size

was 365.1 nm. This occurred because F7-1 contained only Solutol HS-15, not
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Cremophor RH 40. Consistent with the literature, this demonstrates the importance
of using compatible ingredients to obtain monodisperse, small niosomes via

microfluidic techniques.

Table 5.1 showed that the FRR has an important effect on the niosomes' size, where
in all formulations, there was an increase in the niosomes' size as the FRR
decreased from 5:1 to 2:1. This can be because, as the FRR decreases, more
niosomes will be formed. More collisions can occur between the niosomes as they
form in the mixing microchannels. This collision can merge niosomes, forming larger
niosomes. Machado et al. reached the same conclusion when formulating
cholesterol-free niosomes using microfluidic techniques with Span 80 and Tween 80
surfactants!’®. They concluded that as FRR increases, the average niosome
diameter decreases. Obeid et al., in another study from the one referenced above,
also concluded that increasing FRR from 1:1 to 3:1 reduced particle size, with
niosomes made from Span 80 or Tween 80 and cholesterol showing decreases from
142.3 nm to 70.51 nm and 228.33 nm to 71.31 nm, respectively®’].

The zeta potential for the formulations above was measured at three different pHs,
as summarised in table 5.2. The zeta potential was measured at an FRR of 2:1 to
obtain more concentrated niosomes, thereby improving its measurability. However,
as shown in table 5.1, formulation F7-1 is very large at FRRs of 2:1 and 3:1.
Therefore, the zeta potential was measured for niosomes produced at an FRR of
5:1.

Table 5.2: Zeta potential of niosomal formulations prepared using the microfluidic
technique at TFR of 12mL/min and FRR 2:1 (except 5:1 for F7-1) at 60 °C. Zeta
potential was measured at three pH values (5, 7, and 9).

Zeta potential (mV)

Niosome

f lati

ormulation pH 5 pH 7 pH 9
F1-1 -6.36 (£0.78) -9.20 (+0.97) -30.5 (x2.15)
F2-1 -2.43 (£0.64) -10.8 (¥2.08) -33.1(x1.10)
F3-1 -2.38 (£0.39) -7.44 (£1.76) -25.7 (¥2.07)
F4-1 -3.15(£0.37) -8.96 (#0.50) -29.5 (+1.35)
F5-1 -1.75 (x1.67) -6.78 (#0.63) -24.9 (¢1.70)
F6-1 -2.04 (+0.42) -6.88 (#0.41) -26.8 (+1.18)
F7-1 -4.09 (+0.84) -15.7 (#0.83) -45.0 (+2.66)
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The niosomes' zeta potential was affected by the pH of the environment in which the
niosomes are suspended. The zeta potential decreased by approximately 25-30 mV
(towards the negative) as the pH increased from 5 to 9. Increasing pH increases the
concentration of OH-ions in the suspension. This can deprotonate hydroxyl groups in
the niosome membrane, resulting in a negative zeta potential. It can be concluded
from table 5.2 that at neutral pH (around 7.0), the niosomes' zeta potential is not
sufficient to create repulsive forces strong enough to prevent niosome aggregation
because a zeta potential less than -30 mV is needed for this to happen!'’él. However,
the stability of the niosomes will rely in this case mainly on two things: the pegylation
effect of Cremophor RH 40 (steric stabilisation) and the reduced surface free energy
of niosomes containing Span 65. Cremophor RH 40 has 40 PEG molecules
extending in front of the niosomes, acting as a physical barrier that prevents

aggregation and merging.

5.3.1.2 The Effect of Different TFR
The TFR is the speed at which the organic and aqueous phases flow through and

mix in the microchannels to form niosomes. Increasing the TFR can reduce the size
of niosomes in some formulations but may not affect the size in others. The effect of
changing TFR on the F3-1 and F6-1 formulation sizes is documented in table 5.3

below.

Table 5.3: Size and PDI of two niosomal formulations (F3-1 and F6-1) made with
different TFR at FRR of 2:1.

F3-1 F6-1
TFR , .
. Niosomes PDI (+SD) Niosomes PDI (+SD)

(mL/min) . .

Size - Size -

d nm (£SD) d nm (£SD)
4 114.5(£0.13) 0.13 (£0.02) 90.04 (+2.34) 0.14 (+0.02)
8 95.65 (+1.49) 0.10 (£0.02) 92.81 (+4.22) 0.09 (+0.02)
16 92.94 (+0.66) 0.11 (£0.01)  96.50 (+1.49) 0.12 (+0.02)
20 87.52 (+3.01) 0.14 (+0.04) 101.0(#6.30) 0.10 (+0.02)

For formulation F3-1, increasing the TFR from 4 mL/min to 20 mL/min reduced the
size from 114.5 nm to 87.52 nm. A similar observation was reported by Obeid et al.,

who found that increasing the TFR reduced niosome sizel'%3l. As TFR increased from
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0.5 ml/min to 9 ml/min, the niosome size decreased in three different FRR (1:1, 3:1
and 5:1). However, no effect on niosome size was observed with TFR between 9
ml/min and 12 ml/min. Their niosomes are composed of monopalmitin glycerol,

cholesterol, and dicetyl phosphate.

Roces et al. formulated two liposomal formulations using a microfluidic technique
(one composed of HSPC, cholesterol and DSPE-PEG2000 and the other is made of
DSPC, cholesterol and DSPE-PEG2000)3. Upon increasing the TFR from 10
ml/min to 20 ml/min, no change in niosome size was observed. This could further
support the finding of Obeid et al., who reported that increasing TFR above 9 ml/min

does not affect the size of nanovesicles (niosomes/liposomes).

However, in formulation F6-1, the average niosome size increased with TFR, but the
change was small. Some studies have also found that increasing the TFR did not
significantly affect nanovesicle size. The literature provides no definitive conclusion

regarding the effect of TFR on niosome sizel'3l,

It can be concluded that the effect of TFR on the niosome size depends on the
formulation ingredients. F3-1 contains 10% Cremophor RH 40, while F6-1 contains
10% Cremophor RH 40 and 10% Solutol HS-15 as co-surfactants. However, TFR is
an important factor to consider, as it can increase batch manufacturing speed and
determine nanovesicle size. The higher the TFR, the less time it takes to make a
batch.

5.3.1.3 The Effect of Different Concentrations of Surfactants and Cholesterol in
Ethanol

Increasing the concentration of niosomes in the final product can be achieved by
reducing FRR, which increases the amount of ethanol added to the formulation and
thus the surfactant concentration in the final product. However, | have established
that reducing FRR can increase niosome size. The second way to increase the
concentration of niosomes without reducing FRR is to increase the surfactant
concentration in the organic phase. Each formulation in table 5.1 was prepared with
a higher surfactant and cholesterol concentration in the organic phase, as explained
in table 2.8. The niosomes’ size and PDI were measured by formulating niosomes at

three different FRRs (5:1, 3:1, and 2:1), and the results are summarised in table 5.4.
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Table 5.4: Size and PDI of niosomes formulated at different total concentrations of
surfactants and cholesterol in ethanol and at TFR of 12mL/min and at 60 °C. Each

niosomal formulation was formed at three different FRRs (5:1, 3:1 and 2:1). Refer to
tables 2.6 and 2.8 for formulation composition.

FRR 5:1 FRR 3:1 FRR 2:1
:hosome_ Niosomes PDI (+SD) Niosomes PDI (+SD) Niosomes PDI (xSD)
ormulation . . .
Size - Size - Size -
d nm (£SD) d nm (£SD) d nm (xSD)

F1-1 79.61 (x1.27) 0.12(£0.02) 118.7 (x2.70) 0.12(£0.04) 162.7 (+2.58) 0.12 (x0.02)
F1-2 87.19 (x0.33) 0.08 (£+0.02)  125.7 (+2.36) 0.09 (£0.03) 171.8 (£2.29) 0.12 (x0.02)
F1-3 97.91 (¢1.64) 0.10(£0.03) 128.2(+4.18) 0.11 (£0.03) 187.4 (x20.75) 0.19 (¥0.03)
F2-1 98.86 (+1.74) 0.08 (£+0.02)  120.9 (+1.04) 0.06 (+0.02) 181.4 (+8.21) 0.12 (x0.03)
F2-2 97.65 (x2.05) 0.12(+0.05) 118.2 (¥3.63) 0.06 (+0.02) 190.1 (+6.23) 0.14 (x0.04)
F2-3 111.6 (x2.45) 0.11(£0.03) 130.8 (£1.85) 0.07 (+0.02) 187.1 (¥8.92) 0.11 (x0.04)
F3-1 64.96 (+3.13) 0.14 (+0.04) 75.38 (+2.50) 0.08 (#0.04) 112.1 (+1.96) 0.11 (x0.02)
F3-2 70.07 (x0.96) 0.10 (+0.01) 82.36 (+2.61) 0.11(£0.03) 108.2 (+1.36) 0.12 (x0.03)
F3-3 84.15 (x1.78) 0.12(+0.03) 90.75 (x0.76) 0.12 (£0.02) 115.4 (+1.28) 0.14 (x0.01)
F4-1 103.1 (x1.96) 0.06 (0.02) 116.4 (£1.32) 0.05(+0.02) 154.6 (+1.94) 0.07 (x0.02)
F4-2 108.5 (+1.23) 0.08 (£0.02) 122.5(#0.74) 0.06 (+0.02) 163.4 (+2.02) 0.10 (x0.02)
F4-3 120.4 (+2.36) 0.12 (£0.04) 130.6 (+2.47) 0.11 (x0.03) 171.7 (¥2.12) 0.10 (x0.02)
F5-1 58.42 (x0.46) 0.12(+0.03) 71.31(x0.74) 0.08 (#+0.02) 112.9 (+3.60) 0.10 (x0.02)
F5-2 63.78 (x2.30) 0.09 (+0.03) 73.66 (¥4.49) 0.11(£0.03) 122.0 (+4.46) 0.10 (x0.01)
F5-3 76.82 (x2.60) 0.13(+0.01) 85.39 (+3.48) 0.17 (£0.03) 117.8 (1.73) 0.15 (x0.02)
F6-1 52.89 (x1.78) 0.09 (+0.03) 58.76 (+2.03) 0.10 (+0.03) 92.61 (+0.66) 0.13 (x0.03)
F6-2 60.69 (+3.95) 0.12(+0.05) 66.58 (+t0.83) 0.14 (+0.02) 105.9 (+0.98) 0.13 (x0.01)
F6-3 73.07 (£3.26) 0.13 (+0.03) 75.07 (¥3.53) 0.15(+£0.03) 114.9 (+1.75) 0.11 (x0.03)
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Figure 5.3: Size of different niosomes formulations prepared at different
concentrations at three different FRRs. “X” stands for the formulation number.
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Table 5.4 and figure 5.3 show that increasing the concentration of surfactants and
cholesterol in the organic phase can increase the size of the niosomes, but not in all
formulations and not at all FRRs. It can be concluded that reducing the FRR can
have a more significant effect on the niosome size than increasing the concentration

of ingredients in the organic phase.

For example, reducing the FRR from 5:1 to 2:1 should double the niosome
concentration, as the surfactant concentration in the final product will be doubled.
Formulation F1-1 at FRR 5:1 had an average size of 79.61 nm. In formulation F1-2,
which has twice the amount of ingredients dissolved in the organic phase compared
to F1-1, niosomes were produced with a size of 87.19 nm, 7.58 nm larger than in F1-
1. However, when the FRR for formulation F1-1 was reduced from 5:1 to 2:1, which
should also produce double the concentration of niosomes, the niosome size
increased from 79.61 to 162.7 nm, an 83.09 nm increase in size.

Machado et al. found that increasing the niosome concentration increased their size
in one formulation but not in the other!'%2l. For example, for niosomes composed of
Span 80 and Tween 80, when FRR was 5:1, increasing the niosome ingredients
concentration from 5 mM to 10 mM increased the niosome size from 186 nm to 224
nm. The same outcome was observed at FRRs of 15:1 (83.5 nm vs 108.8 nm), 25:1
(78 nm vs 93.1 nm), and 50:1 (65 nm vs 77.7 nm), but no significant change was
observed at an FRR of 35:1 (69 nm vs 71 nm). However, for niosomes composed of
Span 80, Tween 80 and 1-dodecanol, increasing the concentration of the ingredients
from 5 mM to 10 mM resulted in the opposite where the niosomes size was reduced
from 309 nm to 191.4 nm when FRR was 5:1. This shows that the effect of the
concentration of the niosomes on the particle size is dependent on the ingredients
composition of the niosomes. The presence of 1-dodecanol in the formulation could
have stabilised the niosomes and controlled particle size as the concentration

increased.

Moreover, Roces et al. have shown that increasing the lipid concentration can have
different effects on liposome sizel®3l. For example, in a liposomal formulation
comprising HSPC, cholesterol, and DSPE-PEG2000, increasing the lipid

concentration from 2.5 mg/mL to 5.0 mg/mL reduced the liposome size from around
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110 nm to around 90 nm. However, increasing the lipid concentration from 5.0
mg/mL to 40 mg/mL did not result in a significant change in size.

These results show that two methods can be used to increase niosome
concentration, but they have different effects on niosome size. FRR has a more
significant impact on niosome size than surfactant concentration in the organic
phase. In conclusion, the target niosome size and concentration can be reached by

balancing the amount of ingredients dissolved in the organic solvent and the FRR.

From the preliminary analyses of the effect of different parameters of the microfluidic
process of niosomes synthesis, it can be concluded that the two parameters that
have the most significant effect on niosome size and size distribution (PDI) are the
surfactants and co-surfactants used along with their ratios, and the FRR. This is

consistent with other literature.

5.3.2 Doxorubicin Loading and its effect on Niosomes’ Size

Doxorubicin was actively loaded into the niosomes using an ammonium sulfate
gradient. The main advantage of actively loading doxorubicin into niosomes is the
enhanced entrapment efficiency, as passive loading typically achieves entrapment
efficiency below 40%. In contrast, active loading achieves much higher EE and
allows doxorubicin to be precipitated inside the nanovesicle. Inside the nanovesicle,
doxorubicin will bind to sulfate ions and precipitate, allowing it to be loaded at

concentrations much higher than its solubility limits!®3.106],

The aqueous phase contained 0.12 M ammonium sulfate, while the organic phase
(ethanol) contained the surfactants and cholesterol. There are organic solvents other
than ethanol that can serve as the organic phase in the microfluidic technique.
However, ethanol was chosen because it has been shown to be more efficient for
loading doxorubicin into liposomes than methanol and isopropanol(®3l,

After niosomes formation, 1 mL of the freshly made niosomal suspension was
passed through a Sephadex G50 column preequilibrated with trizma buffer. Then,
0.15 mL of 2 mg/mL doxorubicin solution was added to 0.85 mL of the buffer-
exchanged niosomes to achieve a final concentration of 0.3 mg/mL, and 0.25 mL of

2 mg/mL was added to 0.75 mL of the buffer-exchanged niosomes to achieve a final
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concentration of 0.5 mg/mL. After 1 hour of drug loading, 1 mL of niosomes was
passed through another Sephadex column pre-equilibrated with a sucrose-histidine
buffer (10% w/v sucrose, 10 mM histidine, pH 6.5) to measure entrapment efficiency

and size. Size, PDI and entrapment efficiency are summarised in table 5.5 below.

Table 5.5: Drug loading of doxorubicin into F3-3 niosomal formulation prepared at
TFR 12 mL/min and FRR of 2:1.

After Trizma buffer After 1 hour of loading with After 1 hour of loading with
exchange 0.3mg/mL 0.5mg/mL
Niosome Niosomes PDI Niosomes PDI %EE Niosomes PDI %EE
formulation Sjze - (xSD)  Size - (xSD) (xSD) Size - (xSD)  (¢SD)
dnm dnm dnm
(xSD) (xSD) (xSD)
F3-3 109.1 0.14 124.1 0.22 69.92 165.5 0.16 70.21

(+1.98) (£0.02) (+2.82) (£0.02) (+2.55) (+3.63) (£0.01) (+2.81)

Drug loading of doxorubicin in formulation F3-3 has been shown to affect niosome

size, with the effect being concentration-dependent. Loading with 0.5 mg/mL had a
greater effect on increasing the niosomes' size than loading with 0.3 mg/mL (+56.4
nm vs +15 nm, respectively, compared to niosomes’ size before drug loading, Table
5.5).

Table 5.5 also shows that the entrapment efficiency for loading 0.3 mg/mL is similar
to that for 0.5mg/mL (~70%). This means that more doxorubicin has entered the
niosomes at the 0.5 mg/mL than at the 0.3 mg/mL. The ammonium sulfate pH
gradient technique can explain this. As doxorubicin enters the niosomes, ammonium
ions leave the niosomes (figure 1.11). This reduces the pH inside the niosomes,
thereby driving more doxorubicin into them. A higher concentration of doxorubicin
means more ammonium ions will leave the niosomes, and more doxorubicin will
enter. Thus, as the doxorubicin concentration increases, this process becomes more
efficient at loading doxorubicin. In addition, it seems from Table 5.5 that the niosome
size has also increased more when drug loading occurred at 0.5 mg/mL than at 0.3
mg/mL. This could also explain why more drug entered the niosomes at the higher
concentration than at 0.3 mg/mL, where the increase in niosome size allowed more

drug to enter.

Passive drug loading of doxorubicin into niosomes using the microfluidic technique
has also been studied. The aqueous phase contained doxorubicin dissolved in

sucrose-histidine buffer, while the organic phase contained Span 65, Cremophor RH
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40 and cholesterol dissolved in ethanol. The concentration of doxorubicin in the final
niosomal product was 0.5 mg/mL. The average niosome size was 157.7 nm (PDI =
0.17), and the average doxorubicin EE was 41.88%. The low entrapment efficiency is
consistent with literature reports[®?, as passive drug loading does not yield high

entrapment efficiency and indicates the need for active drug loading.

Roces et al. have shown that liposomes can actively load doxorubicin using an
ammonium sulfate pH gradient!®3l. However, they could achieve efficient active
loading only by using an elevated temperature above the phase transition
temperature of the main lipid during drug loading. In this study, however, | managed
to load the drug using a pH gradient at room temperature, ~23 °C. This is an
advantage to loading doxorubicin into niosomes when compared to liposomes, as it

requires less energy.

5.3.3 Stability Study

Given that the niosomal formulation is in suspension, an important parameter to
measure is niosomal size stability. The niosomes' size and size distribution (PDI)
were measured over three months, and the results are summarised in tables 5.6 and
5.7 below. After niosomes synthesis using a microfluidic technique, the niosomes
were passed through a Sephadex column pre-equilibrated with trizma buffer to
remove the ethanol and create a pH gradient. Then, doxorubicin was added to either
make the concentration 0.3 mg/mL or 0.5mg/mL. Then, another buffer exchange
process took place to remove the unentrapped drug and suspend the niosomes in a
buffer of choice that can stabilise them. Two buffers were studied: a normal saline
made of 0.9% w/v NaCl (table 5.6) or a Histidine-Sucrose buffer (10% w/v sucrose,
10 mM histidine) (table 5.7).
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Table 5.6: Stability study (size and PDI) of niosomes after NaCl buffer exchange that
followed doxorubicin loading at 0.3 mg/mL and 0.5 mg/mL. After the niosome size
exceeded 200 nm, size measurement was stopped as visible aggregation began to
appear.

NaCl (0.3 mg/mL) NaCl (0.5 mg/mL)

Day of Niosomes PDI (+SD) Niosomes PDI (+SD)

measurement . .
Size - Size -
d nm (£SD) d nm (£SD)

Day 1 113.0 0.13(x0.01) 132.3 (+1.76) 0.12 (+0.03)
(21.69)

Day 4 116.9 0.13 (+0.03) 3515 0.42 (+0.15)
(+1.42) (+155.8)

Day 6 124.7 0.16 (x0.02) ><><
(+2.49)

Day 11 141.9 0.21 (+0.02) ><
(+4.16)

Day 19 201.0 0.38 (+0.06) ><
(15.02)

As shown in table 5.6, NaCl was not a good choice of buffer. Even though
doxorubicin is known to be stable in NaCl, some manufacturers prepare doxorubicin
injections in NaCl solution!'%, niosomes were not stable in it. The reason why
niosomes were not stable in NaCl solution is due to the ionic effect of the sodium
and chloride ions on the niosome membrane. Na* and CI™ ions shield the surface
charges on niosomes, reducing electrostatic repulsion and potentially promoting
fusion and aggregation. Moreover, ions interact with the surfactant headgroups,
altering bilayer packing and reducing bilayer integrity. It is clearly visible in figure 5.4

that the niosomes aggregated in the NaCl solution.
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Figure 5.4: Aggregation of niosomes in NaCl solution for formulation loaded at
doxorubicin concentration of 0.3 mg/mL (two runs)

An alternative approach for suspending niosomes to maintain their stability is to use
a low-ionic-strength buffer, such as a histidine-sucrose buffer (10% w/v sucrose, 10
mM histidine, pH 6.5). As shown in table 5.7 below, after niosomes were loaded with
0.3 mg/mL or 0.5 mg/mL doxorubicin, the niosomes remained stable for 3 months.
After loading, the size of niosomes loaded with 0.5 mg/mL doxorubicin is bigger than
that of those loaded with 0.3 mg/mL, as explained before. However, the niosome
size remained stable after the initial loading throughout the stability study. For
reference purposes and to study the stability of niosomes in trizma buffer, the size of
niosomes after trizma buffer exchange and before drug loading, or histidine-sucrose
buffer exchange, was monitored over 3 months as well. As shown in table 5.7, the
niosomes demonstrated great stability in trizma buffer, further illustrating that using a
buffer different to NaCl can stabilise the niosomes and prevent their aggregation.
Caelyx liposomal formulation (doxorubicin liposomes) is prepared in Histidine-

sucrose buffer as well, and has a 2-year shelf-lifel1%],
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Table 5.7: Size and PDI of niosomes after trizma buffer exchange, and after

Sucrose-histidine buffer exchange that followed doxorubicin loading at 0.3 mg/mL

and 0.5 mg/mL.

Day of

After trizma

Sucrose-histidine buffer
(0.3mg/mL doxorubicin)

Sucrose-histidine buffer
(0.5mg/mL doxorubicin)

Niosomes PDI (+SD) Niosomes PDI (+SD) Niosomes PDI (+SD)
measurement Size - Size - Size -

d nm (+SD) d nm (+SD) d nm (+SD)
Day 1 108.5 (¢1.58)  0.12(£0.02)  109.9 (+1.74) 0.17 (£0.01)  140.6 (+2.84)  0.11 (£0.02)
Day 4 108.8 (+1.48)  0.13(¢0.02) 106.5 (+2.29) 0.16 (£0.01)  140.9 (£0.55)  0.10 (£0.01)
Day 7 108.6 (+0.60)  0.14 (+0.00) 105.4 (+0.65) 0.16 (£0.01)  139.0 (+2.69)  0.14 (£0.01)
Day 14 108.5 (¢1.50)  0.14 (+0.02)  108.9 (+2.10) 0.18 (+0.03)  140.9 (#+2.17)  0.10 (£0.02)
Day 21 109.9 (¢1.90)  0.13(x0.01)  109.5 (x1.71) 0.16 (+0.02)  140.0 (£1.75)  0.10 (+0.03)
Day 28 112.2 (¢3.55)  0.16 (¢0.01)  111.4 (x0.92) 0.17 (£0.03)  143.1 (£1.53)  0.13 (£0.04)
Day 56 109.1 (¢1.71)  0.13(x0.03) 108.7 (x1.17) 0.13 (+0.05) 137.3 (£0.63)  0.09 (£0.02)
Day 84 109.7 (x1.11)  0.16 (¢0.02)  108.6 (+1.43) 0.15(+0.02) 138.4(+1.69)  0.08 (£0.01)

5.3.3 Drug Recovery After Sterilisation

One important step in preparing nanovesicles for patient administration is sterilising

the final product. The gold standard approach for sterilising liposomes before they

are released to the market is membrane filtration, in which liposomes are passed
through a 0.22 um filter!'??l; liposomes below 220 nm can pass through, while
microorganisms and contaminants are retained behind the filter. Similar to
liposomes, it is recommended that a similar procedure be used to sterilise the
niosomes('%l, given the success of this technique in sterilising liposomes and the

structural similarity between niosomes and liposomes. Also, other techniques such

as autoclaving or dry heating are not suitable for niosomes and liposomes because

these nanocarriers are heat-sensitive, and high temperatures can destroy them.
Irradiation is also not suitable, as it can compromise nanovesicle stability and

denature the drug.

The niosomal formulation containing doxorubicin was passed through a 0.2 ym filter

to assess drug recovery after sterilisation. Drug recovery is calculated using the

following equation:

concentration of drug after filtration

100

Drug recovery = concentration of drug before filtration

Drug recovery is important to ensure that the drug is not lost during the filtration

process. It also helps to determine whether the filtration process has retained some

niosomes and prevented them from passing through due to size or filter-niosome
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compatibility issues. In this case, the niosome size may need to be further reduced
to allow sterilisation by filtration without losing niosomes/drug, or the filter type may

need to be changed to one more compatible with the niosomes.

PES-type sterile filters with 0.2 ym pore size were used to sterilise the niosomes. No
change was observed in drug content or niosome size after sterilisation. Recovered
drug content was ~ 100%, and there was no significant change in size for both

loading doxorubicin concentrations (0.3 mg/mL and 0.5 mg/mL).

5.4 Conclusion

The microfluidic technique is an efficient method to form niosomes with controlled
size and size distribution. It can reduce the number of steps and the time required
compared to conventional nanoparticle manufacturing methods that require an
extrusion step. Several factors can affect the size of niosomes produced using the
microfluidic technique, but the most significant ones are the ingredients used and the
FRR of the aqueous phase to the organic phase. A 70% EE was achieved, indicating
the success of this technique in actively loading doxorubicin into niosomes. The
niosomal formulation suspended in histidine-sucrose buffer remained stable for a

minimum of 3 months, where the niosome size did not change.
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6.1 General Conclusion

In conclusion, this study highlights the significant yet underexplored potential of pH
gradient—based approaches in niosomal drug delivery systems. While this area
remains relatively under reviewed, the findings presented here demonstrate that it
holds considerable promise as a cost-effective alternative to liposomal technologies,
particularly in applications requiring efficient drug encapsulation and controlled

release.

The use of bromocresol green (BCG) as a pH-sensitive probe proved to be a simple
yet powerful tool for investigating the formation and maintenance of transmembrane
pH gradients in niosomes. Its distinct colour changes across different pH
environments enabled clear visual and analytical confirmation of gradient
establishment, offering valuable insight into the behaviour of niosomal membranes.
Importantly, these observations emphasised that the compatibility between
surfactants and co-surfactants is a critical determinant in achieving stable pH
gradients. Specifically, Span 60 demonstrated optimal compatibility with Solutol HS-
15, whereas Span 65 showed better compatibility with Cremophor RH 40, likely due
to their favourable molecular sizes and structural alignment. Other important factors
that affect the pH gradient in niosomes are the composition of both alkaline and
acidic buffers, the loading temperature and duration, the niosome morphology (MLV
vs LUV), and the cholesterol content in the formulation. These discoveries have
aided in understanding how to successfully formulate pH gradient niosomes with
doxorubicin and how different formulation compositions and buffer choices affect the

enhancement of active drug loading into niosomes.

The successful active loading of doxorubicin into both Span 60/Solutol HS-15 and
Span 65/Cremophor RH 40 niosomal systems further validates the practical
applicability of pH gradient techniques. However, notable differences in performance
were observed. Span 65-based niosomes exhibited superior stability compared to
those formulated with Span 60. Additionally, the use of Cremophor RH 40 with Span
65 resulted in smaller vesicle sizes and more controlled size increases following drug
loading, indicating a more robust and predictable formulation profile than systems
incorporating Solutol HS-15. Span 60 niosomes achieved a doxorubicin entrapment
efficiency of 68.28% at 0.1 mg/mL. With the extrusion technique, span 60 niosomes

reached a diameter of 241.1 nm. Span 65 niosomes containing cholesterol and
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Cremophor RH 40 as a co-surfactant have been shown to efficiently load
doxorubicin, with entrapment efficiency reaching 78.79% when Cremophor RH 40
concentration was 5% and 76.99% when Cremophor RH 40 concentration was 10%.
It should be noted that as the concentration of Cremophor RH 40 in the formulation
increases, the niosome size decreases, where increasing the Cremophor RH 40
content from 5 to 10 molar % decreased the niosome size from 225.6 nm to 189.0

nm.

Acidic drugs, methotrexate, ketorolac and salicylic acid, were also attempted to be
actively loaded using Span 60 niosomal formulation containing cholesterol and
Solutol HS-15. However, active loading was not achieved primarily because these

drugs were unable to cross the niosomal membrane.

Furthermore, the application of microfluidic techniques for niosome preparation
emerged as a highly promising strategy for achieving precise control over vesicle
size and distribution. Active loading of doxorubicin into microfluidically prepared
niosomes was successfully achieved, and key formulation parameters—particularly
the flow rate ratio (FRR) and the concentration of components in the organic
phase—were identified as critical factors influencing vesicle characteristics. Stability
studies over a three-month period confirmed the robustness of the optimised
formulations, while also underscoring the importance of the dispersion medium.
Notably, niosomes suspended in NaCl solution exhibited aggregation and
precipitation, whereas those in a low ionic strength buffer containing sucrose and
histidine (pH 6.5) maintained their stability, highlighting the role of external media in
preserving system integrity. The doxorubicin-loaded formulation achieved an EE of
70% at a 0.5 mg/mL doxorubicin concentration, demonstrating the success of this

technique in actively loading doxorubicin into niosomes.

Overall, this work not only reinforces the feasibility of pH gradient—driven active
loading in niosomes but also provides practical insights into formulation design,
component compatibility, and processing techniques. These findings lay a strong
foundation for future research aimed at optimising niosomal systems and advancing

their potential as efficient, scalable, and economically viable drug delivery platforms.
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6.2 Future Work and Optimisation of Formulation for Industrial
Use

The work presented in this thesis is promising, as it offers a cost-effective alternative
to liposomes. Moreover, the use of BCG was proven to be successful in studying pH

gradient in niosomes. These findings urge further research into this topic.

The use of BCG can be further developed into a practical that students can use to
understand how the pH gradient works in niosomes and liposomes. New techniques
can also be developed using BCG to study endosomal trafficking of nanovesicles
such as niosomes and liposomes. Further research is also needed to investigate
how BGC can be used to analyse factors affecting drug release from nanovesicles,

such as temperature and pH.

The methods and techniques used in this thesis are suitable for research at this
scale. However, for industrial-scale applications, different techniques must be
employed. For example, to create a pH gradient, | used a Sephadex G50 column
pre-equilibrated with trizma buffer. However, this process is slow and can lead to
contamination with Sephadex beads. An alternative, more suitable method to the

niosomal suspension buffer is tangential flow filtration.

Tangential flow filtration (TFF) is a cross-flow filtration technique in which a niosomal
suspension flows parallel to a semipermeable membrane, allowing small molecules,
such as buffer components, to pass through while larger structures, such as
niosomes, are retained!'¥’]. When used to create a pH gradient in niosomes, the
niosomes are first formed in an acidic internal buffer (such as ammonium sulfate
buffer), so their aqueous core has a low pH. TFF is then used for diafiltration, in
which the external medium is continuously exchanged with a neutral or basic buffer
while the membrane retains the niosomes. Because only the outer buffer is replaced
and the niosomes' bilayer is largely impermeable to protons on the short timescale,
the internal acidic environment remains unchanged, maintaining a stable

transmembrane pH gradient.

Moreover, using TFF is a novel technique that has not been tested before on
niosomes to create a pH gradient and to load doxorubicin. This can be further

discovered in future work.
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Another advantage of using TFF is that the niosomal formulation can be
concentrated®3. When using a 0.5 mg/mL drug loading , EE was around 70%. This
means the drug concentration in the niosomes is 0.35 mg/mL. TFF can be used to
filter out any unentrapped drug and to concentrate the niosomal suspension to a 2
mg/mL loaded doxorubicin concentration. Once the optimal niosomal formulation
with a suitable drug concentration is reached, a stability study must also be

assessed, and drug leakage will then be evaluated for the concentrated formulation.

The formulation has been proven to be sterilisable. In this case, in vitro cytotoxicity
should be tested on cancerous cells, and in vivo animal trials can then follow to

assess the formulation's safety and efficacy in living animals.

The microfluidic instrument used is for lab-scale. Larger microfluidic instruments are
available for the manufacturing of large batches. For example, Precision
Nanosystems offers microfluidic instruments that can manufacture larger batches of
nanovesicles and are suitable for commercial-scale production. For example, their

commercial formulation systems can produce between 12 and 48 litres per hourl'%l.

A stability study was conducted over 3 months on niosomes prepared using the
microfluidic technique. The stability study should continue for a longer period to
establish the stability of the niosomal formulations, ensuring a suitable market shelf

life.

Cremophor RH40 and Solutol HS-15 co-surfactants have been shown to be effective
at maintaining pH gradients when combined with Span 65 and Span 60, respectively.
More co-surfactants can be tested to examine the effects of different co-surfactants
on niosome stability and active drug loading capacity. Moreover, new co-surfactants
and surfactants can be synthesised with different structures and thus properties to
study their effect on pH gradient active loading of drugs into niosomes.

Lyophilisation can also be tested for niosomes to allow formulation storage at room
temperature. A niosomal formulation in its solid form is usually more stable than in its

liquid form.

Once the optimal niosomal formulation is obtained, the safety and efficiency of these

nanovesicles will be compared to those of liposomes, the current nanovesicles on
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the market. Overall, the cost-effectiveness of these niosomal formulations can then
be compared with that of liposomes.

Moreover, there are other drugs that were proven to be actively loadable into
liposomes, such as lidocaine and daunorubicin. The ability of niosomes to actively
load these drugs can also be tested in the future. The clinical benefit of these

niosomal formulations can also be tested once they are successfully formulated.
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