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Abstract

Liver cancer (primarily hepatocellular carcinoma, HCC) is a leading cause of cancer-
related mortality and morbidity worldwide, with a poor prognosis and limited treatment
options. Sorafenib (Sf) is a multikinase inhibitor that is FDA-approved as the first line of
treatment for advanced hepatocellular carcinoma (HCC). Despite its promising
therapeutic outcomes, its low solubility, and oral bioavailability have limited its clinical
application. Therefore, there is an urgent need for innovative and effective therapeutic

strategies for liver cancer.

Nanotechnology-based drug delivery systems have emerged as promising platforms for
the selective and controlled delivery of cytotoxic agents to cancer cells, minimising
systemic toxicity and enhancing therapeutic efficacy. These nanocarriers can encapsulate,
protect, and release drugs in a controlled manner and can be functionalised with ligands
for targeted delivery to cancer cells. Among these, galactosylation of nanoparticles

represents a potential strategy for liver-specific drug delivery.

The presented work herein involves the preparation, optimisation and characterisation of
different galactosylated nanodrug delivery systems, including solid lipid nanoparticles
(SLN), nanostructured lipid carriers (NLC), lipid nanocapsules (LNC), and polymeric
micelles (PMs), for liver-targeted delivery of sorafenib to overcome its limited
bioavailability and systemic side effects. The developed lipid-based delivery systems
(SLN, NLC, and LNC) showed excellent colloidal properties with high drug entrapment
efficiency (> 85%). Galactosylated LNC exhibited higher cytotoxicity and cellular uptake
by HepG?2 cells than untargeted LNC.

On the other hand, the developed Soluplus® based-polymeric micelles for oral
administration have shown a tremendous enhancement of Sf solubility (>1100 times),
translated into a 27-fold improvement in dissolution efficiency. Furthermore, these
micelles exhibited an 8-fold increase in the cellular transport in the Caco-2 cell model
compared to drug suspension. Lastly, galactosylated polymeric mixed micelles were
formulated, exhibiting good colloidal properties and high Sf loading capacity (~15.5%).
They demonstrated enhanced cellular cytotoxicity and receptor-mediated cellular uptake

compared to untargeted counterparts.
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Introduction



1.1. Hepatocellular carcinoma (HCC)

Primary liver cancer is the sixth most common cancer worldwide, with 905,700 new
reported liver cancer cases in 2020, and the third in mortality rates among all cancer types
with 830,00 reported deaths' . The World Health Organisation (WHO) predicts that liver
cancer will be responsible for more than one million deaths by 2030. Indeed, according
to Surveillance Epidemiology End Results (SEER), liver cancer has been the fastest-
growing cause of cancer-related mortality in the USA since the early 2000s. If current

trends continue, liver cancer will be the third highest cause of cancer-related death by

2030°,

Hepatocellular carcinoma (HCC) is a cancer form in the hepatocytes, constituting around
90% of total liver cells. Thus, HCC makes up between 85% and 90% of primary liver
cancers (followed by cholangiocarcinoma ~15% and angiosarcoma ~ 1-2%)>. The 5-year
survival rate of HCC patients is around 18%, making it the second most fatal tumour after

pancreatic cancer”.

Besides the global health burden of HCC, it has a significant impact on the global
economy. Generally, the estimated global economic cost of all cancer types from 2020 to
2050 is about $25.2 trillion. Whereas liver cancer (mainly HCC) is ranked fourth among
the top five cancer types with the highest costs, accounting for 6.5% (~$1.7 trillion) of
the total cost®. Notably, approximately 70% of liver cases are thought to be associated
with modifiable risk factors’. Therefore, global efforts to counteract these risk factors and

enhance therapeutic outcomes could potentially reduce the economic burden of HCC.

1.1.1. Risk factors and epidemiology

Over 90% of HCC cases are associated with chronic liver disease. Cirrhosis, regardless
of cause, is the most significant risk factor for HCC which is considered the primary cause
of mortality in cirrhotic patients®. The key risk factors for HCC involve Hepatitis B virus
infection (HBV) or Hepatitis C virus infection (HCV) infection, chronic alcohol intake,

and metabolic disorders such as diabetes or obesity.



e Hepatitis B virus (HBV) infection

HBV is a DNA virus that can integrate into the host genome, causing insertional
mutagenesis and activating oncogenes. HBV is the most common risk factor of HCC in

the world (33%)°. Around 60% of HCC cases in Asia and Africa are attributed to HBV

infection , which is responsible for less than 20% in western countries®”.

e Hepatitis C virus (HCV) infection

HCV, in contrast to HBV, is an RNA virus that does not integrate into the host genome;
hence, the risk of HCC is mainly restricted to people who experience cirrhosis or chronic
liver injury with bridging fibrosis. HCV is the world's third most common risk factor for
HCC (21%)°. Chronic HCV infection is the most prevalent underlying liver disease in
North America, Europe, and Japan in patients with HCC'°. With the help of direct-acting
antiviral (DAA) therapy, a growing number of patients with HCV infection have been
successfully treated. This has led to a 50—-80% reduction in the risk of HCC!'. But some
patients, especially racial minorities, ethnic minorities, and people from low-income
areas, have not been tested for HCV and remain unaware of their infection till HCC

manifestations show up'2.

e Alcohol intake

Alcoholic cirrhosis is the second most common risk factor for HCC worldwide®!®. It
accounts for 15%-30% of HCC cases depending on the geographical location'*. Chronic
alcohol consumption can also raise the risk of HCC from other factors; for instance,
several studies indicate that HBV carriers who consume alcohol have a higher risk of

HCC than those who do not consume alcohol® .

e Non-alcoholic fatty liver disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) is a range of health conditions caused by the
build-up of fat in the liver, including diabetes mellitus and obesity. Among NAFLD cases,
20-30% are estimated to develop non-alcoholic steatohepatitis (NASH), which then

progresses into cirrhosis in 10-20% of cases. Nowadays, NASH is the most common



hepatic disease and a key risk factor for HCC in most developed countries. One study
suggested that NASH was linked to a 2.6-fold higher risk of HCC!®. Since 2010, the
proportion of HCC attributable to NASH has significantly grown, and currently accounts

for 15-20% of cases in the west>'"18,

e Aflatoxin B1 (AFBI1)

Aflatoxins are hepatocarcinogenic mycotoxins that contaminate several staple cereals and
oil seeds. Aflatoxin B1 (AFB1) produced by Aspergillus sp. is the predominant form of
aflatoxin implicated in liver carcinogenesis'’. It is believed that exposure to aflatoxin is,
at least, partly responsible for the early start of HCC in several sub-Saharan African
countries'®. AFB1 induces mutations at codon 249 of the TP53 tumour suppressor gene
(AGG to AGT), resulting in the substitution of arginine for serine (R249S), which is
rarely identified in cancers other than HCC?°. The R249S mutation is responsible for 50—
90% of TP53 mutations in HCCs from places with substantial aflatoxin exposure,

whereas this proportion drops to 6% in HCCs from patients in USA 820,

Some reports suggested a synergistic effect between HBV and aflatoxin exposure.
Chronic HBV infection may induce cytochrome P450 enzymes to convert inactive AFB1
to the mutagenic AFB1-8,9-epoxide form. Additionally, hepatocyte necrosis and
regeneration caused by chronic HBV infection enhance the likelihood of AFB1-induced
TP53 mutations. In addition, HBV oncogenic protein inhibits nuclear excision repair

which is usually responsible for eliminating AFB1-DNA adducts®!->2.

Due to the prevalence of risk factors, the global incidence of HCC varies from region to
region. Most HCC cases (~80%) arise in eastern Asia and sub-Saharan Africa, where the
primary risk factors are chronic hepatitis B and aflatoxin B1 exposure®**, followed by
USA, Europe and Japan, where Hepatitis C and excessive alcohol intake are the major

risk factors?® (Figure 1.1).
g

It is worth mentioning that the epidemiology of HCC changes with time because of the
variations in the time and quantity of exposure to environmental and infectious risk
factors, healthcare resource availability, and the capability to diagnose early-stage HCC

and offer potentially curative treatment®>?°, For instance, in Japan and Europe, where the



hepatitis C virus spread earlier than in the USA, the incidence of HCC has almost hit a
plateau and is even receding in certain places. On the contrary, in the United States, where
the hepatitis C virus spread later, the incidence continues to rise”. In developed areas,

non-alcoholic fatty liver disease is becoming a significant cause of hepatocellular
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Figure 1.1: The incidence and major aetiological factors of HCC worldwide. Figure was
reprinted from GLOBOCAN 201827 with data added from references’.

1.1.2. Pathophysiology

Hepatocellular carcinoma development is a complicated, multistep process involving
prolonged inflammatory damage, hepatocyte necrosis and regeneration, and fibrotic
deposition. When cirrhosis is present, hepatocellular carcinoma risk arises and grows in
tandem with increasing liver function impairment. The immense molecular heterogeneity
of hepatocellular carcinoma is due to the accumulation of somatic genomic mutations in
passenger and driving genes as well as epigenetic modifications?}. Despite certain shared
molecular alterations, the cellular and molecular basis of hepatocarcinogenesis is believed

to vary widely among aetiological factors (Figure 1.2).
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Figure 1.2: The different proposed mechanisms of hepatocarcinogenesis. Figure was
adapted with permission from reference?®

In the case of wviral infections, host-viral interactions appear to contribute to
hepatocarcinogenesis. A strong T-cell immune response is apparently induced to combat
viral infection; this response leads to hepatocyte necrosis, inflammation, and
regeneration, and ultimately these necrosis-regeneration cycles lead to carcinogenesis.
Another proposed mechanism is by viral-endoplasmic reticulum (ER) interaction which
stimulates the growth and survival-signalling pathway resulting in mutations through the
formation of free radicals and activation of stellate cells*®?°. Moreover, viral infections
are believed to induce mutations and inactivation of certain genes such as p53, a tumour
suppressor gene that promotes apoptosis and induces cell-cycle arrest upon DNA damage
to escape the host’s immune response?’. Finally, since HBV is cytopathic (in contrast to
HCV), it is potentially proposed that direct integration of viral DNA to the host genome

causes alternations in cancer-relevant genes.

On the other hand, Chronic alcohol consumption has been linked to the production of pro-
inflammatory cytokines via monocyte activation®’, as well as increased levels of
circulating endotoxin, activation of Kupffer cells, and the release of numerous
chemokines and cytokines (including TNFo, interleukin-1f (IL1B), IL6, and

prostaglandin E») with detrimental effects on hepatocyte survival®'. Moreover, with high
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alcohol exposure, hepatocytes become more sensitive to the cytotoxic effect of TNFa
which induces chronic hepatocyte necrosis—regeneration cycles, stellate cell activation,

cirrhosis and eventually HCC.

Additionally, alcohol may damage the liver through different oxidative stress
mechanisms including promoting fibrosis and cirrhosis which are key factors in
promoting the HCC microenvironment®?. Also, alcohol-induced oxidative stress might
impact HCC-relevant signalling pathways such as inhibiting tyrosine phosphorylation.
Finally, oxidative stress may lead to the accumulation of oncogenic mutations such as

p53 mutation’?.

In aflatoxin B1l-induced hepatocarcinogenesis, Aflatoxin B1 seems to be a mutagen, as it
is linked to a particular p53 mutation and involved in the mutational activation of
oncogenes>>. Although the understanding of the pathogenesis and drivers of HCC has
improved, this knowledge is yet to be interpreted into clinical practice or employed to

predict disease progression or recurrence®’.

1.1.3. Current HCC therapies

Over the last decade, the management of HCC has greatly improved. The management of
HCC requires a complicated decision-making process that considers not only the tumour
extent and patient comorbidities, but also the extent of liver dysfunction, since most of
HCC therapies might worsen underpinning liver disease. Furthermore, for any
management system to be clinically effective, the prognostic prediction must be coupled
with therapy indication. For that, different cancer staging systems have been proposed
considering different factors to help choose the best intervention according to the tumour
stage. From which, Barcelona Clinic Liver Cancer (BCLC) system has been extensively
validated and is the most frequently used staging system for HCC since it was first

introduced in 1999 with continual updating®*.

According to the most recent version of BCLC depicted in Figure 1.3., for very early-
stage (BCLC 0) and early-stage (BCLC A) hepatocellular carcinoma patients, having a

single lesion or up to three nodules with a diameter of less than 3 cm (no macrovascular



invasion or extrahepatic dissemination) and maintained liver function, different treatment

interventions could be used, such as resection, transplantation, and ablation®*,

Patients with HCC in the intermediate stage (BCLC B), exhibiting no symptoms but
having large, multifocal tumours without vascular invasion or metastasis outside the liver,
are candidates for transarterial chemoembolisation (TACE) if their liver function is
preserved. Patients with advanced stage (BCLC C), who show extrahepatic and portal
invasion with maintaining liver functions, have only the option of systemic therapy using
tyrosine kinase inhibitors (such as Sorafenib and regorafenib). Finally, for the end-stage
patients, having poor liver function with extrahepatic tumour invasion, the only available

intervention is the supportive care®*.

Hepatocellular carcinoma
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Figure 1.3: HCC treatment strategy according to Barcelona Clinic Liver Cancer (BCLC)
staging. Figure was adapted with permission from reference®.



1.1.3.1.Ablation

Tumour ablation is a generally approved therapy option for early-stage hepatocellular
carcinoma patients. Ablation induces tumour necrosis through temperature alteration
(radiofrequency, microwave, laser, or cryo-ablation) or chemical agent injection (most
commonly ethanol)*®>. Ablation is reported to be as efficient as a resection for HCC

nodules less than 2 cm (very early stage) with comparable survival rates>®.

1.1.3.2.Resection

Hepatic resection is the surgical removal of the tumour tissues from the liver that could
be done through open or laparoscopic surgery”’. It is the treatment of choice for patients
with HCC who do not have cirrhosis or clinically significant portal hypertension, and for
whom postoperative hepatic decompensation is not a significant problem. By applying
these criteria, only 5-10% of early-stage HCC patients are candidates for surgical
resection. On the other hand, adherence to these criteria reduced preoperative mortality

to <3% with a 5-year survival of around 70% of patients®’.

Although surgical resection is a potentially curative treatment of HCC, approximately
70% of patients experience recurrent HCC within 5 years after resection’®. However, One
of the benefits of surgical resection is the availability of the surgical histopathological

specimen, which can aid in predicting the risk of HCC recurrence'®.

1.1.3.3. Transplantation

Liver transplantation is the most effective therapeutic option for HCC since it removes
the tumour and the diseased liver, which has limited functionality and a propensity to
produce new metachronous HCCs within the cirrhotic tissue area susceptible to
carcinogenesis'®3%%°. Considering the most restrictive criteria for selecting candidate
HCC patients, liver transplantation can achieve long-term therapeutic outcomes with

more than 70% of patients with a 5-year overall survival*!

. Nevertheless, the primary
constraint of liver transplantation is donor shortage. This shortage necessitates a waiting
period before transplantation, during which the tumour may develop and impede

transplantation, reducing the treatment efficacy>’.



1.1.3.4.Transarterial chemoembolisation (TACE)

TACE is an efficient locoregional treatment option in intermediate-stage HCC patients
(with large or multinodular HCC lesions and preserved liver function). It comprises two
fundamental steps: intra-arterial infusion of cytotoxic chemotherapeutic agents dispersed
in oil emulsion followed by the delivery of embolisation particles into the tumour-feeding
artery, cutting off the blood supply resulting in ischemic necrosis of the tumour tissue
(Figure 1.4). The most commonly used chemotherapeutic agents during TACE are

doxorubicin, cisplatin, and epirubicin®.

Common
{ac artery

Catheter

LIPIODOL + ANTICANCER AGENT

Figure 1.4: The Principle of trans-arterial chemoembolisation (TACE). Figure was
adapted with permission from reference*’.

There are two major TACE techniques: conventional TACE (cTACE) and TACE using
drug-eluting beads (DEB-TACE). In cTACE, the cytotoxic drug is emulsified into oily
radio-opaque agent Lipiodol (Lipiodol® Ultra-Fluid, Guerbet) injected intra-arterially
followed by the injection of an embolic agent such as gelatin sponge or polyvinyl alcohol
particles®. On the other hand, drug-eluting beads (DEBs) are non-resorbable embolic
microspheres, mostly of hydrophilic ionic polymers, that could be loaded with cytotoxic
agents through ion exchange mechanisms. They were designed to provide sustained drug

release with concurrent embolisation of the tumour-feeding artery*’.
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e Lipiodol® oil

Lipiodol® was initially synthesised by the French pharmacist Marcel Guerbet early in
1901 in the School of Pharmacy Chemistry Laboratory in Paris**. Lipiodol® is an
iodinated (480 mg iodine/ml) oil developed from poppy seed oil (ethylated esters of
linoleic (73%), oleic (14%), palmitic (9%) and stearic (3%) acids). Nevertheless, the
precise molecular composition of Lipiodol® in terms of the iodine molecular position is
unclear®. It has a high viscosity of 25 mPas at 37 °C with a density of 1.28 g/cm*. The
use of Lipiodol® oil in cTACE was first introduced in the early 1980s and became widely
adopted after randomised control trials and meta-analysis asserting the superiority of
lipiodol TACE. Lipiodol exhibits distinctive potentials for selective absorption and
retention in hyperarterialysed liver**°. lipiodol® was reported to be retained by HCC
for months, even up to a year, while it is cleared from normal hepatocytes within only 4
weeks®!. The suggested mechanisms for lipiodol® accumulation in tumour cells are as
follows: (1) cell membrane pumps; (ii) pinocytosis; (iii) decreased degradation by

lysosomes; or (iv) a combination of these mechanisms*?.

Besides serving as a vehicle for drug delivery, Lipiodol® may also function as an imaging
biomarker to monitor treatment delivery and tumour response, as necrosis is proportional
to the fraction of tumour volume opacified by Lipiodol® on computed tomography
(CT)>. In typical cTACE procedures using lipiodol oil, a cytotoxic agent (commonly,
doxorubicin) is dissolved/dispersed in an aqueous medium and emulsified into lipiodol
oil extemporaneously forming W/O emulsion before injection. The formulation
composition and emulsification procedures vary from one practitioner to another.
However, the stability of the formulated emulsion is always a concern to guarantee a
homogenous delivery and retention of the cytotoxic agent in tumour tissues>>°. Several

studies investigated the stabilisation of lipiodol oil emulsions for the use in TACE*>*37-
60

Additionally, few trials have been carried out for incorporating lipiodol oil as a vehicle
in nanodrug delivery systems exploiting its tumour-seeking, retention properties and its
radio-opacity serving as a contrasting agent>’>%$"%_ For instance, Oh, M. H. et al.
formulated a radio-opaque nanoemulsion containing paclitaxel and Bcl-2 small

interfering RNA (siRNA) for synergistic anticancer theranostic applications®. The
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nanoemulsion was prepared by dissolving paclitaxel in lipiodol oil and emulsified in an
aqueous solution using a mixture of cholesterols, linear polyethyleneimine grafted with
cholesterols, and PEGylated phospholipids. The nanoemulsion induced markedly higher
levels of apoptosis and cytotoxic activity in breast adenocarcinoma compared to single
treatments. Furthermore, the in-vivo delivery and accumulation of the therapeutic payload
into liver tissues were successfully tracked by micro-computed tomography (micro-CT)
owing to the presence of lipiodol® oil®. Similarly, Le Kim, T. H. et al. prepared
theranostic nanoemulsions containing paclitaxel and lipiodol oil as a contrasting agent
using linear polyglycerol-poly(e-caprolactone) diblock copolymers (PG-b-PCL)>.
Paclitaxel-loaded nanoemulsion exhibited excellent anti-cancer activity when tested on
Hela cells. Besides, micro-CT images of nanoemulsions confirmed the efficiency of
formulation to serve as a contrasting agent®”.

From the aforementioned examples, the incorporation of lipiodol oil into nanodelivery
systems serving as a vehicle and a contrasting agent for tracking the delivery of the

therapeutic payload seems to be a promising application that needs further investigation.

1.1.3.5.Systemic therapy

Systemic therapy is the only therapeutic option for advanced-stage HCC patients or for
whom other treatments have failed. Unfortunately, around 80% of HCC cases are
diagnosed at advanced stages with a median survival time of 6-8 months only®>%®. Until
2007, different conventional chemotherapeutic agents were used for HCC as a single or
regime therapy. Doxorubicin has long been regarded as the reference chemotherapeutic
agent among single-agent chemotherapeutic agents. However, it has shown limited
efficiency (response rate, 0% to 29%) with no clinically relevant survival benefits®’. Other
drugs are even less efficient such as 5-fluorouracil (5-FU; response rate, 0% to 10%),
etoposide (18%), and Cisplatin (6-17%)%. On the other hand, several regimen
chemotherapies @ have  been  employed such as epirubicin/etoposide,
oxaliplatin/gemcitabine (GEMOX), and 5-FU/oxaliplatin. However, the therapeutic
activity was poor (response rate 15%-20%). HCC is considered a chemoresistant tumour.
This could be partially attributed to the high expression of the multidrug resistance
(MDR) gene®®.
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Due to the poor therapeutic outcome of the conventional chemotherapeutic agents and the
advancement in the understanding of the molecular pathogenesis of HCC, many
molecular alternations in HCC showed potential targets for molecular targeted drug
therapy. Hence, a new group of therapeutic agents called “molecular target therapy”
was first introduced in 2007. Molecular target therapy is a vast anticancer agent group
targeting cancer-specific molecules or gene mutations. From which, protein kinase
inhibitors and monoclonal antibodies are the most commonly used groups. Multikinase
inhibitors are a group of protein kinase inhibitors that inhibits several kinase enzymes

involved in many pathogenic pathways of HCC.

Sorafenib (Sf) was first approved by FDA (food and drug administration) in November
2007 as the first line of treatment for advanced-stage unresectable HCC based on SHARP
(Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol) study in which
sorafenib demonstrated a 2.8-month survival advantage over placebo, with a median
overall survival (OS) of 10.7 months compared to 7.9 months in placebo®®. Sorafenib
inhibits several tyrosine kinases involved in tumour angiogenesis and progression such
as vascular endothelial growth factor receptor (VEGFR-2/3), platelet-derived growth
factor receptor (PDGFR-), c-Kit, FLT-3, and RET. Also, it suppresses the downstream
pathway kinases (Ras/Raf/MEK/ERK, JAK/STAT), and other targets (c-Raf, B-Raf)%%¢°
(Figure 1.5). However, the complete molecular mechanisms by which sorafenib exerts its
action are not yet fully understood.

Following the sorafenib FDA approval, regorafenib, having a similar structure and
function to Sf, was FDA approved in April 2017 as a second line of treatment for
advanced HCC after clinical studies showed enhancement in the overall survival from 7.6
to 10.6 months’. Furthermore, Lenvatinib, which widely targets VEGFR 1-3, KIT, and
PDGFR, demonstrating non-inferiority to sorafenib regarding overall survival (OS) in
clinical studies, received FDA approval as a first-line therapy for advanced liver cancer

in 20187!,
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Figure 1.5: Molecular targets of Sorafenib as a multikinase inhibitor for treating

unresectable advanced-stage HCC. Figure was adapted with permission from reference
72

Despite the encouraging results of clinical studies, molecular target therapies still face
obstacles such as low objective response rate (ORR) and adaptive or acquired resistance.
These disappointing results are primarily attributable to the heterogeneity of HCC

resulting from its morphological complexity, signal transduction network, and

microenvironmental disparities’”.

Moreover, their poor aqueous solubility and pharmacokinetics with undesirable side
effects make this approach challenging to be adopted widely in HCC patients.
Conclusively, the treatment of HCC signifies an unmet medical need with the urgency to

develop effective pharmaceutical therapies.

1.2. Nanomedicine in hepatocellular carcinoma (HCC)

The immense development of nanotechnology over the past few decades has profoundly
impacted the medical field. Nanomedicine is an emerging area of nanotechnology that
uses nanoscale or nanostructured materials in medicine to fulfil special medical

requirements’*’>. Nanomedicines can enhance the therapeutic efficiency of anticancer
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agents due to their distinctive features, such as improving the pharmaceutical properties
of anticancer agents including stability, solubility, and bioavailability with the avoidance
of using toxic solvents. Also, the nanosize allows easy penetration of physiological
barriers and modulates the physicochemical properties of the loaded anticancer agents
using biodegradable and biocompatible ingredients. Furthermore, the massive surface
area allows the loading of innumerable drug molecules as well as surface engineering of

the nanocarrier to actively target molecular biomarkers of tumour cells.

Nanomedicines can improve systemic circulation, biodistribution and tumour
accumulation of anticancer agents’*”’. Moreover, the submicron size of nanomedicines
enables nanoparticles to evade capturing by the mononuclear phagocyte system (MPS) or
reticuloendothelial system (RES) and be cleared by the liver and spleen’®. Although there
1s no strict cut-off size, larger particles are suggested to be more prone to be uptaken by

MPS/RES than smaller ones’® %,

On the other hand, cancerous tissues have very distinguishing attributes that could be
employed to allow more efficient delivery of anticancer agents such as the leaky
vasculature due to the rapid growth and high angiogenesis of the tumour tissue leading to
the formation of new blood vessels that lack smooth muscle layer with the larger lumen
and wider fenestrations (up to 4.7 um, while fenestrations size in normal vessels ranges
between 1-100 nm®'). In junction with impaired lymphatic drainage, this vasculature
abnormality increases the permeability and retention of nanoparticles inside the tumour
tissues; this phenomenon is known as “Enhanced Permeation and Retention (EPR)8%%3,
Also, due to poor oxygenation inside the solid tumour resulting from impaired vascular
growth, hypoxia is a hallmark of the tumour. The median pO> (partial pressure of oxygen)
in the solid tumour was reported to be about 15 mmHg, while the median pO> of the
respective adjacent normal tissues was 35 mmHg®*. Furthermore, tumour tissues exhibit
a lower extracellular pH (between 6.0 — 7.0) than normal tissues (pH 7.4). This acidic
condition arises from the high anaerobic glycolysis under hypoxic conditions of the

tumour microenvironment®’.

Due to the intensive research in nanomedicine applications in cancer therapy, some

nanomedicine products have received approvals for commercialisation. Table 1.1

15



includes some representative examples of marketed nanomedicines for cancer therapy®®-

88

Table 1.1: Examples of commercially available nanomedicines for cancer therapy.

Generic name

Active Approval
Nanomedicine
and /or pharmaceutical Cancer type status
. platform
proprietary ingredient (year)
name
. HIV-related Kaposi
Liposomal . FDA (1995)
Pegylated sarcoma, ovarian
doxorubicin . Doxorubicin ) EMA
. liposome cancer, and multiple
(Doxil®) (1996)
myeloma
Liposomal
o _ o HIV-related Kaposi
daunorubicin Liposome Daunorubicin FDA (1996)
sarcoma
(DaunoXome®)
Liposomal
Lymphomatous
cytarabine Liposome Cytarabine o FDA (1999)
meningitis
(DepoCyt®)
Liposomal
Metastatic breast EMA
doxorubicin Liposome Doxorubicin
cancer (2000)
(Myocet®)
Liposomal
o _ Vincristine Acute lymphoblastic
vincristine Liposome FDA (2012)
sulfate leukaemia
(Marqibo®)
Liposomal Post-gemcitabine
o Pegylated _ _ _
irinotecan _ Irinotecan metastatic pancreatic | FDA (2015)
_ liposome
(Onivyde®) cancer
_ Muramyl Nonmetastatic,
Liposomal o
_ _ . tripeptide resectable EMA
mifamurtide Liposome _
phosphatidyl- | osteosarcoma, Breast (2009)
(Mepact®) .
ethanolamine cancer
_ FDA (2005)
Nab-paclitaxel Breast, lung and
Albumin NP Paclitaxel EMA
(Abraxane®) pancreatic cancer
(2008)
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Polymeric
micelles Polymeric
. . Leuprolide
Leuprolide micelles Prostate cancer FDA (2002)
acetate
acetate (PLGA)
(Eligard®)
Polymeric
micelles Polymeric . Breast cancer and Korea
. . Paclitaxel
paclitaxel micelle NSCLC (2007)
(Genexol®-PM)

*HIV= human immunodeficiency virus, NSCLC= non-small cell lung carcinoma

In the case of HCC, although the uptake of nanomaterials to the liver by macrophages
seems to be beneficial for delivering therapeutic agents to the liver, it comprises a barrier

for the delivery of nanomedicine into the diseased tissues rather than healthy ones®**°

as
it has been reported that the resident phagocytosing Kupffer cells of the liver, not
hepatocytes, potentially uptake and remove the systemically circulating nanoparticles
based on several factors including particle size and charge®'”?. Moreover, the occurrence
of HCC accompanied by cirrhosis alters drug pharmacokinetics affecting their
metabolism in the liver’!. Fortunately, HCC has common features with other solid
malignant tumours, such as acidosis, hypoxia, leaky vascular structure (EPR), and
overexpression of certain biomarkers, which might be exploited for selective delivery and

controlled release of nanomedicines®> %,

Conceptionally, the employment of nanomedicines in HCC relies on two distinctive
strategies: passive targeting and active targeting”® (Figure 1.6). In the passive targeting
strategy, the accumulation of the nanomedicine in the HCC tissues depends on the
enhanced permeation and retention phenomenon (EPR) in tumour tissues. Several

nanomedicines relying on passive targeting have been developed to treat HCC®S.
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i EPR effect

Receptor-mediated endocwosis

- Nanoparticle-mediated targeted drug delivery system

%

Ligands: saccharides, polysaccharides, folate, biotin, retinoic acid, dehydroascorbic acid, antibodies,
peptides, aptamers, transferrin, glycyrrhetinic acid, growth factors, lipoproteins, heat-labile
enterotoxin subunit B, serotonin, etc.

Y Receptors: ASGPR, folate receptor, biotin receptor, retinoic acid receptor, glucose transporter
isoform 1, surface antigens, integrins, growth factor receptors, transferrin receptor,
glycyrrhetinic acid receptor, low-density lipoprotein receptor, scavenger receptor type B-1,
serotonin receptor, etc.

' Therapeutics: chemotherapeutic drugs, genes, photosensitizers

Figure 1.6: Schematic diagram of targeting strategies of nanomedicines for HCC
therapy. Figure was adapted with permission from reference”’.

Despite its widespread applicability in nanomedicines, passive targeting has several
shortcomings. First, passive targeting is driven by concentration gradients (Fickian
diffusion), greatly impeded by high interstitial pressure, tumour growth, and abnormal
matrix-induced solid stress, resulting in inefficient targeting®. In addition, passive
targeting tends to promote multiple drug resistance (MDR), which is an adaptation of
cancer cells to drugs and leads to treatment failure®®. Lastly, this basic targeting strategy
cannot address the heterogeneity inside tumour tissues, which implies it cannot be
effective in all circumstances®’. As revealed by several studies, these restrictions result in

98,100,101

less than 1% of systemically delivered nanoparticles reaching tumours , hence

accelerating the development of active targeting is much needed.

On the other hand, active targeting utilises a targeting ligand on the surface of
nanoparticles that selectively binds to overexpressed biomarkers (receptors or antigens)

on the surface of the target cells, which induces receptor-mediated endocytosis. This
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allows the delivery of therapeutic agents to the tumour with high specificity and
efficiency'?>!%, Active targeting can potentially overcome the constraints of passive
targeting’*. Nanomedicines adopting this targeting strategy have been widely studied to

treat HCC achieving improved anticancer efficiency and reduced adverse effects’!:104-106,

For active targeting of HCC cells, many overexpressed biomarkers have been employed
for targeting hepatocytes using different ligands (Figure 1.7), such as asialoglycoprotein
receptor (ASGPR) using galactose bearing polysaccharides, Glypican-3 (GPC3) using an
anti-GPC3 monoclonal antibody, transferrin receptors (TfR) using transferrin,
glycyrrhetinic acid receptor (GAR) using glycyrrhizin or glycyrrhetinic acid (GA), and a
cluster of differentiation 44 (CD 44) using hyaluronic acid (HA). In addition, due to the
rapid proliferation and high metabolic activity of cancer cells, some vitamin receptors are
upregulated such as folic acid (FA), biotin, retinoic acid (RA), and dehydroascorbic acid
(DHAA) that could be employed as targeting ligands®’. Other possible target biomarkers
have been reported for targeting HCC?*1°11% However, among all these biomarkers of
hepatocytes, the asialoglycoprotein receptors (ASGPRs) have demonstrated a great

potential for targeting hepatocellular carcinoma cells'?”.

Ve,
SN Hepatoma cell

a9y!doud

Vita-n_'li n%ceptor

FA/RA/biotin

Figure 1.7: Summary of target biomarkers overexpressed on hepatoma cells and their
ligands for active targeted therapy of HCC. Figure was adapted with permission from
reference”’.
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1.3. ASGPR-mediated HCC targeting nanomedicines

ASGPR was first recognised by Morell and Ashwell in 1965 as a 40—50 kDa noncovalent
hetero-oligomer comprised of two homologous polypeptides with the major and minor
subunits HL-1 (hepatic lectin, or ASGPR1, ASGR1) and HL-2 (ASGPR2 or ASGR?2),

respectively!®®

. Each subunit is a C-type II transmembrane protein, having a short amino
terminal in the cytoplasmic domain and a neck region which links the internal signal
membrane to calcium (Ca*?) dependent carbohydrate recognition domains (CRDs) on the
outside'”-1%® (Figure 1.8). Ca*? is essential to enable the interaction between ASGPR and

glycoprotein with maximum activity above pH 6'%’.

(:) Active

Sugar ligand (S)

Carbohydrate recognition
domain (CRD)

L Stalk region

JL

— Transmembrane domain

} Cytoplasmic domain

Figure 1.8: Schematic representation of ASGPR, demonstrating the hetero-oligomer
composed of two H1 and H2 subunits. Figure was adapted with permission from
reference! %,

ASGPR is mainly expressed on hepatocytes (500,000 AGPR/hepatocyte), mainly
expressed on the sinusoidal and basolateral hepatocellular membrane, with minimal

107

extrahepatic expression . Moreover, ASGPR expression level was found to be about

80% in the well-differentiated tumour, while its expression in poorly differentiated HCC
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is around 20%'%. In-vitro, ASGPR was found expressed in human hepatoma cell line
HepG2 at a density of 76,000 ASGPR/cell, HepAD38 cells (17,000 ASGP/cell) and at a
lesser extent on HuH-6 and HuH-7 (~3000 ASGPR/cell)!'?. The expression of ASGPR
could be impaired by ethanol, carbon tetrachloride and lipopolysaccharide. Besides,

diabetes and partial hepatectomy can also cause ASGPR impairment'?’.

The hepatic ASGPR plays an essential function in the endocytosis and lysosomal
breakdown of desialylated proteins in the serum. Moreover, hepatic ASGPR participates
in the binding, internalisation through clathrin-mediated endocytosis, and breakdown of
extracellular glycoproteins with exposed terminal galactose (Gal), lactose, or N-acetyl-
galactosamine (GalNAc) residues, making it a potential receptor for galactose-mediated
delivery of anti-cancer agents to the liver. The natural endogenous ligands of ASGPR
include asialoorosomucoid (ASOR, a high-affinity ligand with an inhibition constant Ki
= 1.7 nM, contains 20 Gal), asialoceruloplasmin (Ki = 86 nM, contains 12 Gal),
asialofectin (Ki = 17 nM contains 12 Gal with 3 GalNAc), and asialotransferrin (Ki =
3300 nM, contains 5 Gal)’'. ASGPR ligand binding affinity is impacted by the quantity,
location and branching of the terminal galactose residues on the ligand!%. It was found
that increasing galactose density on the surface of galactosylated liposomes increased

their cellular uptake by HepG2 cells'!!

. Moreover, it was reported that the affinity of Gal
binding increased by 100-1000 fold from mono- to tri-antennary Gal structure due to

cluster effect!?’.

For ASGPR-mediated active targeting of HCC, various natural and synthetic targeting
ligands have been explored. Natural ligands include asialoorosomucoid (ASOR) and
asialofeutuin (AF), endogenous glycoproteins bearing terminal galactose moieties. Also,
Lactoferrin, an iron-binding glycoprotein of the transferrin family, exhibited high affinity
to ASGPR (Ki ~ 80 nM). Besides, Gal- and GalNAc-bearing carbohydrates, such as
arabinogalactan (AG) and pectin, are also considered potential ASGPR-targeting
carbohydrates. It is worth mentioning that Pullulan, a glucose-based carbohydrate
polymer, represents an excellent ASGPR ligand due to the inability of ASGPR to
differentiate between Gal and D-glucose!'?”!!2, The chemical structure of some ASGPR

carbohydrate ligands is depicted in Figure 1.9.
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Figure 1.9: Chemical structure of some saccharides and polysaccharides for ASGPR
targeting. Figure was adapted with permission from reference’’.

On the other hand, synthetic ASGPR ligands are produced through galactosylation of
polymers (such as poly-glutamic acid, poly-L-lysine, and chitosan), lipids (such as
cholesterol) and proteins (bovine serum albumin, Gal-BSA) using versatile chemical
conjugation reactions such as amidation reaction, reductive amination, and esterification
employing primarily lactobionic acid, galactosamine or lactose as galactose bearing

moieties®’-107:108

Several nanodelivery systems have been developed using galactosylated synthetic ligands
for active targeting delivery of different anticancer agents to HCC®”-'":1%  For instance,
L. Q. Thao et al. prepared galactosylated BSA NPs to co-deliver doxorubicin and
paclitaxel using albumin-bound (nab™) technology. Galactosylation of naive BSA (Gal-
BSA) was done through an amidation reaction between lactobionic acid and free amine
groups of BSA'’. Gal-BSA-NPs exhibited enhanced cellular uptake and higher
cytotoxicity compared to untargeted counterpart nanoparticles!'>. In another study,
galactosamine was conjugated through an amidation reaction with free carboxylic groups

of BSA for targeted delivery of Doxorubicin'!4.

Furthermore, galactosylated liposomes (Gal-Lip) have been developed using
galactosylated cholesterol for the liver-targeted delivery of doxorubicin''>''®, From in-

vivo studies, Gal-Lip was found to have 3 times higher liver targetability compared to
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unmodified liposomes. In another study, galactosylation of liposomes was achieved by
the reaction of lactose with dioleoyl phosphatidylethanolamine (DOPE) through
reductive amination and utilised for the selective delivery of small interfering RNA

(siRNA) to liver cancer cells'!”.

Galactosylated solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC)
have also been developed for targeting HCC. For example, Varshosaz J. et al. prepared
galactosylated NLC to deliver 5-fluorouracil (5-FU). The galactosylation was achieved
using an amidation reaction for conjugation between lactobionic acid and stearylamine!!®.
It was found that galactosylated LNC exhibited higher cellular uptake and cytotoxicity
on HepG2 cells than unmodified LNC!'8, Similar results were observed by Xu, Z. et al.
after galactosylated DOPE was employed as a targeting ligand for the delivery of
docetaxel using SLN'',

Due to their biocompatibility, galactosylated poly(lactide-co-glycolic acid) (PLGA),
prepared by direct esterification between the terminal carboxylic groups of PLGA and the
anomeric hydroxyl group of galactose, was utilised to fabricate Gal-PLGA polymeric NPs

for liver-targeted delivery of apigenin'?’

. Confirmed by in-vitro and in-vivo studies, Gal-
PLGA NPs showed a superior therapeutic efficiency than unmodified PLGA NPs.
Another study conducted by Liang et al. used galactosamine to develop paclitaxel-loaded
galactosylated poly (y-glutamic acid)-poly(lactide) nanoparticles as a targeted drug
delivery system against HepG2 Cells. The study findings confirmed the high selectivity
of the galactosylated nanoparticles demonstrated by the enhanced cellular uptake and the

reduced systemic toxicity'?.

Moreover, several dendrimer-based delivery systems have adopted galactosylation for
liver-targeted delivery of anticancer agents. For instance, Gal-G4-polyamidoamine
(PAMAM) sorafenib-loaded dendrimers were developed by Lacobazzi et al. through an
amidation reaction between lactobionic acid and terminal amine groups'?. The study
demonstrated a higher binding and uptake ability of the Gal-G4-PAMAM dendrimers in
well-differentiated and ASGPR-expressing human liver cancer cell line, HepG-2,

compared to non-expressing HLE cells'?2,
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Therefore, these studies, besides several other studies in the literature®”!97108

demonstrate that galactosylation of nanodelivery systems has shown ample potential as a

promising strategy for targeting HCC.

1.4. Current state of sorafenib-loaded nanodelivery systems for HCC

Sorafenib is a dual aryl urea oral multikinase inhibitor. It was FDA approved in 2007 as
the first line of treatment for unresectable advanced-stage HCC'?* and also got FDA
approval in 2009 for its use in advanced renal cell carcinoma (RCC)'?, It has the chemical
name 4-[4-[[4-chloro-3-(trifluoromethyl)phenyl]carbamoylamino]phenoxy]-N-
methylpyridine-2-carboxamide and its chemical structure is depicted in Figure 1.10.
Commercially, it is marketed as oral tablets in the form of tosylate salt, to enhance its
solubility, under the brand name Nexavar® tablets (contain sorafenib tosylate (274 mg)

equivalent to 200 mg of sorafenib).
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Figure 1.10: Chemical structure of Sorafenib

Sf is a white to yellowish solid powder with a molecular weight of 464.825 g/mol. It is
practically insoluble in aqueous media (~1.7 ug/mL)!%, slightly soluble in ethanol and
acetone, and soluble in dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and
PEG 400'%. It is classified as a class II drug in the biopharmaceutical classification
system (BCS) with low solubility and high permeability'?’. It is very lipophilic (Log P =
3.8) with a strong crystal lattice (Tm = 205°C)'%,

Regarding Sorafenib pharmacokinetics, oral Sf tablets (Nexavar®) have a mean relative
bioavailability of 38 - 49% compared to oral solution and absolute oral bioavailability of

~8.43%'28129 While there is no other route of administration available due to limited Sf
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solubility. Sfabsorption decreased by 30% when administered high-fat meals compared
to the fasted state. Sf has a high plasma protein binding (99.5%). It is primarily
metabolised in the liver through CYP3A4-mediated oxidation and UGT1A9-mediated

glucuronidation'*°,

Due to the very low oral bioavailability of Sf, the typical oral dose of sorafenib
(Nexavar®) for HCC is 400 mg twice daily. However, high Sf oral dose and the non-
specific uptake by normal cells have been reported to develop some side effects such as
diarrhoea, hand-foot skin reactions, anorexia, alopecia and weight loss according to

SHARRP clinical trials®® (Figure 1.11).
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Figure 1.11: Sorafenib-related side effects compared to placebo in the SHARP trial.
Patients received oral Sf 400 mg twice daily (n=297) or placebo (n=302). Figure was
adapted with permission from reference'*’. p = 0.04, ** p =0.007, *** p <0.001

Consequently, several trials have been conducted to develop Sf-loaded nanoparticles
(NPs) to overcome its limited bioavailability and side effects'>!*!32. For instance, Xiao, Y.
et al. co-loaded Sf and gadolinium into liposomal platform (S{/Gd-liposomes) to serve as
a theranostic agent for Sf delivery and MRI-guided theapy'**. Sf/Gd-liposomes were
prepared using the thin film hydration method and showed good nanosize (180 + 1 nm)

and size distribution (PDI = 0.2) with high Sf loading (Loading capacity LC%=4.3 £
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0.1%). Sf/Gd-liposomes demonstrated higher antitumor activity with higher signal

enhancement with MRI than free solutions of Sf and gadolinium!'®.

As a lipophilic drug, Sf is considered a good candidate for loading into solid lipid
nanoparticles (SLN). For example, Sf has been loaded into Galactosylated solid lipid
nanoparticles (GAL-Sf-SLN) made of glyceryl monostearate (GMS) and stearic acid to
enhance Sf oral bioavailability!”®. GAL-Sf-SLN was prepared using the
emulsification/solvent evaporation method showing particle size (P.S.) of 111 £ 6.99 nm
with PDI of 0.354 + 0.024 and zeta potential (ZP) of -19.8 £ 1.11 mV. The entrapment
efficiency (EE%) of Sf was 95 + 1.8%. In in-vitro cellular studies, GAL-Sf-SLN exhibited
higher cytotoxicity and apoptosis rate than unmodified Sf-SLN and free Sf solution.
While GAL-Sf-SLN had a higher relative bioavailability compared to unmodified St-

SLN and free Sf solution after oral administration to BALB/c mice!?®.

Additionally, polymeric NPs have also been employed for the delivery of Sf. Zheng, N.
et al. prepared CXCR4-targeted poly (lactic-co-glycolic acid) (PLGA) NPs using solvent
evaporation method for co-delivery of Sf and metapristone'**. SF-loaded PLGA-PEG
NPs had P.S. of 145.1 + 2.08 nm with PDI 0of 0.113 = 0.012 and ZP of -15.47 £2.44 mV.
The loading capacity (LC%) of Sf was 1.03 +0.07%. The combinatory delivery of Sf and
mifepristone-loaded CXCR4-targeted PLGA NPs has synergistically suppressed the
proliferation of HCC cell lines (HepG2, Huh7, and SMMC-7721 cells) and induced their
apoptosis. Moreover, PLGA NPs showed prolonged circulation and selective
accumulation in tumour tissues, thus suppressing tumour growth in the tumour xenograft

mice model after intravenous administration'3*.

In addition, Due to the enormous merits of albumin-based NPs as nanocarriers, several
studies investigated the employment of these systems to enhance the therapeutic
efficiency of Sf for HCC. One such example is the preparation of folic acid-targeted Sf-
loaded albumin NPs (FA-HSA-S{-NPs) for targeted delivery to HCC. FA-HSA-Sf-NPs
were prepared by chemical crosslinking producing NPs with P.S. of 85.4 +3.3 nm, ZP of
-22.5 £ 0.9 mV, and Sf loading capacity (LC%) of 3.83 + 0.26%. FA-HSA-Sf-NPs
exhibited enhanced cytotoxicity against hepatocellular BEL-7402 cells (FA receptor-
overexpressing cells) with minimal cytotoxicity on normal liver LO2 cells. Furthermore,

FA-HSA-Sf-NPs had a superior antitumor efficacy, manifested as inhibition in tumour
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proliferation and suppression of angiogenesis, with enhanced accumulation of Sf in the

liver after intravenous administration in nude mice bearing xenograft tumors'*>. Table 1.2

includes some representative examples of different Sf-loaded NPs of various natures for

improving Sf pharmacokinetics and its therapeutic efficiency.

Table 1.2: Representative examples of different Sf-loaded nanodelivery systems for

HCC.
nocarrier Delivery Colloidal Drug
e strategy properties loading Remarks Ref
Sfand PS=180+1 | EE% =96+ | Sf/Gd-liposomes 133
Gadolinium nm 2% showed a superior
co-delivery for | PDI = 0.2 LC% =4.3 | antitumor efficiency to
drug delivery | ZP=-7+1 +0.1 % Sf solution (oral and
and MRI- mV iv) with longer imaging
guided therapy time and higher signal
(St/Gd- enhancement at the
liposomes) tumour tissue.
2 Co-delivery of | P.S.=143.8 EE% = Significant (p< 0.05) 136
§ Sfand GPC3 | nm 85.48 £ downregulation of
& siRNA using | ZP=7.5mV | 0.56% GPC3 and cyclin D1
liposomes LC% =5.85 | proteins in HepG2,
+ 0.04% increasing sensitivity to
St. In-vivo study
revealed a remarkable
antitumor activity of
St/siGPC3-liposomes
compared to the St
solution.




PEGylated PS =130+ EE% = 92.6 | PEG-HA-Sf-Lip 137
hyaluronic 7.95 nm +3.94 % exhibited higher
acid-coated PDI=0.26+ cytotoxicity and
liposome for 0.01 cellular uptake in
efficient S ZP=-12.6 £ MDA-MB-231 cells
delivery 1.25mV than unmodified
(PEG-HA-St- liposomes.
Lip) Furthermore, in-vivo
studies showed
enhanced systemic
exposure (3 folds) and
improved tumour
growth inhibition.
Galactosylated | P.S. =111+ | EE% =95+ | GAL-SSLN exhibited | '*
SLN for site- | 6.99 nm 1.8% superior cytotoxicity
specific oral PDI=0.354 + and apoptosis in
delivery 0.024 HepG2. In addition, in-
(GAL-SSLN) | ZP=-19.8+ vivo studies showed
1.11 mV better accumulation in
the liver compared to
g unmodified SLN.
< Sf-loaded PS.—77.16 | EE%— SESLN exhibiteda |
.:'2) SLN to nm 89.87% 66.7% enhancement in
% improve oral | PDI =0.28 LC% = the area under the
§ bioavailability | ZP=-18.1 mV | 5.39% curve of Sf compared
é to Sf suspension after
% oral administration in
7 rats.
Sf-loaded P.S.=108.23 | EE% = Enhanced 1
SLN +7.01 nm 93.49 + pharmacokinetics after
PDI=0.25+ | 1.87% intravenous injection in
0.02 rabbits compared to Sf
ZP =-16.37 % solution.
0.65 mV
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140

increased overall
survival in orthotopic
HCC model compared
to free Sf.

Magnetically | P.S. =248 + EE% =90% | Sf-Mag-SLN showed
targeted Sf- 113 nm enhanced accumulation
loaded SLN PDI=0.2 + and localisation of Sf
(Sf-Mag-SLN) | 0.1 on HepG-2 cells with
ZP=-23.0+ the ability to function
53 mV as a negative
contrasting agent using
magnetic resonance
imaging (MRI).
Dual loading | P.S. (142.2— | EE% (55- Compared to the drug | '*!
of Sfand 177.2 nm) 88%) solution, there is
Doxorubicin PDI (0.076 — | LC% (4.35- | comparable
in PLGA and | 0.203) 5.03%) cytotoxicity from
PEG-PLGA PLGA NPs on HT-29
NPs cells, but PEG-PLGA
showed higher
é cytotoxicity due to
g quicker drug release.
% CXCR4- P.S.=175.25 | EE% ~ 85% | Enhanced cellular 14
= targeted lipid- | £1.82 nm uptake and angiogenic
coated PLGA | PDI=0.148 £ effect with delay in
nanoparticles | 0.004 tumour progression and
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134

counterparts.

Codelivery of | P.S.=145.1+ | EE% = PLGA-PEG NPs
Sfand 2.08 nm 5217+ showed a synergistic
metapristone | PDI=0.113+ | 3.92% effect of Sfand
by CXCR4- 0.012 LC% =1.03 | metapristone in
targeted ZP=-15.47+ | £0.07% suppressing HCC
PLGA-PEG 2.44 mV proliferation and
nanoparticles. enhancing colony
inhibition and
apoptosis. NPs also
displayed enhanced
suppression of tumour
growth in xenograft
animal models
compared to free St
solution.
Folate- PS.=854+ | EE%= FA-HSA-Sf-NPs 13
decorated 3.3 nm 91.09 + exhibited enhanced
albumin NPs ZP=-225+ | 6.14% cytotoxicity, apoptosis
(FA-HSA-Sf- | 0.9 mV LC%=3.83 | induction and cellular
NPs) +0.26% uptake in BEL-7402
cells. From in-vivo
studies, FA-HSA-Sf-
NPs showed the most
szj efficient antitumor
F“% activity with a
Ka)
£ remarkably improved
_% Sf accumulation in
< tumour tissues.
Lactobionic | P.S.=280.1= | EE% =97.6 | LA-Sf-HAS NPs '
acid targeted 4.4 nm +22% demonstrated more
Sf-loaded ZP=-123+ cytotoxicity and
albumin lipid | 0.9 mV cellular uptake in
NPs (LA-Sf- HepG2 cells compared
HAS NPs) to untargeted
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Codelivery of | P.S.=154.93 | EE% = PTX-Sf-BSA-NPs 144
Paclitaxel +4.31 nm 94.34 + demonstrated

(PTX) and PDI=0.16+ | 1.3% significantly (p< 0.05)
Sorafenib (Sf) | 0.04 lower haemolysis and

by albumin ZP=-10.93 + myelosuppression

NPs 1.22 mV compared to the drug
(PTX-St- solution.

BSA-NPs)

1.5. Selected nanoparticles for sorafenib delivery
1.5.1. Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC)

Solid lipid nanoparticles (SLN) were first developed at the beginning of the 1990s by
Miiller et al. as an alternate drug nanocarrier to emulsions, liposomes, and polymeric
nanoparticles. SLN are produced by replacing the liquid oily core of o/w emulsions with
a solid lipid or a mix of solid lipids which are solid at both room and body temperature.
SLN are submicron nanodispersion, with mean particle size ranges from 40 to 1000 nm,
typically composed of 0.1% up to 30% solid lipid dispersed in an aqueous medium

containing 0.5% to 5% surfactant to stabilise the dispersion'*.

SLN have several advantages such as biocompatibility, biodegradability, low toxicity as
they are made from Generally Recognised as Safe (GRAS) ingredients, protection of
drugs from chemical degradation and controlling drug release. Also, they are suitable for
industrial production because they are easy to scale up and stable under sterilisation
conditions with good in-vivo stability'#®. On the other hand, SLN also have limitations,
principally attributed to the risk of polymorphic transitions (from a polymorph, which is
less crystalline with high energy, to  polymorph, which is more crystalline with low

energy) upon storage that may cause drug expulsion and drop in the drug loading.

Nanostructured lipid carriers (NLC) were introduced as a second generation of SLN with
improved stability and drug encapsulation capability. In NLC, the lipid dispersion is
composed of a blend of solid and liquid (oils) lipids with an oil content of up to 30% w/w

of solid lipid (Figure 1.12). NLC were developed to overcome some limitations related
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to SLN!3147-199 " Uplike SLN, NLC exhibit a higher drug loading capacity and
minimise/avoid potential drug expulsion during storage associated with solid lipid
recrystallisation. According to the proposed structure of NLC, it is categorised into three
different types (imperfect crystal type, multiple type, and amorphous type)!*>147-14 n
imperfect LNC, structurally dissimilar lipids are used to create imperfections in the crystal
order allowing more voids to accommodate more drug molecules. While in multiple NLC

type, the solid lipid contains nanosized liquid oil compartments.

These nanoparticles’ structure can enhance drug loading especially if the drug is more
soluble in the liquid lipid. Finally, in amorphous LNC type, special lipids (such as
hydroxyoctacosanyl hydroxystearate or isopropyl myristate) that do not crystallise and

exist in an amorphous state are carefully mixed with the solid lipid to form a homogenous

amorphous mix which minimises drug expulsion due to lipid recrystalisation'+>:147-150,
Stabiliser
Imperfect
Crystalline lipid
Crystalline
solid lipid

SLN

Drug molecule

Amorphous lipid
Liquid lipid (oils

—

NLC Type II (Multiple) NLC Type III (Amorphous)
Figure 1.12: Structural differences of SLN and different types of NLC.
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1.5.1.1.Composition of SLN and NLC

Generally, SLN are composed of solid lipids, surfactants, and drugs, while LNC contain
liquid lipid (oil) beside the solid lipid (Figure 1.12). Solid lipid is a broad class that has
fatty acids (e.g. Stearic acid), triglycerides (e.g. tristearin), partial glycerides (Compritol®
888ATO), and waxes (e.g. cetyl palmitate)'*>!!, In the case of NLC, the most commonly
employed oils are Caproyl™900 and medium chain triglycerides (MCT), such as
Miglyol® 812!°%153 During the choice of the suitable lipid matrix, some factors should
be considered, such as drug solubility in the lipid matrix that determines the drug loading
capacity, the miscibility of the used solid and liquid lipids, which is a crucial determinant
of the stability of the nanoparticles and the drug payload as well, and finally the ease of
production of nanometric particles by having low viscosity and/or interfacial tension

during the emulsification process!>*!%>.

All classes of stabilisers/emulsifiers (concerning charge and molecular weight) have been
employed to stabilise the lipid dispersions during the emulsification step and after
solidification'**!3*15¢ The choice of the emulsifier relies mainly on the administration
route which is more limited for parenteral administrations. Preferably, non-ionic
surfactants are intensively employed for stabilising lipid nanoparticles as they are more
hydrophobic than other surfactants with higher capacity to solubilise hydrophobic drugs,
non-irritant or toxic to biological membranes and several non-ionic surfactants may affect
the pharmacokinetics of the drug through modulating efflux pumps such as P-
glycoproteins and multi-drug resistance of anticancer agents'*’. It was reported that using
a combination of emulsifiers might be more efficient in preventing particle aggregation
than a single emulsifier. Table 1.3 includes the most commonly used ingredients in SLN

and NLC.
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Table 1.3: The most commonly used SLN and NLC components

149,151-154,156

Component Examples
Fatty acids | Lauric acid (C12), Myristic acid (C14), Palmitic
and alcohols | acid (C16), and Stearic acid (C18).
Partial Glyceryl monostearate (Imwitor® 900), Glyceryl
triglycerides | monooleate (GMO), Glyceryl palmitostearate
Solid lipids _
(Precirol® ATOS), and Glyceryl behenate
(Compritol® 888 ATO)
Triglycerides | Tristearin (Dynasan® 118), Tripalmitin (Dynasan®
116), Trimyristin (Dynasan 114), and Trilaurin
Miglyol® 812, Labrafac lipophile® WL, Labrafac PG, Capmul
Liquid lipids
(oil) MCM, Castor oil, Soyabean oil, Propylene glycol caprylate
oi
(Capryol™90), and Decanoic acid, Peceol™
Non-ionic Tween (20, 60, and 80), Poloxamers (188 and 407),
surfactants and Span (20 and 80).
Ionic Sodium glycocholate, Sodium deoxycholate,
surfactants sodium taurocholate, and Sodium lauryl sulphate.
emulsifiers
Amphoteric | Soybean lecithin (Lipoid S 75 and lipoid S 100)
surfactants
Egg lecithin (Lipiod® E 80)
Phosphatidylcholines (Epikuron® 170)

1.5.1.2.Preparation methods of SLN and NLC

Several methods have been developed and optimised for the preparation of SLN and

NLC (Figure 1.13), including:
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Figure 1.13: Schematic representation of different preparation methods of SLN and
NLC. Figure was adapted with permission from reference!®’.
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e High-pressure homogenisation (HPH)

In HPH, the particle size for the lipid particles is reduced by passing the coarse dispersion
with high force (100-2000 bar) through a small orifice (few microns) by which the fluid
is accelerated at extremely high speed (> 1000 Km/h) which induces enormously high
shear pressure and cavitation resulting in the formation of droplets/nanoparticles. HPH
encompass two different techniques, hot and cold HPH. In hot HPH, the lipid phase (solid
and liquid) and drug are mixed and heated above the melting point of the solid lipid. Next,
lipid phase is mixed with an aqueous surfactant solution at the same temperature and
homogenised using a high shear homogeniser (around 10,000-20,000 rpm) at the same
temperature for a short time to get the pre-emulsion (coarse emulsion), which is further
passed through high-pressure homogeniser for a number of cycles at a definite pressure
(In most cases, 3-5 homogenisation cycles at 500-1500 bar are sufficient)'**. Finally, the
nano-emulsion is continuously stirred at room temperature (~ 25°C) till lipid droplets

solidify.

On the other hand, Cold HPH is employed for thermolabile drugs in which heating is
minimised. In cold HPH, after mixing the drug with the melt lipid phase, they are left to
cool up to solidification. Afterwards, the solid material is ground and dispersed into an
aqueous surfactant solution at room temperature (~ 25°C), followed by HPH as in the hot
method. Increasing the number of cycles or homogenisation pressure often leads to an
increase in the particle size owing to particles coalescence as a consequence of the high
kinetic energy of the particles'>*. The main advantages of HPH are the rapid processing
and scalability with the avoidance of organic solvents while the key drawbacks are drug

degradation and loss into the aqueous phase'>®.

¢ Emulsification-ultrasonication method

Similar to hot HPH, the surfactant aqueous phase is added to melt the lipid phase
containing the drug and homogenised by a high shear homogeniser to obtain the pre-
emulsion followed by ultrasonication using a probe sonicator to get nano-emulsion that
are left to cool up under stirring at room temperature (~ 25°C) to solidify producing SLN
or NLC. It is considered a straightforward scalable solvent-free method but the downside
is the prospect of drug degradation due to high temperature with the risk of metal

contamination from probe sonicator' 315715,
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e Solvent injection (solvent displacement) method

In this method, both drug and lipid matrix are dissolved in a single or a mixture of water-
miscible organic solvents at elevated temperature with the aid of sonication. Afterwards,
the hot lipid phase solution is mixed with an aqueous surfactant solution at the same
temperature under constant mixing. Finally, the dispersion is under stirring to cool down
to room temperature (~ 25°C), allowing the solvent to evaporate, forming the lipid

nanoparticles'®,

e Solvent emulsification-evaporation

This method is similar to the solvent diffusion method except for a water-immiscible
organic solvent, such as chloroform and dichloromethane, which is used instead of a
water-miscible one. The main drawback of this method is the existence of residual
solvents, especially chloroform and dichloromethane are known to be carcinogenic,

which necessitates an additional solvent removal step'>®.

e Microemulsion method

This method comprises the formation of microemulsion by mixing the lipid phase
(containing melt lipid and the drug) with an aqueous surfactant solution at the same
temperature followed by dilution (25 to 50 times) with cold water (~2°C). Upon dilution,
a nanoemulsion is formed and lipids immediately solidify forming SLN and NLC.
Microemulsion method is a simple, scalable, and solvent-free method. However, its
limitations are using a large volume of water and the production of diluted

dispersions'>*137.

e Double emulsion method

The double emulsion method provides a means of hydrophilic drugs and biomolecules
(such as peptides and proteins) of encapsulation into SLN and NLC. Particularly, it has
been widely employed to fabricate insulin-loaded SLN and NLC for oral delivery!6%-162,
According to this method, a hydrophilic drug and a stabiliser are dissolved in an aqueous

medium and emulsified in a water-immiscible organic phase containing dissolved lipids
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forming a primary W/O emulsion that is dispersed in an external aqueous phase
containing hydrophilic surfactant to produce W/O/W emulsion. Finally, the emulsion is
left under stirring to allow solvent evaporation and the precipitation of the lipid-forming
SLN and NLC'%!38, The main drawback of this method is the propensity of hydrophilic
drugs to leak out to the external water phase during solvent evaporation resulting in low

drug loading!>8.

1.5.1.3. Physicochemical properties of SLN and NLC

Physicochemical properties of SLN and NLC, such as particle size, polydispersity, zeta
potential, drug entrapment efficiency and stability are very crucial parameters that

determine the quality of the nanoparticles.

Particle size (PS) of lipid nanoparticles is considered the first and far most crucial
parameter examined during the development of the nanoparticles. As aforementioned, the
particle size of nanoparticles determines their biofate and in-vivo distribution. Ideally, the

PS of nanoparticles is preferred to be between 50 and 200 nm'®?

. The polydispersity index
(PDI) is also essential to show the presence or the absence of aggregations in the sample.
Several formulation parameters (such as lipid composition and concentration, surfactants
nature and attention, and also the incorporated drug) and preparation conditions (such as
time, temperature, stirring velocity and pressure) could affect the particle size and
polydispersity of the produced SLN and NLC. In most reported studies, the higher the
lipid concentration used, the bigger the nanoparticles produced!>*. On the contrary,
increasing surfactant concentration was found to produce smaller nanoparticles to a
certain limit after which increasing surfactant concentration will not affect particle
size!%®1%* Moreover, the nature of the lipid matrix has a profound impact on the particle
size of produced nanoparticles by the influence of its molecular weight, structure
complexity and the viscosity of its melt lipid'**!%3, For instance, NLC produced using
glyceryl monostearate (GMS) showed particle sizes between 33 nm and 179 nm, while
using Precirol® ATOS5 and compritol® 888 ATO produced larger NLC with particle sizes
ranging from 108 to 400 nm, and 129 to 323 nm, respectively. This significant difference
(p< 0.05) could be attributed to the higher melting points and structural complexity of
Precirol® ATOS5 and Compritol® 888 ATO compared to GMS'33. Method conditions
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also substantially impact the particle size for lipid nanoparticles. For instance, cold-HPH
was reported to produce larger particles compared to hot-HPH!'®*. Additionally,
increasing sonication time in the emulsification ultrasonication method was proven to
reduce the particle size till a certain limit beyond which a marginal effect was

noticed!>1%

Zeta potential (ZP) is another critical parameter that influences the produced
nanoparticles' long-term stability; the higher the zeta potential, the higher the electrostatic
repulsion between the nanoparticles, rendering them more resistant to aggregation.
According to the literature, a zeta potential higher than 30 mV is considered ideal to
guarantee the electrostatic stability of nanoparticles'*®!%, Most SLN and NLC have a
negative zeta potential due to the lipid matrix's carboxylic acid groups of free fatty acids.
However, the nature of the used surfactant may also affect the value of ZP, particularly
in the case of ionic surfactants. Furthermore, the incorporated drug may also influence

the ZP due to the surface deposition of drug molecules'®*!1¢’.

Entrapment efficiency (EE%), which measures the extent of drug incorporation into lipid
nanoparticles, is another vital factor during the development and optimisation stage that
is meant to be maximised. EE% is primarily influenced by the drug solubility in the lipid
matrix. Also, it was found that the complexity of the lipid structure could affect the EE%.
For instance, Andalib et al. found that using cholesteryl stearate instead of cholesterol
increased the EE% of 5-FU into NLC!®8, Similarly, using a blend of structurally different
lipids can increase EE% by introducing more voids in the lipid structure to accommodate
more drug moelcules'®. Furthermore, using the appropriate surfactant nature and
concentration can enhance the stability of the incorporated drug by creating a protective

layer around the nanoparticles!'*.

However, it was reported that high surfactant
concentrations might increase drug solubility in the aqueous phase, resulting in
repartitioning the incorporated drug to the dispersion medium'®®. In addition, the initial
drug amount can affect EE%'%*!7°, Negi and co-workers reported that increasing the
initial irinotecan amount resulted in increasing EE% but this was declined once the lipid

had reached its maximum limit of drug accommodation'”".

Depending on the position of the drug incorporation in the SLN, there are three different

models of drug incorporation: homogenous matrix model, drug-enriched core model and
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drug-enriched shell model (Figure 1.14). In the homogenous matrix model, also known
as the solid solution model, the drug molecules are homogeneously distributed in the lipid
matrix either molecularly or in the form of amorphous clusters. This model is common
with the cold-HPH method without surfactants'>*!>°, While in the drug-enriched core
model the drug molecules are concentrated in the central core of the lipid nanoparticle.
This model happens when the drug precipitates before lipid solidification. One way to
make that is to dissolve the drug in the liquified lipid till its saturated solubility followed
by emulsification. When the emulsion cools down, the drug becomes supersaturated in
the core of the melt lipid and precipitates before lipid solidification. This model usually
exhibits prolonged drug release governed by Fick’s first law of diffusion'®®. On the
contrary, drug molecules are condensed in the outer layer of the lipid nanoparticles in the
drug-enriched shell model. This model occurs in Hot-HPH when the drug molecules
partition from the lipid phase into the aqueous phase at a high temperature. During the
cooling step, drug molecules repartition to the lipid phase due to the drop in aqueous
solubility resulting in the concentration of the drug molecules on the lipid nanoparticle

shell, making nanoparticles show burst drug release'™.

Homogenous matrix Drug-enriched core Drug-enriched shell

Figure 1.14: Different drug incorporation models in SLN.

Although SLN and NLC offer several advantages compared to other nanodelivery
systems, they have some drawbacks that may impede their clinical applications, such as
the high risk of polymorphic transitions (from o to ” and finally to the stable B form),
which is also known as recrystallisation'*®. This causes stability challenges during
administration or storage, resulting in drug expulsion and particle size growth!#. As

mentioned before, the incorporation of liquid lipids, as in the case of NLC, and the use of
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structurally different solid lipids as well as the proper surfactant may retard the

polymorphic transition!*>:15%172,

Another limitation during the preparation of lipid nanoparticles is the possibility of the
formation of supercooled lipid melt, which is the phenomenon that lipid crystallisation
(solidification) may not occur although the sample is stored at a temperature lower than
the melting point of the lipid. In other words, the lipid remains in a liquid state, forming
nanoemulsions rather than solid lipid nanoparticles'**. The main reason behind that is the
size dependence of the crystallisation process, as crystallisation requires a critical number
of nuclei to be initiated. This essential number is less likely to exist in small nanosized
droplets. Besides the size, the type of surfactant and incorporated drugs can affect the

crystallisation. The solid-state of the lipid could be confirmed by NMR, X-ray, or DSC!**,

The co-existence of different colloidal structures (such as micelles, liposomes,
supercooled melts, and drug nanoparticles) is another concern during the preparation of
lipid nanoparticles which may affect the stability, the kinetics of drug release and in-vivo
behaviour after administration. These different colloidal structures could be formed due
to the complex structure of SLN and NLC that may involve the employment of
surfactants, and phospholipids beside the solid and the liquid lipids. Unfortunately, this
phenomenon is unavoidable but could be minimised by using appropriate proportions of
the ingredients. The coexistence of different nanostructures could be detected by
magnetic resonance techniques, such as nuclear magnetic resonance (NMR) and electron

spin resonance (ESR)!72.

Also, gelation of lipid nanoparticles dispersion could happen by the transformation of the
low-viscosity lipid dispersion into a viscous gel. This phenomenon could be induced by
the exposure of the lipid dispersion to other surfaces (such as a syringe needle) or shear

forces. This irreversible process makes it life-threatening if that happens during i.v.

67

injection'é”. Freitas reported that high storage temperatures, light exposure and

mechanical stress can promote gelation of 10% Compritol® with 1.2% Poloxamer'®. In

another study, the same research group found that high lipid concentrations and high ionic

173

strength also promote gelation' . On the other hand, the use of co-emulsifying surfactants

with high mobility (such as glycocholate) can retard or prevent gelation'¢”:14,
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1.5.1.4. Nanotoxicology of lipid nanoparticles

The toxicology of nanomaterials is a growing concern nowadays, particularly about
nanoparticles found in the environment and nanomaterials intended for medicinal
application. The nanotoxicology of SLN and NLC has two aspects, physical and

formulary!”

. Like any other nanoparticles, the physical aspect includes particle size and
surface charge. As mentioned before, particles with sizes larger than 200 nm are prone to
opsonisation and recognition by the mononuclear phagocyte system (MPS) and
reticuloendothelial system inducing the immune responses. Also, positively charged
nanoparticles are well reported to induce cytotoxic effects with cells due to the
electrostatic interaction with the negatively charged phospholipids of cellular
membrane!’>!7%, So, extra caution should be considered when using cationic ingredients
to prepare lipid nanoparticles, such as cetyltrimethylammonium bromide (CTAB) as

t177

cationic surfactant'’” or Stearylamine as a lipid matrix'’®.

On the other hand, SLN and NLC are considered relatively safe colloidal carriers

compared to different nanocarriers, such as polymeric nanoparticles!>*!7

, as they are
produced from physiological, biocompatible and biodegradable lipids. However, the
status of SLN and NLC excipients must be considered in the context of the administration
routes'®!72. The topical and oral administration of SLN and NLC are free of excipient-
related issues. All excipients currently utilised in formulating pharmaceutical and
cosmetic ointments and creams may be used for topical SLN. For oral SLN and NLC, all
lipids and surfactants employed in conventional dosage forms, such as tablets, pellets,
and capsules, can be utilised. In addition, all chemicals with GRAS or GRAS-accepted
status may be used. For parenteral administration, the situation is slightly different.

Currently, no parenteral injectable products on the market contain solid lipid particles.

Consequently, a toxicological investigation would be required.

To formulate parenteral SLN and NLC, surfactants accepted for parenteral use such as
lecithin, Poloxamer 188, Tween 80, and sodium glycocholate should be employed.
Generally, surfactants are considered the decisive ingredient in the toxicity of

180182 According to the literature, poly-vinyl alcohol (PVA) and sodium

nanoparticles
dodecyl sulphate (SDS) used as surfactants lead to higher cytotoxicity than Poloxamers

and Tween 80'%, However, there are some discrepancies about whether the cytotoxicity
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of surfactants is attributed to the free or the bound portion on nanoparticles; some reports
found that binding surfactants on the surface of nanoparticles increase their

180,184

tolerability while other studies suggested that bound surfactants are more toxic than

free ones'??.

1.5.1.5.Application of SLN and NLC for cancer therapy

Since SLN/NLC were first introduced by Miiller et al.!**!72) both systems have been
employed to deliver many hydrophilic and hydrophobic drugs using different routes of

administration including oral'>®, dermal, parenteral'®® and pulmonary!8¢

. Recently, many
studies have been investigating the potential of using SLN/NLC in the delivery of

anticancer agents.

Both systems have inherent distinctive properties that could be exploited to enhance the
therapeutic outcomes of anticancer agents, such as the submicron particle size that enables
the intravenous administration of hydrophobic anticancer agents, avoiding the side effects
evolved from the use of solvent systems (such as Cremphor EL to dissolve paclitaxel)'®’~
189 Also, small particle size (<500 nm) and the hydrophilic surface of nanoparticles are
well reported to enable the evasion of the uptake by the mononuclear phagocyte system
(MPS) and reticuloendothelial system (RES), allowing prolonged circulation time enough
for the passive accumulation of anticancer agents in tumour tissue due to their leaky

vasculature (EPR)"%1°!,

In addition, encapsulation of anticancer agents into lipophilic matrix imparts a sustained
and controlled drug release character regardless of the pH environment!*?. Fontana et al.
developed stable Tamoxifen citrate-containing SLN that demonstrated sustained release
in various in-vitro aqueous environments. Tamoxifen SLN displayed a more prolonged
release of the drug in plasma, which increased its bioavailability. /n-vitro cytotoxicity
studies on MCF-7 cell lines demonstrated that the cytotoxic impact of the drug-loaded
SLN was significantly (p< 0.05) greater than that of the free drug without compromising

bioavailability'*,

Conventional anticancer agents are well known to exert non-specific side effects due to

their poor bioavailability and detrimental impact on healthy cells. For instance, docetaxel,
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a widely used broad-spectrum anticancer agent for solid tumours such as non-small-cell
lung carcinoma, has serious side effects including neutropenia, myelosuppression and
anaemia. Yuan et al. encapsulated docetaxel in SLN to reduce its side effects and augment
its anticancer potency. A trimyristin lipid matrix stabilised by soyabean lecithin was
employed to prepare the SLN using a high-pressure homogenisation method. Docetaxel-
loaded SLN exhibited a superior antiproliferative effect on MCF-7 cell lines with less
inflammatory effect on primary mouse bone marrow cells than free drugs. Additionally,
the encapsulation of docetaxel in SLN demonstrated low myelosuppression toxicity when

tested in beagle dogs'**.

Moreover, lipid nanoparticles can serve for the co-delivery of a combination of anticancer
agents for synergetic effects. For example, both paclitaxel (PTX) and doxorubicin (DOX)
were co-encapsulated into NLC made of Compritol® 888 ATO and oleic acid (PTX-DOX
NLC) producing nanoparticles with a mean size of 129.3 + 4.2 nm. PTX-DOX NLC
exhibited enhanced cytotoxicity in-vitro on NCL-H460 cell line and augmented antitumor
activity in-vivo in BALB/c nude mice bearing human non-small cell lung carcinoma
xenograft tumor model compared to individual anticancer agent solutions'®’.
Furthermore, lipid nanoparticles have a potential theranostic function by co-loading
different contrasting agents (such as superparamagnetic iron oxide, gadolinium ‘Gd’ and
quantum dots ‘QD’) beside the anticancer agents'*®!"’. For instance, SLN was used to
deliver Paclitaxel and siRNA for lung cancer therapy by incorporating QD as an in-situ
imaging agent. Paclitaxel and QD were dispersed throughout the solid lipid matrix,
whereas the anionic siRNA was electrostatically coupled to the cationic outer surface.
The combination of paclitaxel and siRNA loaded in SLN rapidly accumulated in lung
carcinoma and demonstrated a synergistic antitumor activity. Significantly, the QD
fluorescence in SLN made it feasible to detect the increased in-vivo cellular uptake of

SLN on-site while reducing the uptake by off-site cancer cells'*®.

Surface modification of SLN/NLC can also be used to modulate plasma circulation time
and target the delivery of anticancer agents for certain tissues. Madan and colleagues
noted a higher plasma concentration of the anticancer agent noscapine following
intravenous injection of drug-loaded SLN decorated with PEG to mice compared to the
unmodified carrier and free drug. This was ascribed to the presence of a PEG brush on

the surface of the nanoparticles, which impeded their uptake by the reticuloendothelial
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system (RES)!?°. Additionally, the surface conjugation of SLN/NLC with active targeting
ligands (such as folic acid, hyaluronic acid, transferrin and monoclonal antibodies) can
confer an improved and selective accumulation of anticancer agents into tumour tissue,
not healthy ones, lowering their systemic toxicity. Yassemi, A. et al. developed folic acid-
targeted SLN loaded with letrozole (FA-LTZ-SLN) using the emulsification evaporation
method for breast cancer therapy?®. It was found that FA-LTZ-SLN was significantly
(p< 0.05) more cytotoxic than untargeted SLN and free drug against MCF-7 cancer cells

in-vitro with negligible cytotoxicity toward MCF-10A normal cells>®.

1.5.2. Lipid nanocapsules (LNC)

Lipid nanocapsules are lipid-based biomimetic nanocarriers that mimic lipoproteins. LNC
were first developed and patented by Heurtault et al.?°'?%2, They have a hybrid structure
between polymer nanocapsules and liposomes. In contrast to liposomes, which are
manufactured via techniques utilising organic solvent and are leaky and unstable in
biological fluids, LNC are produced by a solvent-free, low-energy approach and exhibit
a high level of stability (with physical stability up to 18 months)?®. Typically, they
comprise an oily core composed of medium-chain triglycerides surrounded by a shell of
lecithin and a pegylated surfactant (Figure 1.15). Their preparation relies on the phase-
inversion temperature (PIT) phenomenon, used originally for the preparation of
emulsions, which results in the creation of lipid nanocapsules with excellent

monodispersity?%*.

) . Non-ionic surfactant
Medium chain Drug Lecithin (Solutol HS15)
triglyderides (MCT) (Lipoid)

Figure 1.15: Schematic representation of the typical composition of LNC.
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1.5.2.1. Composition of LNC

LNC formulation consists principally of at least three major components: an oily phase,
an aqueous phase, and a non-ionic surfactant. The oily phase is mainly composed of
medium-chain triglycerides of capric and caprylic acids marketed commercially as
Labrafac® WL 1349. The primarily used non-ionic surfactant is Solutol® HS 15. The
aqueous phase is made up of Milli-Q® water and sodium chloride salt (NaCl).
Furthermore, Lipoid®, a lipophilic surfactant made of 69% phosphatidylcholine soya
bean lecithin, is employed in modest amounts to improve LNC stability significantly. All
LNC components are FDA approved for topical, oral and parenteral administration?®.

The role of each component of LNC is summarised in Table 1.4.

Table 1.4: Factors affecting the formulation and stability of LNC produced using the
phase-inversion temperature (PIT) process.

Effect
Factors
Non-ionic surfactant Essential for the formation of LNC, stability and
(Typically, Solutol® HS) prolonged blood circulation.
Heating-cooling cycles Formation of LNC and enhancing its quality
Oily phase Accommodation of the hydrophobic drugs,
(Typically, Labrafac®) construction of the core, and increase LNC size.
NaCl Lowering PIT
Lipophilic surfactant (lipoid®) | Construction of the rigid LNC shell and
enhancement of stability

1.5.2.2. Preparation of LNC

This kind of lipid nanocapsules requires a two-step technique to prepare as described by
Heurtault et al 2°2. The first step entails the formation of a W/O emulsion by heating the
mixture of all the components (whose proportions change according to the study) from
ambient temperature to T2 temperature, which is higher than the phase-inversion
temperature (PIT). After this, the temperature is lowered to T1, much below the PIT,
where an O/W emulsion is formed. The phase-inversion zone (PIZ) is crossed many times

during the temperature cycling between T2 and T1. The second step is conducted during
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the last cooling cycle at the phase inversion zone via an irreversible shock induced by
sudden dilution with cold water (2° C) added to the mixture. This results in the formation
of stable nanocapsules by breaking the microemulsion system formed in the PI1Z (Figure

1.16).
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Figure 1.16: Schematic representation of the formation of lipid nanocapsules (LNC) by
the PIT method. Figure was modified with permission from reference’*,

The impact of using different composition proportions on the formation and the physical
properties of the formed LNC have been intensively investigated?°'2°>2%¢  Previous
studies showed that increasing the Solutol HS15 ratio results in decreasing particle size
of LNC2%2, Moreover, replacing Solutol HS with other non-ionic surfactants (namely,
Cremphor EL, TPGS, Simulsol 4000, Tween 20, and Tween 80) did not influence the
feasibility zone of LNC with a minimal change in their particle size’°. Furthermore, the
temperature cycles across the PIZ play a crucial role in LNC formation. Increasing the
number of cycles promotes LNC production and enhances the size and dispersion of LNC.
Though, at high surfactant concentrations, several cycles do not seem to be required>’.
Additionally, increasing NaCl concentration was found to lower the phase-inversion
temperature, which could be advantageous for encapsulating thermolabile hydrophobic
drugs**?. Furthermore, within the screened oils (Labrafac® WL 1349, Ethyl palmitate,
Ethyl oleate, Ethyl myristate, Isopropyl myristate, and Octyldodecyl myristate), it was
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found that changing the length of the carbon chain of fatty acids (Ci4 and Cisg) or oil
hydrophilic-lipophilic balance (HLB) affected neither particle size of LNC nor phase
inversion temperature?’> Nevertheless, other studies conducted to form nanoemulsions by
PIT found that increasing the alkyl chain length of hydrocarbon oil led to increasing the
PIT and more heat-cooling cycles were required for the formation of stable
nanoemulsions®**?%, Lastly, increasing the phosphatidylcholine content (between 40%
and 90%) in the lecithin (lipophilic surfactant) increased the particle size of LNC.

However, the use of charged lecithin did not allow nanocapsules formation®*>.

Generally, LNC exhibit particle sizes ranging from 20 to 100 nm with a very narrow range
of dispersity (PDI < 0.3). Also, LNC have a negative zeta potential (ZP) due to the

presence of phospholipids molecules**® and the PEG dipoles in their shell*!°.

1.5.2.3. Phase inversion temperature (PIT) principle

The PIT method was first reported by Shinoda and Saito®!! and is now commonly used
in industry. PIT is the “temperature or temperature range at which the hydrophilic and
lipophilic properties of a non-ionic surfactant just balance?*®. This method is based on
the temperature-dependent changes in the solubility of non-ionic polyoxyethylene-type
surfactants. As the temperature increases, this kind of surfactant becomes lipophilic
owing to the dehydration of polyoxyethylene chains caused by the breakage of hydrogen
bonds with water molecules®**. As depicted in Figure 1.16, At low temperature (T1), the
surfactant monolayer has a broad, spontaneously positive curvature (packing parameter
< 1) that forms O/W emulsions with high conductivity. By raising the temperature, the
spontaneous curvature becomes negative (packing parameter > 1), resulting in developing
W/O emulsion with a sharp drop in conductivity. This indicates that a phase inversion
from an O/W to a W/O emulsion occurs in the PIZ. This zone displays a continuous
fluctuation in conductivity between W/O and O/W emulsions ascribed to bicontinuous

microemulsion structures in which the spontaneous curvature goes near zero?*42%,

Although both nanoemulsions and lipid nanocapsules (LNC) could be prepared using
PIT, the rigid shell of LNC comprised of crystalised lecithin and the non-ionic surfactant,
since the final formulation temperature is lower than the melting point of the non-ionic

surfactant (around 30° C), inhibits the coalescence of the droplets and leads to the
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formation of stable LNC suspensions at an ambient temperature allowing their freeze-
drying with the aid of cryoprotectants such as mannitol, glucose and trehalose®’!*'%.
Among all employed cryoprotectants, trehalose provided the best polydispersity index
after redisperion®’!*'2, In contrast, nanoemulsions are only kinetically stable, and one of
their major instability issues is the increase in the Ostwald ripening rate during storage

resulting in oil diffusion from small to larger droplets®!>.

1.5.2.4. Applications of LNC for cancer therapy

The availability of such nanoparticulate formulations allows for the encapsulation of
many types of molecules with anti-cancer activity employing various drug delivery
strategies to the tumour?'4222, In addition, these nano-cargos provide an effective drug-
loading mechanism with high encapsulation rates. LNC provide highly intriguing
characteristics that might be exploited to improve the efficacy of anticancer agents such

as:

a. P-glycoprotein inhibition

P-glycoprotein (P-gp), an ATP-dependent drug efflux pump, functions as a transporter
for numerous lipophilic and cationic drugs/substrates, limiting intestinal absorption and
constraining the accumulation of anticancer agents in adequate quantities inside cells??.
This is one of the primary causes of tumour cell resistance to several anticancer drugs
such as paclitaxel, doxorubicin, and etoposide??*. Interestingly, LNC demonstrate good
P-gp inhibiting properties owing to their components, particularly Solutol®%2%-226,
Subsequently, Paclitaxel-loaded LNC were studied for the impact of their P-gp inhibitory
effect on inhibiting intestinal efflux promoting the oral bioavailability of paclitaxel after

216,227

oral administration and on mitigating the multidrug resistance towards Paclitaxel

after intravenous administration allowing more drug accumulation in cancerous cells?'®.
Furthermore, etoposide-loaded LNC demonstrated higher levels of cytotoxicity on glioma
cell lines compared to free etoposide solution. This observation was proposed to be due
to enhanced cellular uptake due to the P-gp inhibitory effect of LNC?*!. The same
observations were reported after treating small cell lung cancer (SCLC) with etoposide-

loaded LNC?%,
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b. Prolonged blood circulation and passive targeting

As previously mentioned (in section 1.2), colloidal drug nanocarriers are prone to rapid
clearance from systemic circulation after intravenous administration based on their
sizes??*2%0, Besides the particle size of nanoparticles, the nature of the particles’ surface
also influences the rate of nanoparticles elimination; it was found that neutral and
hydrophilic surfaces, like in the case of PEG, are more resistant to opsonisation by plasma

proteins allowing prolonged circulation time in bloodstream’®%3!,

Consequently, the grafting of LNC with longer PEG chains using PEG1500 stearate
instead of PEG 660 stearate (Solutol® HS15) resulted in prolonging plasma elimination
half-life after intravenous injection into healthy rats**?. In addition, it has been shown that
LNC may be retained longer in systemic circulation by post-inserting distearoyl
phosphatidylethanolamine DSPE-PEG 2000 or DSPE-PEG 5000 at their surface, with

half-lives of over 6 h following intravenous administration®*>.

Additionally, size also plays a crucial influence in the penetration and accumulation of
nanocarriers in diseased tissues, particularly tumours. Increasing the size of nanocarriers
is known to have a detrimental effect on their vascular penetration. For tumour tissues,
the enhanced permeation and retention (EPR) effect, which is commonly relevant to
nanoparticles ranging in size from 30 to 200 nm, is responsible for the passive
accumulation of nanocarriers in tumour tissues’®***. In this context, docetaxel-loaded
LNC coated with DSPE-PEG 2000 accumulated markedly and substantially in
subcutaneous tumours of C26 colon adenocarcinoma, while uncoated LNC exhibited
poor tumour uptake. Tumour docetaxel concentrations rose throughout a 12-hour
sampling period and were significantly (p< 0.05) higher than those of a Taxotere® control

235

formulation™”. LNC seem to meet these essential parameters due to their nanoscale size

range (20-100 nm) and their high-density PEG 660 surface-coating shell allowing both

prolonged blood circulation and passive accumulation in the tumour tissues>®.

In light of that, Morille, M. et al. designed a long-circulating DNA lipid nanocapsules for
passive tumour targeting?!”. In this study, DNA was complexed with cationic lipids and
encapsulated into LNC that were furtherly coated with either DSPE-mPEG2000 or F108
poloxamer through post insertion method to make them stealthy. Although the shorter
PEG arm of DSPE-mPEG2000 compared to F108, DSPE-mPEG2000 coated LNC
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showed a superior efficiency in evading the complement activation and phagocytosis
which was translated into longer in-vivo circulation time in mice, 5-fold greater, than non-
coated LNC?!". Furthermore, in-vivo fluorescent imaging revealed an augmented tumour
accumulation for these coated LNC due to passive targeting without causing liver
damage®!’. The same finding was observed after surface coating of LNC with DSPE-
PEG2000 to deliver small interfering RNA to malignant melanoma®®. These features
were confirmed by other studies, in which PEG-coated LNC exhibited enhanced

biodistribution and extended blood circulation time after intravenous injection®3!237:238,

c. Active targeting

Active targeting, in contrast to passive targeting, includes the attachment of a targeting
moiety, such as a monoclonal antibody (MADb) or a ligand, to selectively deliver the drug
to diseased regions or to penetrate biological barriers based on molecular recognition

mechanisms®°

. Accordingly, different studies have employed active targeting of LNC to
tumour tissues. For instance, cRGD peptides, known to be recognised by s integrins
expressed on tumour endothelium, were conjugated to DSPE-PEGaoo0-maleimide via
thiol conjugation with the reactive maleimide group followed by post-insertion into
LNC?*, cRGD-LNC demonstrated improved binding and internalisation into US7MG
glioma cells compared to unmodified LNC. Furthermore, after intravenous injection into
mice bearing the same subcutaneous xenograft, cCRGD-LNC remained in the blood

circulation for up to 3 h with mitigated capture by the RES organs with a significantly

(p< 0.05) higher tumour accumulation compared to unmodified LNC?**,

Finally, the surface grafting of LNC can also be achieved by simple physicochemical
adsorption. This strategy was adopted by Karim et al.>*’ for the functionalisation of the
surface of ferrocifen-loaded LNC with the NFL peptide, which is known to preferentially
penetrate glioblastoma cells and disrupt the microtubule network?*!. Because of this
functionalisation, the uptake of the functionalised LNC by U87MG cells was greater than
that of unmodified LNC and lower in astrocytes (normal human astrocytes). This uptake
seemed to be a mix of micropinocytosis, clathrin-mediated, and caveolin-mediated

endocytosis?*.
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1.5.3. Polymeric micelles (PMs)

During the last decades, polymeric micelles have attracted substantial interest as a
multifunctional nanotechnology-based delivery strategy for poorly water-soluble

drugs242—248

Micelles are typically formed by the self-aggregation/assembly of
amphiphilic polymers, with the hydrophobic portion of the polymer in the inner core and
the hydrophilic portion in the exterior shell (Figure 1.17). As a result of this property, the
potential benefits of polymeric micelles as delivery vehicles are twofold: first, the
hydrophobic core functions as a solubilisation depot for poorly soluble drugs and second,
the hydrophilic shell provides some protection against opsonin adsorption, which

contributes to a longer blood circulation time and improved blood stability?*7-248,

Polymeric micelles are composed of block-copolymers with hydrophilic and hydrophobic
blocks. These blocks could be arranged in different configurations: A-B type copolymers
(diblock copolymers), A-B-A type copolymers (triblock copolymers), and grafted
copolymers. Grafted polymers are polymers with a hydrophilic backbone and one or more
hydrophobic side chains or vice versa. The most frequently used polymers for
hydrophobic core formation are polyesters, polyamino acids, and polyethers®®.
Commonly used core-forming molecules are poly(propylene oxide) (PPO), poly(D,L-
lactic acid) (PDLLA), poly(e-caprolactone) (PCL), poly(lactic-co-glycolic acid) (PLGA),
poly(L-aspartate) and poloxamers>*’. In recent years, despite they are not strictly block
copolymers, a variety of biomaterials have been utilised to produce micellar systems. D-
a- tocopheryl polyethylene glycol 1000 succinate (TPGS) is a PEGylated vitamin E

capable of loading hydrophobic pharmaceuticals?>°2%

and inhibiting P-glycoprotein (P-
gp)**. Furthermore, the in-vitro and in-vivo cytotoxic activity of TPGS on many cancer
cell lines has been reported as it has apoptosis-promoting properties®>> 2. In addition,
the polyvinyl caprolactam—polyvinylacetate—polyethylene glycol graft copolymer
(Soluplus®) is a recently explored polymer with amphiphilic characteristics that has
effectively solubilised several weakly water-soluble drugs. Owing to its low CMC value,

Soluplus micelles have great dilution stability*>*258-260,

Recently, the development of mixed micelles, by combining two or more distinct
amphiphilic polymers, has evolved as an interesting approach for optimising micellar

systems' properties and overcoming the disadvantages of single micelles. Compared to
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single PMs, mixed micellar systems have the following benefits: better thermodynamic
(lower CMC) and kinetic stability, increased drug loading capacity, more precise size

control, and ease of surface functionalisation®®'.

1.5.3.1. Preparation of polymeric micelles

The main driving force behind amphiphilic polymer self-assembly is hydrophobic
interactions, which decrease the system's free energy by removing the hydrophobic
regions of the polymer from the aqueous environment. The critical micelle concentration
(CMCO) 1s the concentration at which unimers (non-assembled amphiphilic polymer
molecules) begin to assemble into polymeric micelles. As shown in Figure 1.17,
amphiphilic molecules exist separately in an aqueous environment below the CMC;

above the CMC, unimers exist in equilibrium with polymer micelles?*>%¢!,

Below CMC Above CMC
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Figure 1.17: Schematic representation of the self-assembly process of polymeric
micelles above CMC.

The closed association model is one of the finest models for describing micellar colloidal

solutions. Supposing that each micelle is composed of n amphiphilic unimers (M) and
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micelle formation was in a single step which is: nM = M,. The equilibrium constant for

this process could be described by Eq. (1.1):

[M,,] Eq. (1.1)

Kiniceutisation = W
From Eq. (1.1), it could be concluded that the rate of micellisation is strongly dependent
on the concentration of the unimers [M]. Moreover, the temperature also has an influence

on the concentration at which micelles form (CMC), which could be derived from Eq.

(1.2)
AG® = RT In(CMC) Eq. (1.2)

Where AG° is the Gibbs free energy change, R is the gas constant, T is the temperature

(in Kelvins), and CMC is the critical micelle concentration.

The practical significance of the equation is that increasing the temperature lowers CMC,
allowing CMC to form at lower unimer concentrations. Clinically, introducing polymeric
micelles into the physiological temperature would lessen their CMC suggesting better

resistance to dissociation by dilution?#.

The choice of the appropriate preparation method for polymeric micelles relies on the
physicochemical properties of the polymer and the proposed organic solvent; for more
hydrophilic polymers, polymers can directly be dispersed in the aqueous medium while
the use of organic solvent is a must in case of more hydrophobic polymers®®!. As depicted
in Figure 1.18, According to the organic solvent, the dialysis method is used with water-
miscible non-volatile solvents, while both the solvent evaporation and thin film hydration
method are applicable for volatile solvents. On the other hand, in the emulsification
method, the polymer is dissolved in a water-immiscible solvent and physically entrapped
in the solvent droplets during the formation of an O/W emulsion forming the micellar
dispersion after solvent evaporation. In this case, the emulsification process parameters
(such as O/W ratio, emulsification power and time) can influence the physical properties

of the formed micelles?47-2%!,
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Figure 1.18: Method selection for the preparation of polymeric micelles.

1.5.3.2.General properties of polymeric micelles

The appropriate application of PM as nanocarriers for drug delivery relies on several
parameters such as micellar size, micelles stability, drug loading capacity and the
existence of functionalities’®?. The size of micelles is one of their key features. a
successful performance as drug delivery systems is determined, depending on the route
of administration, by a suitable size. For instance, micelles with a size range of 10-200
nm are able to avoid clearance at the kidney and avoid capture by the reticuloendothelial
system (RES) in the liver and spleen, making them acceptable as drug delivery systems
and are especially appropriate for intravenous administration?%>. On the other hand, it has
been found that nanocarriers smaller than 300 nm may swiftly overcome gastrointestinal
mucociliary clearance when used for oral delivery?**. In addition, there are a variety of
variables that may be used to control the size of the micelles, including the type of
copolymer, molecular weight, and aggregation number. In the case of mixed micelles, the

size may also rely on the type and proportion of their constituents®®!.

Critical micelle concentration (CMC) is another fundamental parameter that evaluates the
stability of different micellar systems. It is a fundamental parameter, as micelles are often
exposed to several environmental variations, such as changes in pH, ionic strength,
exposure to various fluids containing proteins and cells, and significant dilution upon oral

and intravenous administration. For these reasons, micelles should retain their integrity
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as long as possible to prevent a rapid drug release and ensure the drug's delivery to its
intended site of action. The lower the CMC value, the more stable the micellar system is.
The CMC values depend on the balance between the hydrophilic and hydrophobic blocks
of the polymers so that increasing the hydrophobicity and chain length of the hydrophobic

block results in lowering the CMC and producing more stable micelles.

CMC values could be experimentally determined by monitoring sharp changes in
different physical properties that happen upon reaching CMC, such as surface tension,
particle size, optical clarity, and solubility. More details are discussed in Chapter 2

(section 2.3.2.9).

1.5.3.3.Applications of polymeric micelles for cancer therapy

The bioavailability of anticancer agents administered orally is often limited due to poor
absorption. In addition, intravenous administration of these medications is challenging
and needs the utilisation of organic solvents and conventional surfactants (e.g. 50:50
ethanol and Cremphor® in Taxol®). This issue can be resolved by the solubilisation of
hydrophobic drugs within micelles. For instance, Bernabeu, E. et al. have achieved a
substantial increase in paclitaxel (PTX) solubility (38,000 folds) when encapsulated into
soluplus/TPGS mixed micelles at a concentration of 5%w/v*%. Another research group
attained an even higher increase in PTX solubility by 82,947 folds by using

Soluplus/Solutol HS15 mixed micelles at a concentration of 13.3%2%.

By escaping the mononuclear phagocyte system (MPS) in the liver and by-passing the
filtration of inter-endothelial cells in the spleen, the nanosize of polymeric micelles
contributes to a prolonged blood circulation period which results in enhanced deposition
of the drug at cancerous tissues with vascular anomalies (EPR). This final attribute is one
of the greatest justifications for employing polymeric micelles to deliver anti-cancer

agents, the majority of which are poorly soluble?*324°.

In addition to passive targeting, the versatility of the chemical nature of polymers confers
an excellent platform for functionalising polymeric micelles with different ligands for
active targeting of tumour tissues. For instance, transferrin-conjugated PLGA

nanoparticles were developed for the targeted delivery of docetaxel (T f-DCT-PLGA) for
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cancer therapy?®’. Tf-DCT-PLGA nanoparticles exhibited higher cytotoxicity on MCf-7
cell lines compared to untargeted nanoparticles. Furthermore, cellular uptake studies
confirmed the enhanced cellular uptake through transferrin-mediated active transport¢’.
Another study reported using folic acid conjugated PEG-PLGA nanoparticles for the
active targeted delivery of 5-fluorouracil (5-FU-FOL-PEG-PLGA-NPs) for colon and
breast cancers®®®. In-vitro cytotoxicity studies in folate-overexpressed HT-29 colon
cancer cells and MCF-7 breast cancer cells displayed that the half maximal inhibitory
concentration (ICso) of 5-FU-loaded FOL-PEG-PLGA NPs was approximately 4-fold less

than that of untargeted counterpart®®®,

Moreover, some micelles (such as Soluplus®, TPGS, and Solutol® HS 15) exhibit an
inhibitory effect on P-glycoprotein (P-gp) pumps which helps to overcome multidrug
resistance (MDR) and enhance the oral bioavailability of drugs that are considered a
strong P-gp substrate such as paclitaxel*®®. To address that, Zhang, J. et al. developed
mixed micelles composed of dextran-g-poly(lactide-co-glycolide)-g-histidine (HDP) and
folate acid-D-a-tocopheryl polyethylene glycol 2000 (FA-TPGS2K) copolymers for
actively targeted delivery of paclitaxel (PTX) to PTX-resistant breast cancer MCF-7 cells
(MCF-7/PTX)?"°. FA-TPGS2K/HDP mixed micelles exhibited more cytotoxicity against
MCF-7/PTX cells than HDP micelles due to the synergistic effect of FA-receptor
mediated cell endocytosis, and TPGS mediated P-gp inhibition>"°.

Overall, polymeric micelles have shown great promise as drug delivery vehicles for
anticancer agents, and several micelle-based formulations have been developed and are
under preclinical studies>*#24%271:272_ While some products have successfully reached the
market, such as Genexol®-PM (poly(D, L-lactide) based micelles) for breast cancer and

Eligard® (PLGA-based polymeric nanomicelles) for prostate cancer?’.
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1.6. Thesis objectives

Hepatocellular carcinoma (HCC) is considered one of the most fatal cancer types
affecting the lives of hundreds of thousands annually. Currently, although locoregional
treatments are standardly recommended clinical treatment choices for HCC, only a small
percentage of patients are potential candidates for these approaches, while most patients
are diagnosed at an advanced stage at which systemic chemotherapy is the only option.
Therefore, the treatment of HCC comprises a health condition with an unmet therapeutic
outcome. Since it was approved by FDA, Sorafenib (Sf) has shown promising results for
the treatment of advanced-stage HCC. However, its low oral bioavailability and side
effects considerably impede its clinical application. The application of nanomedicine in
the delivery of poorly-soluble anticancer agents holds excellent potential for enhancing
their physicochemical properties and hence improving their solubility, stability,
bioavailability, and cytotoxicity, as well as lowering their side effects on normal tissues.
In addition, active targeting through galactosylated nanodelivery systems comprises a
promising strategy for the liver-targeted delivery of anticancer agents.

This project aims to study the development of different liver-targeted nanodelivery
systems for Sf delivery. According to literature, few studies have used lipid nanoparticles
for the delivery of sorafenib for HCC treatment'**!**'** However, none of them employed
galactosylation as an approach for liver targeting. In Chapter 3, we prepared SLN and
NLC for the delivery of Sf, in which the choice of the lipid matrices was carried out
through systematic approach based on sorafenib solubility in lipid and lipid miscibility.
The formulated lipid nanoparticles were then galactosylated for active targeting of
hepatocytes using lactobionic acid as a galactose bearing moiety for targeting ASGPRs.
On the other hand, in chapter 4, galactosylated lipid nanocapsules (LNC) were prepared
for the active delivery of sorafenib to HCC cells using lipiodol oil to have a dual role as
a main oil core replacing MCT and as a contrasting agent for diagnostic purposes and
real-time monitoring of the dosage. From literature, only one study has reported the
incorporation of sorafenib into LNC but was used for glioblastoma relying on passive
targeting?’>.

Lastly, Polymeric mixed micelles were formulated using Soluplus® as a main polymeric
matrix due to its high dissolution efficacy and was applied in two different administration

routes (oral in Chapter 5, and parenteral in Chapter 6). In addition, TPGS was
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incorporated into the mixed micelles to modulate the release profile of sorafenib, inhibit

P-gp pumps enhancing cellular transport (Chapter 5), and to be employed in the surface

grafting using galactosylation approach for active liver targeting after intravenous

administration (Chapter 6).

So, the study includes the following:

Discussed in chapter 3

To Prepare a liver-targeting ligand using lactobionic acid-stearylamine conjugate.

To develop and optimise liver targeted SLN and NLC for delivery of Sf.

To study the impact of formulation parameters on the colloidal properties, drug
loading, and drug release of the prepared lipid nanoparticles.

To evaluate the cellular cytotoxicity on HepG2 cells of the blank and optimised liver
targeted SLN and examine the impact of delivery system ingredients on cellular

viability.

Discussed in chapter 4

To synthesise and characterise a lactobionic acid and TPGS conjugate to function as
liver targeting ligand (Gal-TPGS).

To fabricate of Sf-loaded lipid nanocapsules (Sf-LNC) and explore the impact of
different formulation parameters of their physicochemical properties.

To assess the post-insertion of Gal-TPGS into Sf-LNC on physical properties of LNC.
To Appraise the colloidal stability of Gal-Sf-LNC during short-term storage and under
physiological conditions.

To examine the targeting efficiency, cytotoxicity, and cellular uptake of the developed

Gal-Sf-LNC on HepG2 cells.

Discussed in chapter 5

To develop and optimise single Soluplus® micelles and mixed Soluplus®/TPGS

micelles for the enhancement of Sf solubility and dissolution rate.
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To characterise the physicochemical properties of the Sf-loaded single and mixed
micelles.

To examine the colloidal stability of both single and mixed micelles under short-term
storage conditions and gastrointestinal physiological conditions.

To study the impact of using single and mixed micelles on Sf solubility and release
kinetics under gastrointestinal physiological conditions.

To evaluate the in-vitro cellular transport study of single and mixed micelles using

Caco-2 cell line.

Discussed in chapter 6

To develop galactosylated Soluplus/TPGS mixed micelles for liver-targeted
intravenous delivery of Sf.

To characterise the physicochemical properties of galactosylated Sf-loaded mixed
micelles (Gal-MM).

To evaluate the colloidal stability of Gal-Sf-MM during short-term storage and under
administration and physiological conditions and studying Sf release kinetics from Gal-
St-MM.

To appraise the targeting efficiency, cytotoxicity, and cellular uptake of the developed

Gal-Sf-MM on HepG2 cells.
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2.1. Introduction

This chapter provides insights into the materials, methodologies and characterisation
techniques utilised throughout the project. During this project, different nanodelivery
systems have been developed (namely, solid lipid nanoparticles SLN, nanostructured
lipid carriers NLC, lipid nanocapsules LNC, and mixed polymeric micelles). For that,
diverse nanofabrication methods have been adopted, including the ultrasonic hot
emulsification method for the preparation of both SLN and NLC. In contrast, the phase
inversion temperature method has been employed for the preparation of LNC. Lastly, the
solvent evaporation self-assembly method was adopted to prepare mixed polymeric
micellar systems. Many materials were used to prepare these nanocarriers, such as solid
lipids (Geleol™, Compritol® 888 ATO and Precirol® ATO 5), oils (Medium chain
triglycerides and lipiodol), Soluplus® and TPGS. Additionally, a group of excipients
were involved comprising Transcutol® P, Solutol® HS, lipoid® S 100, Tween 80, and

Poloxamers.

Furthermore, several characterisation techniques were employed to investigate and
understand the crude materials’ physicochemical properties and formulated
nanoparticles. These techniques include dynamic light scattering (DLS), differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), attenuated total
reflectance Fourier transforms infrared spectroscopy (ATR-FTIR), scanning electron
microscope (SEM), transmission electron microscope (TEM), powder X-ray diffraction
(PXRD), proton nuclear magnetic resonance ('H-NMR), matrix-assisted laser
desorption/ionization coupled to time-of-flight mass spectroscopy (MALDI-TOF MS),
critical micellar concentration measurement using UV-VIS spectroscopy, drug
encapsulation efficiency (EE%) and loading capacity (LC%) assay, phenol-sulfuric acid

assay for carbohydrates, lectin agglutination assay, in-vitro drug release study.

Additionally, in-vitro cellular studies were carried out, such as cellular cytotoxicity assays
using MTS reagent, cellular transport study, and cellular uptake study using both the
inverted fluorescence microscope and flow cytometer, to investigate the cellular

responses of the formulated nanoparticles.
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2.2.Materials

2.2.1. Geleol™

Geleol™, also referred to as glyceryl monostearate (Type I) Eur.Ph., consists of a mixture
of glyceryl mono- and distearate with monostearate ester content between 40-55%. It has
a melting point between 54-64° C with a hydrophilic-lipophilic balance (HLB) of 3274, It
is a white to cream-coloured, solid that is available in the form of beads, flakes, or powder.

1™ is soluble in hot ethanol

It has a faint greasy odour and taste and a waxy texture. Geleo
(at 60° C), chloroform and dichloromethane but insoluble in hexane, water, and mineral
0ils*”. It has been widely employed as an emollient, plasticiser and lubricant in the food,
pharmaceutical, and cosmetic fields. Moreover, it is intensively used as a matrix for
sustained-release applications for tablets, suppositories, and implants?’. It was also

reported to be utilised as a solid lipid matrix for SLN and NLC?7®.

2.2.2. Precirol® ATO 5

Precirol® ATO 5 (also known as Glyceryl palmitostearate) is a mixture of mono-, di-,
and triglycerides of palmitic and stearic fatty acids. It is a solid lipid intensively used in
the pharmaceutical and cosmetics industries. It is employed as a sustained drug-release
matrix and lubricant in tablets prepared by granulation or hot-melt techniques. Precirol®
is a fine white powder with a weak odour. It is freely soluble in dichloromethane and
chloroform; practically insoluble in ethanol (95%), mineral oils, and water. It has a
melting point of 50-60° C with an HLB of ~ 2?77, Additionally, Precirol® has been
employed as a solid matrix in preparing SLN and NLC for encapsulation of hydrophobic

drugs?’®,

2.2.3. Compritol® 888 ATO

Compritol (also known as Glyceryl behenate) is a hydrophobic mixture of glycerol of
mono-and di-esters of behenic acid (docosanoic acid, C22 fatty acid) manufactured by
Gattefosse ( France)?”. It is a white, almost odourless, tasteless, non-toxic, and non-
irritating substance used as a carrier and excipient in the pharmaceutical industry.

Compritol® has an HLB of ~ 2 with a melting point between 65-77° C. It is Soluble, when
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heated, in chloroform and dichloromethane; slightly soluble in hot ethanol (96%);

practically insoluble in cold ethanol (95%), hexane, and water?’*,

It is utilised in various medicinal formulations, including soft gel capsules, suppositories,
and topical formulations. Furthermore, it is used as a carrier and excipient to increase
drug stability, solubility, bioavailability and formulations’ physical and chemical
qualities. Due to its high melting point, Compritol® has been employed as a modified
drug release matrix former, lubricant and coating agent in table manufacturing. Moreover,

it was intensively used as a matrix for SLN and NLC?".

2.2.4. Gelucires®

Gelucires® are a family of lipid-based excipients that are used in the pharmaceutical
industry. They are made from a mixture of glyceryl esters, fatty acids, and polyethylene
glycol (PEG). They are commonly used in the formulation of oral solid dosage forms
such as tablets, capsules, and powders to improve drug solubility, bioavailability, and
stability of hydrophobic drugs. They can also help to control drug release rates and
enhance drug permeation across biological membranes?®. Their properties vary
depending on their composition, which could be tailored to meet specific formulation
needs. The name of Gelucires® always includes two numbers; the first indicates the
melting point, and the second number represents the value of its HLB. Based on their
HLB, Gelucires® can function as surfactants, such as Gelucire® 48/16, 50/13, and 44/14,
or as matrix formers, such as Gelucire® 43/012%!. Among all Gelucires®, Gelucire 48/16,
which is composed of PEG-32 (MW 1500) esters of palmitic acid and stearic acid, is
commonly employed as drug solubiliser in self-emulsifying lipid formulations as well as
melt processes such as granulation, extrusion, and table compression?°. In our study,

Gelucire® 48/16 was employed as Sf solubiliser to improve drug loading into SLN.

2.2.5. Transcutol® P

Transcutol® P (Diethylene glycol monoethyl ether, DEGEE) is a penetration enhancer
utilised in many pharmaceutical and cosmetic formulations (Figure 2.1). It is a colourless,
transparent liquid often used as a solubiliser and cosolvent. Transcutol®P is often used

to improve drug penetration into the skin in transdermal drug delivery systems and topical
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formulations. Besides, increasing the solubility and spreadability of oils and other
components in cosmetics and personal care products. It is water soluble and miscible in
acetone, ethanol (95%), chloroform, ether, benzene, and pyridine. It is partially soluble
in some vegetable oils and insoluble in mineral oils. It is also commonly used as a
cosolvent in many lipid-based nanodelivery systems such as solid lipid nanoparticles
(SLN), nanostructured lipid carriers (NLC), lipid nanocapsules (LNC) and self-
microemulsifying drug delivery systems to enhance drug solubility and encapsulation

efﬁciency273,2827286.

VAV AV VAN

Figure 2.1: Transcutol® chemical structure.

2.2.6. Solutol® HS 15

Solutol® HS 15 (also known as Kolliphor HS 15, Polyethylene glycol 660 12-
hydoxystearate or Macrogol (15)-hydroxystearate) is a non-ionic solubiliser and
emulsifier made by reacting 15 moles of ethylene oxide and 1 mole of 12-hydroxy stearic
acid (Figure 2.2). Moreover, Solutol® HS 15 is marketed as a mixture of free PEG 660
and PEG 660 hydroxystearate. It is a yellowish-white paste at ambient temperature that
turns into a liquid at around 30°C. It has an HLB between 14-16. It is soluble in water,
ethanol, and isopropanol. However, its solubility in water decreases with increasing
temperatures due to dehydration of its hydrophilic portion, making it more lipophilic.
This phenomenon is employed in the formation of lipid nanocapsules (LNC) via the phase
inversion temperature method?%*. Its critical micelle concentration (CMC) ranges between
0.005 — 0.02% with micelles typically in the 10-15 nm range. It has been used as a
solubiliser and a viscosity-reducing agent in many formulations such as oral, topical, and

injectable preparations®®” and as a structural component in LNC203-288,
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Figure 2.2: Chemical structure of Solutol® HS 15.

2.2.7. Lipoid S 100

Lipoid S 100 is a phosphatidylcholine (PC) from soybean. It is a zwitterionic
phospholipid containing choline as a component of the polar head group and fatty acid as
a lipophilic tail (Figure 2.3). According to manufacturer?®’, Lipoid S 100 is composed of
different percentages of fatty acids; palmitic acid (12-17%), stearic acid (2—5%), oleic
acid (7-12%), Linoleic acid (59-70%), and linolenic acid (5-8%). It is provided as
yellowish coarse waxy agglomerates. It is dispersible in water and soluble in ethanol,
chloroform, and dichloromethane. It offers several outstanding features, including
biocompatibility, biodegradability, metabolic activity, and safety. Due to its amphiphilic
properties, it has been intensively employed in the preparation and stabilisation of Lipid-
based drug delivery systems such as liposomes, SLN, NLC, LNC and microemulsions
(MEs)*,

Fatty acid o O\- +N/
b \
Fatty acid o) O/ -

Figure 2.3: Typical chemical structure of phosphatidylcholine phospholipid (PC).

2.2.8. Soluplus®

Soluplus® is polyvinyl caprolactam—polyvinyl acetate—polyethylene glycol (57/30/13)

F2%°. Due to its distinctive

graft copolymer (Figure 2.4) that was first introduced by BAS
physicochemical properties, as shown in Table 2.1, Soluplus® has been used as a matrix

polymer for solid solutions, primarily through hot-melt extrusion, to improve the aqueous
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solubility and oral bioavailability of poorly soluble drugs such as danazol, fenofibrate and
itraconazole®®. It has amphiphilic properties consisting of a polyethylene glycol (PEG)
backbone as the hydrophilic portion and vinyl caprolactam/vinyl acetate side chains as
the hydrophobic portion. Thus, it can self-assemble into micelles in aqueous solutions
above its CMC (7.6 mg/L). Soluplus® micelles have been intensively used to deliver
hydrophobic drugs by encapsulating them within their core. Therefore, it could enhance
solubility, stability, sustained drug release, target drug distribution, and increase

therapeutic efficiency®.

O

Z

HO

Figure 2.4: Chemical structure of Soluplus®. Figure was adapted with permission from

reference®’.

Table 2.1: Physicochemical properties of Soluplus®.

Physicochemical properties Description/value

Appearance White to slightly yellowish granules.
Range of 90 000 — 140 000 g/mol (average
118,000 g/mol).

Molecular weight

Critical micellar concentration (CMC) 7.6 mg/L in distilled water at 23°C.
HLB ~ 14.

Glass transition temperature ~70°C.

Soluble in water, acetone (up to 50%), methanol
Solubility (up to 45%), Ethanol (up to 25%) and
dimethylformamide (up to 50%).

Lower critical solution temperature ~40°C.
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2.2.9. D-o-tocopheryl polyethylene glycol succinate (TPGS)

TPGS is a water-soluble form of natural Vitamin E synthesised by esterifying Vitamin E
succinate with polyethylene glycol (PEG) 1000 (Figure 2.5). It is a waxy solid (m.p. ~
37-41°C) with an average molecular weight of 1513 (g/mole) and an HLB of 13.2%2. As
a novel non-ionic surfactant with relatively low CMC (0.02 wt%), it exhibits amphiphilic
properties and can form stable micelles in aqueous vehicles. It has been extensively
studied and used for its emulsifying, dispersing, gelling, and solubilising potentials on

293 Additionally, TPGS has distinctive bifunctional properties that

poorly soluble drugs
augment anticancer efficiency due to P-glycoprotein inhibition, counteracting multidrug
resistance (MDR), enhancing drug absorption, inducing mitochondrial-associated
apoptosis, and promoting drug permeation and tumour accumulation®’. Since TPGS has
received FDA approval as a safe pharmaceutical excipient, it has been employed in
different TPGS-based DDS either by using the original TPGS?****°, TPGS-drug
conjugates®*5 %, functionalised TPGS?**31-3% or TPGS copolymer**® for improving the

therapeutic efficiency of different drugs®”.

0
N 0}\
0
0]
¢ 3
Figure 2.5: Chemical structure of TPGS. Figure was adapted with permission from
reference®”.

2.2.10. Tween 80 (Polysorbate 80)

Tween 80 (Polysorbate 80) is a synthetic surfactant of polyoxyethylene sorbitan fatty acid
esters (Figure 2.6). The fatty acid content is dominated by oleic acid, but other fatty acids,

such as palmitic or linoleic acid, may be present. It is a yellow oily liquid with a molecular
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weight of 1309.7 g/mol and a density of 1.064 g/mL>*%. It has an HLB of 15 and forms
micelles above a concentration (CMC) of 0.01%. Due to its appealing properties and
biocompatibility, Tween 80 has been widely used in the pharmaceutical and food
industries. Moreover, Tween 80 has been reported as an efficient stabiliser for many drug

nanodelivery systems>?®-397,

HO(CH,CH,O)w,

I,.:I|I||[ (C H2C HQO)XOH

(CH,CH,0)yOH

(CH,CH,0)zOCO(CH,),CH=CH(CH,),CH,

(W+ X +Y +Z~20)

Figure 2.6: Chemical structure of Tween 80. Figure was adapted with permission from
reference’’.

2.2.11. Poloxamers (Pluronics)

The poloxamer polyols are a family of ethylene oxide and propylene oxide block
copolymers with a general formula HO(C2H40)x(C3H6O)y(C2H4O)xH (Figure 2.7). The
polyoxyethylene segment represents the hydrophilic portion, while the polyoxypropylene
segment is the hydrophobic one?’*. Poloxamers are a class of non-ionic copolymers used
principally in pharmaceutical formulations as emulsifiers and solubilising agents. All the
poloxamers are chemically similar, with the main difference being the relative quantities
of propylene and ethylene oxides added during the production process that affect their
physical properties (Table 2.2). Generally, poloxamers (mainly, Poloxamer 188 and 407)
are widely used as stabilisers of different drug nanodelivery systems, including SLN,
NLC and polymeric nanoparticles®’*. In our study, both Poloxamers 188 and 407 have
been employed in the preparation of SLN and NLC.
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Figure 2.7: General chemical structure of Poloxamers.

Table 2.2: Properties of Poloxamers 188 and 127.

non-
Physical Average
Pol proprietary X Y HLB
oloxamer state molecular weight
name
188 F-68 Solid 80 27 7680 — 9510 29
407 F-127 Solid 101 56 9840 — 14600 18-23

2.3. Methods

2.3.1. Nanoparticle preparation methods

Several nanoparticles preparation methods for drug delivery have been reported in the

literature®®®. In this study, the appropriate method was determined primarily based on the

nature of the delivery system components and the intended application.

2.3.1.1.Preparation of SLN and NLC using emulsification/ultrasonication method

As previously discussed in Chapter 1 (section 1.5.1.2.), SLN and NLC could be prepared

by different methods such as high-shear homogenisation, high-pressure homogenisation,

emulsification/solvent evaporation and microemulsion formation method. In this study,

the ultrasonic emulsification method was employed to produce SF-loaded SLN and NLC
due to the quick and easy preparation procedures. The influence of different components

(lipid, oil, and surfactants) on the lipid nanoparticles' physicochemical properties and

drug loading of the lipid nanoparticles has been thoroughly investigated in Chapter 4.

70




To prepare lipid nanoparticles, solid lipids were melted at a temperature around 10° C
above their melting point. Then, the aqueous surfactant solution was added, followed by
sonication using a probe sonicator (Fisherbrand™ 505 connected to a probe with 3 mm
tip) at 20% amplitude for 3 min in a 20:5 sec on-off cycle. Finally, the nanoemulsion was
left under stirring at room temperature (~ 25°C) for solidification and lipid nanoparticles

formation.

2.3.1.2.Preparation of lipid nanocapsules (LNC) using the phase inversion

temperature method:

In this study, the phase inversion temperature method has been adopted to prepare and
optimise Sf-loaded LNC using lipiodol oil as the internal core for its application as a
contrasting agent?®*. The phase inversion temperature method is thoroughly discussed in
Chapter 1 (section 1.5.2.2.). In this study, different components’ ratios were screened to
optimise the formulation. Furthermore, the post-insertion approach was used to graft
galactosylated TPGS onto the surface of the optimised LNC to produce galactosylated

LNC as a liver-targeted nanodelivery system for hepatocellular carcinoma (Chapter 5).

2.3.1.3.Preparation of polymeric micelles using the solvent evaporation method

As discussed in Chapter 1 (section 1.5.3.1.), polymeric micelles can be prepared using
different methods based on the nature of the polymer and the used organic solvent. In this
study, the solvent evaporation method was employed due to its simplicity, short
processing time, and suitability for maximizing the encapsulation of hydrophobic

drugs?!

. Acetone was used as a solvent to dissolve the polymeric material and Sorafenib.
Afterwards, the organic solution was dripped into MilliQ water. Using solvent
displacement and evaporation, the polymer concentration in the mixture increases to a
concentration higher than its CMC, inducing micelle formation. The detailed processes

and screened parameters are discussed in Chapters 5 and 6.
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2.3.2. General physicochemical characterisation techniques

2.3.2.1. Dynamic light scattering (DLS)

Dynamic Light Scattering (DLS) is a widely used technique for measuring nanoparticles’
size and size distribution in a liquid. The principle of DLS is based on measuring the
intensity of light scattered by the particles as a function of time. The scattered light
intensity is analysed to determine the size of the particles in the sample. When measuring
nanoparticles, DLS provides accurate measurements of the hydrodynamic diameter (dn)
(i.e. the size of a hypothetical hard sphere that diffuses in the same fashion as that of the
particle being measured) by monitoring the velocity of the Brownian motion of the
particles which is called “translational diffusion coefficient” (D). The translational
diffusion coefficient (D) can then be converted into a particle size using the Stokes-

Einstein (Eq. (2.1)).

_ KT Eq. (2.1)
~ 3mnD

dy

Where dy is the hydrodynamic diameter of particles, K is Boltzmann’s constant, T is the
absolute temperature, n is the viscosity of the dispersion medium, and D is the

translational diffusion coefficient>?.

DLS employs a single-frequency laser-focused on the sample, where light interacts with
particles causing light scattering in all directions. To monitor the motion of the particles,
scattered light is recorded at a certain angle (typically 90° or 173°) over a specific time
interval (Figure 2.8). Detection at angle 90° represents side scattering and is usually used
for diluted samples, while angle 173° represents back scattering and is generally used for
concentrated turbid samples due to the short path length of the laser within the sample.
The intensity of the scattered light changes over time, with smaller particles fluctuating
quickly than the bigger ones. Conversely, bigger particles have larger amplitudes between
the minimum and maximum scattering intensities. The initial intensity trace is typically
used to generate a correlation function that specifies the time a particle spent at the same

spot within the sample®!°,
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Figure 2.8: The working principle of dynamic light scattering for measuring particle
size of nanoparticles.

The correlation function is linear at the start of the measurement, suggesting that the
particle is still at the same position inside the sample. Later, an exponential decrease may
be seen, representing the particle's movement. Small particles travel quickly; therefore,
the decay is fast (steep slope), but large particles take a long time to alter their relative
positions. As a result, the size-dependent movement is incorporated into the decay of the
correlation function. Furthermore, the y-intercept can be employed to determine the
signal-to-noise ratio from a measured sample and is thus typically used to evaluate data
quality. It is commonly suggested that an ideal signal has a value of 1, while a good
system has an intercept higher than 0.6, and great systems have intercepts higher than 0.9.
Particle size is usually expressed as Z-average, with size distribution around this average.
The size distribution, in turn, could be expressed in three different ways: intensity,
volume, and number distribution (where both volume and number distributions are
derived from the intensity measurement by inputting the refractive index of the

particles)®!'”. It is worth mentioning that both intensity and volume size distributions are
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very sensitive to the presence of any aggregates in the sample as depicted in the example

in Figure 2.9.
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Figure 2.9: Number, volume, and intensity size distributions of a bimodal mixture of 10
and 100 nm nanoparticles present in equal numbers.

The polydispersity index (PDI) is another key parameter that indicates the breadth or the
broadness of the particle size distribution. The values of PDI can range from 0 to 1 with
values closer to 0 indicating a narrower size distribution and values closer to 1 indicating

a broader size distribution. PDI is calculated using Eq. (2.2.2).
o
PDI = (E)Z Eq. (2.2.2)

Where o is the standard deviation of particle size distribution and d is the mean particle

diameter>'°.

In this study, DLS was carried out to measure the mean particle size (Z-AVG) and
polydispersity index (PDI) using Zetasizer Nano (Malvern Instruments Ltd, Malvern,
UK). The dispersant (medium) was set to water with a viscosity (cP) of 0.8872 with an
equilibration time of 120s at a temperature of 25 °C. All measurements were done in

triplicates and expressed as mean * standard deviation (S.D.).
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2.3.2.2. Zeta potential (C-potential)

The zeta potential ({-potential) measures the electrical potential at the shear plane of a
particle suspended in a liquid. It is a measure of the charge at the interface between the
particle and the liquid and is used to determine the stability of the particle suspension.
The measurement of zeta potential is based on the concept of electrophoresis, which is
the movement of charged particles in an electric field. Hence, a particle with a surface
charge will experience a force in an electric field, causing it to move at a certain velocity.
The zeta potential is then calculated from the particle's velocity using different
techniques, one of which is laser Doppler electrophoresis (LDE) applied in Malvern

zetasizer instruments®!°.

Several factors may affect {-potential such as pH (which can change the ionisation state
of the surface chemical groups) and ionic strength (as the ionic strength of the liquid
increases, the (-potential decreases). This is attributed to the increased concentration of
ions in the liquid competing with the surface charge of the particles, reducing the net
surface charge and the (-potential), particle size (smaller particles generally have a higher
(-potential than larger ones of the same material), and the dispersion medium
(conductivity and viscosity of the dispersion medium can affect the electrophoretic

mobility of the particles hence affect the {-potential*®.

{-potential values can be employed to assess the stability of particle dispersion. Particles
having a high zeta potential repel particles with the same charge, resulting in a stable
suspension. Particles having a low zeta potential can assemble due to attraction
interactions between particles with opposing charges, resulting in an unstable suspension.
The (-potential is an essential parameter for understanding particle behaviour under
diverse situations and developing nanoparticulate drug delivery systems?'?. In this study,
the C-potential of all formulations was determined using Zetasizer (Zetasizer Nano,

Malvern Instruments Ltd, Malvern, UK).
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2.3.2.3.Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a commonly used technique to measure the
thermal properties of materials. It works by heating the sample at a controlled rate and
measuring the heat absorption or release by the sample as a function of temperature. This
technique primarily identifies various thermal events, such as melting, glass transitions,

and crystallisation, through controlled heating or cooling cycles (Figure 2.10).
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Figure 2.10: Typical DSC thermogram showing peaks associated with different thermal
kinetic events.

Fundamentally, two types of DSC are commercially available: heat flux and power
compensation. Heat flux DSC is the easier of the two techniques conceptually, as seen
graphically in Figure 2.11. Generally, two crucibles are placed symmetrically within the
furnace, one empty (reference) and one carrying the sample, with a thermocouple in close
contact with each of them. The thermocouples are linked back-to-back such that the
voltage generated by the pair directly indicates the temperature difference between the
sample and the reference. The cell should guarantee that the heat paths from the furnace

to the sample and reference are similar, stable, and well-defined.
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Figure 2.11: Schematic design of heat flux DSC.

The heat flow from the furnace to each crucible is calculated from Eq. (2.3)

aQ AT Eq. (2.3)

dt R
Where Q is the heat flow, t is time, AT is the temperature difference between the crucible
and the furnace, and R is the thermal resistance of the heat path between the crucible and

furnace.

Consequently, the temperature difference between the sample and reference crucibles is
converted into heat flow provided that all other influencing factors (such as heat
absorption by the crucible, heat losses by convection and others) are kept constant for
both crucibles. For accurate measurement of heat flow as a function of temperature
difference, temperature difference signal (AT) needs to be calibrated using standard pure
material with known melting enthalpy and heat capacity (such as indium, melting

temperature = 156.6°C, melting enthalpy = 28.71 J/g, and heat capacity = 0.23 J/g.K)*!".

Similarly, the heat flow can be calculated using heat capacity (Cp), defined as the energy
required to increase the temperature of one gram of certain material by one degree kelvin,

using Eq. (2.4).

dQ dT Eq. (2.4)

— = X —
dt Cp dt

Regarding power compensation DSC, the first noticeable difference between this method
and the heat flux instrument is that it employs two separate furnaces, one for the sample

crucible and another for the reference crucible. However, both are set to go through the
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same temperature profile, and the difference in electrical power provided to nullify

(compensate) the difference in temperature between the two furnaces is monitored.

In this study, Discovery DSC 2500 differential scanning calorimetry (TA Instruments,
Delaware, United States) that relies on the heat flux principle was used. The device was
calibrated using standard Indium. Nitrogen purge gas with a flow rate of 50 (mL/min)

was used during the experiments and TA Trios software was used for the data analysis.

2.3.2.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique used to measure the weight change of
a material as a function of temperature or time. The TGA instruments consist of a very
sensitive balance and a heating furnace. It works by heating the sample at a controlled
rate and monitoring the weight change as the sample undergoes thermal degradation or
chemical reactions. TGA can be used to study a wide range of materials, including
polymers, ceramics, metals, and biomaterials. It is a useful technique for characterising
the thermal stability of a material, especially for those used in the formation of
nanoparticles by methods involving thermal treatment (such as phase inversion
temperature, as discussed in section 2.3.1.2). Moreover, TGA can be used to determine

the water content, volatile content, and ash content of a sample?'2.

In this study, TGA 5500 (TA Instruments, Delaware, United States) was used with a

heating rate of 20°C/min and TA Trios software was used for the data analysis.

2.3.2.5.Powder X-Ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) is a technique used to investigate the crystallinity of a
material. It works by directing an X-ray beam on a powdered sample and measuring the
diffraction patterns created by the X-rays as they interact with the inner crystal lattice of
the sample. This non-destructive technique is commonly used to determine crystallinity,
characterise polymorphs and solvates, and study phase transitions*!®. The principle of X-
ray diffraction is based on the constructive interference of monochromatic X-rays with a

crystalline material as a cathode ray tube produces these X-rays, which are then filtered
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to create monochromatic radiation, paralleled to concentrate, and directed into the sample
(Figure 2.12a). In the crystalline material, the diffracted rays constructively interfere

(Figure 2.12b) following Bragg’s (Eq. (2.5)) and show up as diffraction peaks®!*'?,

nl = 2dsinf Eq. (2.5)

Where n is an integer, A is the wavelength of X-rays, d is the interplanar spacing creating

the diffraction, and 0 is the diffraction angle.

Figure 2.12: Schematic presentation of the working principle of XRD instrument (a) and
X-ray diffraction through the crystalline lattice (b).

In this study, Rigaku Powder X-ray diffraction system (SmartLab SE/PC, Japan) with
graphite-monochromated CuKa radiation with a voltage of 40 kV and current of 50 mA
was used to investigate the crystallinity of different lipid-based formulations (Chapter 3)
and polymeric micellar systems (Chapter 5 and 6). The range of scanned (20) was from

5° to 60° at a scanning speed of 4° per minute and step of 0.02°.

2.3.2.6.Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)

spectroscopy

Fourier transforms infrared (FTIR) spectroscopy is an essential analytical technique for

illustrating the chemical structure of different materials. It is widely used in the
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pharmaceutical field for identifying and characterising unknown materials, detecting
contaminants, identifying decomposition and oxidation, detecting chemical
incompatibility, and inspecting chemical synthesis products®!#!>, It is a direct and non-
destructive technique with easy sample preparation. Moreover, FTIR could be used for
qualitative and quantitative purposes. The principle of the technique relies on the
irradiation of the test sample with infrared radiation (typically in the mid-infrared region
between 400-4000 cm™) and determining the fraction of the incident radiation that is
absorbed by sample molecules (due to the vibration of atoms’ bonds) at a particular
frequency?®'®. There are two modes of FTIR, either transmittance or reflectance mode,
based on whether the absorbed fraction was determined via the transmitted or the reflected
fraction of the incident light. In ATR-FTIR, the sample is placed directly on a diamond
and irradiated by polarized IR radiation. The reflected fraction of radiation is directed to

the IR detector by a set of mirrors’!” (Figure 2.13).

sample

ATR crystal

IR beam Polariser

IR source

Detector

Figure 2.13: Schematic of ATR-FTIR working principle.

In this study, an FTIR spectrophotometer (Vertex 70, Bruker Optics Limited, United
Kingdom) equipped with an internal reflection diamond Attenuated Total Reflectance
(ATR) accessory (Specac Ltd., Orpington, United Kingdom) was utilized to illustrate the
chemical structure of the synthesised galactosylated excipients and to check the chemical

compatibility of the formulated nanoparticles. The spectra were acquired from 32 scans
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in the range between 600-4000 cm™ at a resolution of 4 cm™'. All measurements were

carried out in triplicate, and data were analysed using OPUS software.

2.3.2.7. Proton nuclear magnetic resonance ('H-NMR)

Proton Nuclear Magnetic Resonance ('H-NMR) spectroscopy is a powerful analytical
technique for identifying the chemical structure of a molecule. The fundamental principle
behind H-NMR spectroscopy is that the nuclei of certain elements, such as hydrogen,
have a feature known as spin. When these nuclei are exposed to a high magnetic field,
they align either parallel or antiparallel to the magnetic field's direction. This 1s referred
to as the ground state. When exposed to a radiofrequency (RF) pulse, the nuclei absorb
energy and move to an excited state. As the nuclei return to their ground state, they emit
energy in the form of RF radiation, which may be detected and quantified to establish the

molecule's chemical structure®!?.

Three main parameters characterise the NMR spectrum, namely, chemical shift (9),
integration and peak splitting. The chemical shift () is a measure of the difference in
emitted resonance frequency between the hydrogen atom in the sample and the reference
compound (usually tetramethylsilane (TMS)). The chemical shift (d) is typically reported
in units of parts per million (ppm). It is calculated using the following Eq. (2.6):

v v
§ (ppm) = —— — x 10° Eq. (2.6)

s
Where 6 (ppm) is the chemical shift expressed in ppm, vy is the proton resonating
frequency in the sample and vs is the proton resonating frequency in the standard (TMS).
The position of the peak (chemical shift (9)) relies on the chemical environment of the
proton (low chemical shifts represent shielded protons while high chemical shifts
represent deshielded protons)*'®. Furthermore, Peak integration is the number of protons
represented by the peak relative to the total number of protons in the sample, while peak

splitting indicates the neighbouring protons'’.

H-NMR spectroscopy is frequently employed in chemistry, polymer science, and

biological research. It may be employed to identify unknown chemicals, assess the purity
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of a sample, and track changes in the chemical structure of a molecule over time. It may
also be used to analyse the interactions and their dynamics for molecules in a sample. It
is important to point out that H-NMR spectroscopy requires a sample in solution. The
samples are usually dissolved in deuterated solvents to avoid or minimise the signals

arising from the protonated solvents®%.

In this study, H-NMR spectra were recorded in different solvents (DMSO-d6 and CDCls)
using a 500 MHz spectrometer (Bruker Avance DRX 500) to investigate the structure of
the galactosylated lipids (in Chapter 3) and galactosylated TPGS (in Chapter 4 and 6).

2.3.2.8. Matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF)

MALDI-TOF MS is a technique used to measure the molecular masses of molecules such
as proteins, peptides, polymers, and polysaccharides. It works by ionising molecules in
the presence of a matrix material with a laser and then measuring the time that ions take
to travel to the detector. The MALDI-TOF MS equipment comprises a laser source, a
matrix application system, and a time-of-flight mass spectrometer. The molecules are
mixed with a matrix component (depending on the nature of the sample) and put on a
sample plate. The sample is then exposed to a laser beam (typically a nitrogen laser at
330nm) which ionises the sample molecules and desorbs them off the sample plate. The
ions are then accelerated and transferred through a magnetic field, which separates them
based on their mass-to-charge ratio. The time it takes for the ions to reach a detector is
then measured and used to calculate the mass of the biomolecules®'®. This technique is
commonly used in proteomics, metabolomics, and microbiology. Additionally, it is used

to analyse synthetic polymers, small molecules and inorganic compounds>'°.

In this study, MALDI-TOF (AXIMA performance, Shimatzu, UK) was used, applying
linear positive ionisation mode equipped with a 337 nm nitrogen laser operating at 50 Hz.
It was utilized to check the molecular weight of the synthesised galactosylated TPGS after
conjugation (Chapter 4, section 4.2.5.).
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2.3.2.9. Ciritical micellar concentration (CMC) measurement

The micellar formation process is well-established in polymers that have the amphiphilic
trait. Critical micellar concentration (CMC) is the concentration above which the polymer
or surfactant starts to form a micellar structure instead of being molecularly dispersed in
the aqueous medium?*. In micellar form, there is a change in the physicochemical
properties of the polymer/surfactant, such as surface tension, nanoparticulate structure
formation, and solubilisation potency (Figure 2.14). Based on this notion, different
methods have been developed for measuring the CMC. For instance, a tensiometer was
used for measuring CMC based on the notion that after micellar formation, there is no
further decrease in the surface tension of the micellar dispersion upon increasing

polymer/surfactant concentration¢!

. Another method depends on detecting the formation
of nanoparticulate structures using the dynamic light scattering technique (DLS)?!.
Regarding the solubilisation potency of micelles, different hydrophobic materials have
been used as probes to detect the concentration above which micelles solubilize the
probes, which could be seen by fluorescence in case of using pyrene*?>325 or UV-Vis
absorbance in case of using iodine*?*3*!, In this study, iodine UV-Vis absorbance method

was adopted.
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Figure 2.14: The effect of micellisation of surfactants/polymers on the different physical

properties.

83



In the case of mixed micelles, both experimental and theoretical CMC values can be

defined. The theoretical CMC value for mixed micelles can be calculated using Eq. (2.7).

1 X n X Eq. (2.7)
CMC CMC, CMC,

Where, X; and X, are the molar fractions of the components 1 and 2, and CMC; and

CMC; are the experimental CMC values for the corresponding components.

The deviation of the experimental values from the theoretical ones may be indicative of
a favourable (negative deviation) and unfavourable (positive deviation) mixing in the

micellar system?.

2.3.3. Microscopy techniques

2.3.3.1. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is the most extensively used electron
microscopy method for characterising nanoparticles. TEM produces high-resolution
pictures with resolutions as low as a few angstroms®**. The operating concept of TEM is
based on passing an electron beam through a thin sample (placed on a grid) and detecting
the electrons transmitted through the sample. The electrons that pass through the sample
are then focused by an objective electromagnetic lens and projected onto a detector
(Figure 2.15). As a result, TEM is more favourable for NPs characterisation than SEM
because it offers accurate particle size in both bright and dark field pictures, as well as
detailed information on the NPs morphologic, crystallographic, and compositional

features®'?,
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Figure 2.15: Schematic of the operation principle of transmission (TEM) and scanning
(SEM) electron microscopes.

In this study, the TEM mode of a Gemini 300 series emission microscope (Zeiss,
Germany) was used to analyze the particle size and morphologies of the produced
nanoparticles. Samples were placed on the 400-mesh grid (Agar scientific, UK) and
stained with phosphotungstic acid (2%, pH 6.8) to contrast the sample.

2.3.3.2.Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a high-resolution method for studying the surface
topography of materials and the spatial variations in chemical compositions***. It works
by scanning a focused electron beam over the sample surface and detecting the electrons
that are emitted from the sample due to the interaction with the electron beam. These

emitted electrons are then employed to build an image of the sample (Figure 2.15)31%3%,
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It is noteworthy that, unlike TEM, SEM does not require samples to be thin, but it does
need samples to be conductive or covered with a conductive coating to minimise charging

artefacts®®3.

In this study, the imaging was carried out using a Gemini 300 series emission microscope
(Zeiss, Germany). Images were generated using 10 kV acceleration voltage. Samples for
SEM mode were placed on coverslips that were fixed onto a brass stub using a double-
sided adhesive tape and left for drying overnight. Afterwards, dried samples were made
electrically conductive by coating them with a thin layer of gold (Au) by conventional Au
sputter coating parameters: 30 sec at 2.2 kV and 20 mA. The samples were 55 mm from

the gold target (Polaron SC 7640, Quorum Technologies, UK).

2.3.3.3.Inverted fluorescence microscopy (IFM)

The inverted fluorescence microscope (IFM) is a type of microscope that visualises
material using fluorescence. It is used in cell biology, microbiology, and developmental
biology to image living cells and organisms. Unlike normal light microscopes, IFM has
the light source above the sample and the objective lens below it (Figure 2.16). This
inverted assembly provides simple access to the sample and allows the use of specialised

equipment such as incubation chambers and environmental control systems>>*,

In an IFM, the sample is excited with a specified wavelength of light, and the emitted
fluorescence is received by the objective lens and transmitted onto a detector. Depending
on the type of detector employed, the fluorescence generated by the sample can be seen
as a bright-field picture or a fluorescence image. IFMs are extensively used to image
living cells as they enable the use of a wide set of fluorescent dyes and proteins to label
specific components inside the cell, such as the cell membrane, cytoskeleton, or
organelles. This may be used to investigate cell dynamics and the impact of various

treatments on cells>3*,

It should be noted that the use of fluorescence in IFM necessitates labelling the material
with a fluorescent dye or protein, and the sensitivity of the fluorescence signal is lower
than that of other methods, such as confocal microscopy. Furthermore, photobleaching

and phototoxicity might influence the fluorescence signal, reducing the fluorescence
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signal over time***. In this study, fluorescence microscope (Zeiss Axiovert 200M,
Germany) was used to visualise HepG2 cells after incubation with the Coumarin-6-labled

nanoparticles.

W, T

Figure 2.16: Schematic of the inverted fluorescence microscope. Figure was adapted
with permission from reference®**

2.3.4. In-vitro drug release

In-vitro release testing is a key analytical tool employed to investigate and anticipate the
behaviour of the pharmaceutical product during different development stages. When
appropriately developed, an in-vitro release profile may disclose fundamental facts about
the dosage form and its behaviour and offer information on the release mechanism and
kinetics, providing a logical and scientific approach to manufacturing pharmaceutical
products. In-vitro release testing is even more critical for nanosized-dosage forms, and
the experiment design encompasses additional challenges. Since there are presently no
compendial standards for assessing drug release from nanocarriers, drug release is
evaluated using a range of techniques, including sample and separate (SS), continuous
flow (CF), and dialysis membrane (DM) approaches**®. The SS technique offers an easy
setup and direct monitoring of drug release, although sampling is time-consuming and
needs additional separation steps to separate the released drug from raw material. With
the CF approach, sampling is simple, but setup takes effort. The DM makes setup and

sampling simpler, but it might not be appropriate for medications that bind to the

87



membrane, and the presence of dialysis membrane as an additional barrier may be

problematic in data interpretation®®.,

= In-vitro drug release kinetic modelling

It is crucial to know the precise mass transport processes involved in the drug release and
make a quantitative prediction for the ensuing drug release kinetics to determine a precise

drug release profile from a therapeutic system*?’

. Many mathematical models have been
employed to design simple and intricate drug delivery systems based on the predicted
overall release behaviour. They permit the measurement of several crucial physical
properties and the use of model fitting to analyse data from experimental releases®*®. The

most commonly adopted models are listed in 7able 2.3 and include:

Zero-order model is employed when the drug release is constant over time and not
affected by time or concentration. This situation applies to drug delivery systems with
prolonged drug release (such as transdermal slow-release batches, and osmotic

systems)™?’.

The first-order model is mainly used to describe the absorption, elimination and/or
release of different drugs in which drug concentration increases/decreases exponentially

depending on the remaining drug concentration at any time*’.

133 as a trial to

The Higuchi model was initially proposed by Higuchi in 196
mathematically describe the drug release rate from ointment bases. This model best
describes the drug release from neither swellable nor soluble matrices, so the drug release

relies only on diffusion’.

The Korsmeyer-Peppas model is useful for studying drug release from polymeric
matrices when the release mechanism is uncertain or when several drug release

mechanisms (such as diffusion and dissolution) occur simultaneously>*3

. Depending on
the value of the release exponent (n) in the equation, the drug release profile from the
delivery system matrix categorizes into the fickian model (n=0.5), where drug release is
mainly governed by diffusion through the polymeric matrix, non-fickian (n=1) where

drug release corresponds to zero-order kinetics and primarily driven by polymer swelling,
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and finally anomalous transport (0.5<n<1) where the drug release is governed by both

diffusion and swelling®’.

Hixson—Crowell model assumes that drug release is constrained by dissolution velocity
rather than diffusion, which can take place via the soluble polymeric matrix. Therefore,
this model applies to pharmaceutical dosage forms like tablets, considering that
dissolution happens in planes parallel to the active agent's surface if the tablet's

dimensions decline proportionately while maintaining its geometrical properties®’.

Table 2.3: The equations of different mathematical models of drug release.

Model Equation
Zero-order f=ko.t
First-order f=1- exp(-kt)

Higuchi f=ku.t"s
Korsmeyer-Peppas f=kip . t"
Hixon-Crowell f=[1-(1 -kuc. t)*]

All mathematical modelling and release profile comparisons were made using the
DDSolver add-in on Microsoft excel. The best fit of the drug release mathematical model

was chosen based on the highest coefficient of determination (COD or R?)*?,

For drug release/dissolution profile comparison, different mathematical methods have
been adopted in the last decade. Of which, difference factor (f1) and similarity factor (£2)
are commonly employed. The difference factor (f) estimates the percentage (%)
difference between the two curves in comparison at each time point. It is a measurement
of the relative error between the two curves (Eq. (2.8)). The similarity factor (f) measures
the similarity in the percentage (%) dissolution between the two curves. It is the logarithm

of the reciprocal square root transformation of the sum of squared error (Eq. (2.9))**".
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Eq. (2.9)
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n

f2 =50 xlog

According to FDA regulatory guidelines®*! %

, release profiles are considered to show
high similarity if f1 <15 and f2 > 50. While the release profiles are regarded dissimilar

if £1>15 and £2<50.

Another parameter commonly employed in describing release/dissolution profiles is
mean dissolution time (MDT) which represents the sum of the different periods that drug
molecules take to be released divided by the total number of drug molecules in the total

dose***. MDT is calculated according to Eq. (2.10)*.

n T AM, Eq. (2.10)

MDT =
t=1AM;

One more parameter was introduced by Khan & Rhodes (1972)**° called dissolution
efficiency (DE%). This is defined as the area under the dissolution curve up to a specific
time, t, represented as a percentage of the area of the rectangle described by 100%
dissolution at the same time (Eq. (2.11)). DE% is usually used to measure and compare

the magnitude of enhancement of the dissolution rate of different formulations.

t
.dt Eq. (2.11)
Joy - .100 %

Dissolution efficiency (DE%) =
Y1o00-

2.3.5. In-vitro lectin agglutination assay

Lectins are a class of proteins that bind to mono- and oligosaccharides reversibly and with
high specificity. They serve as cell recognition moieties on cell surfaces of animals,
plants, and microorganisms. They are categorized principally into five specificity groups,
depending on the monosaccharide for which they show the highest affinity: mannose,

galactose/N-acetylgalactosamine, fucose, N-acetylglucosamine, and N-acetylneuraminic
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acid. Most lectins bind to two or more carbohydrate molecules presented on cells’
surfaces, such as erythrocytes, inducing cross-linking of the cells and their consequent

precipitation, in a phenomenon referred to as ‘cell agglutination’ 34,

Based on that concept, Lectin, mainly from Ricinus communis Agglutinin ‘RCA120’, is
used to assess the surface exposure or accessibility of galactose sugar on the surface of
the nanodelivery system 7% The test protocol involves the incubation of a small
volume (100 pL) of lectin solution in phosphate buffer at a certain concentration (mostly
I mg/mL) with a small volume (100 pL) of nanosystem dispersion for 20 mins. During
that time, the turbidity of the mixture is monitored by measuring optical absorbance at
350 nm 3*¥9 or 450 nm*>!332, The specificity of the reaction towards galactose moieties
could be further confirmed by adding free excess galactose (100 pL of 10 mg/mL Gal in

PBS) to reverse the interaction and induce disaggregation®%33,

2.3.6. In-vitro cellular studies

In-vitro cellular studies are laboratory-based experiments performed to examine
nanoparticle interactions with cells. These studies are used to assess the safety and
efficiency of nanoparticles as drug delivery methods, and to comprehend the mechanisms
of nanoparticle cellular uptake and intracellular fate. Cells are generally cultured in the
presence of nanoparticles and different biological responses, such as cell viability,
proliferation, apoptosis, and gene expression, are measured. These studies may be carried
out using various cell types, including cancer cells, primary cells, and immortalised cell

lines.

Different cellular study techniques, including cellular cytotoxicity, transport and uptake
using flow cytometry, were carried out to evaluate the performance of the formulations

on HepG?2 cell lines (human hepatoma cell lines that over express ASGPRs).

2.3.6.1. MTS assay for cellular cytotoxicity assessment

MTS, (3-(4,5-dimeth-ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium), is a colourimetric assay that is commonly used to measure the cells’
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metabolic activity. This assay relies on the ability of mitochondrial nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent dehydrogenase enzymes in metabolically
active cells to reduce MTS, in the presence of phenazine methosulfate (PMS), into a
formazan dye that is soluble in culture media (Figure 2.17)%*. Afterwards, the formazan
dye can be quantified by colourimetric absorbance measurement at 490-500 nm. MTS
assay is regarded as an advancement of the typical MTT assay as it produces soluble
formazan dye that enables the direct measurement of the dye without the need for
intermittent steps for dissolving insoluble formazan dye produced in MTT assay.

Therefore, the MTS assay is often described as a “one-step” MTT assay>>*.

In this study, the plate was read at 490 nm by microplate reader (CLARIOstar, BMG
LABTECH, Germany). Data were collected from three biological replicates as triplicate

measurements, and results are shown as the mean =+ standard deviation.

OCH;COOH OCH,COOH

N.
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Figure 2.17: Enzymatic reduction of MTS into formazan dye by metabolically active

cells. Figure was adapted with permission from reference>*.

2.3.6.2. Flow cytometer

Flow cytometry is a sophisticated technique extensively used in clinical diagnostics and
biomedical applications. It is a laboratory tool that measures the physical and biological
properties of cells and particles moving in a fluid stream. These properties include relative
size, relative granularity, and fluorescent intensity. It operates by passing a stream of cells
or particles within a liquid (sheathing liquid) through a laser beam and detecting their

scattering and fluorescence as they pass through®>.

A flow cytometer's fundamental components are a fluidic system for suspending and
carrying cells or particles to the laser beam, a laser light source for exciting the cells or

particles and causing them to generate fluorescence, and a detection system for measuring

92



the scattering and fluorescence of the cells or particles as they pass through the

beam355,356

The light scattered in the forward direction is detected by the forward scattering channel
(FSC), where the degree of scattering relies on the cellular membrane permeability, cell
size and the refractive index. However, the scattered light at 90° is detected by a side
scattering channel (SSC), where the degree of scattering depends on cellular granularity.
Thus, the FSC channel is used to sort cells according to their relative sizes, while the SSC

channel sorts the cells according to their relative granularity>>°.

Furthermore, the flow cytometer may be employed to detect the number of fluorochrome
molecules in each cell by using a detector with proper fluorescence emission settings, the
intensity of which is proportional to the number of fluorochrome molecules in each cell.

This could be employed to selectively label a specific cell type or component>S,

In this study, a flow cytometer (CytoFlex, Beckman Coulter, USA) was used to assess
the cellular uptake of different nanoparticles by HepG2 cells. Data were acquired and
analysed using CytExpert software (v2.3, Beckman Coulter, USA). The gates were
assigned using control untreated cells as shown in Figure 2.18. The first gate (P1) was
assigned based on both SSC and FSC to exclude cell debris while the second gate (P2)
was determined based on the FSC width and height to exclude cell doublets and

aggregates. The machine was programmed to record 10000 events in the second gate (P2).

Q
o
©o

(x10")

10%)
400
I

100
L

piTRAtN -

300
'

SSC-A
FSC-width
200

L

50
1

100
L

T T T T T T T T T T T T LI B B B B B I o LELRALLIL DR LLL B R RRILL B
0 50 100 I N L [ N 2 3 4 5 5 7
Fac-A 10 FSCH w105 100107100 107 10
FITC-A

Figure 2.18: HepG2 gating strategy used in this study. SSC is a side scattered channel,
FSC is a forward scattered channel and FITC-A is a Fluorescein isothiocyanate channel
for coumarin-6 detection.
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2.3.6.3. Cellular transport studies

In the gastrointestinal tract, a single layer of epithelial cells lines the inner intestinal wall
and represents the rate-limiting barrier to drug absorption. As a result, the appropriate
recreation of a human differentiated epithelial cell monolayer in-vitro allows for the
prediction of oral drug absorption in humans. Caco-2, a human colon cancer cell line, has
been demonstrated to be effective for this purpose®>’. The caco-2 cell line was obtained
from a moderately differentiated colonic adenocarcinoma and is distinctive in that it
spontaneously differentiates into a polarised columnar cell that mimics small intestine

enterocytes morphologically and functionally?>®.

Caco-2 cells are cultured on semipermeable membrane inserts suspended in culture dish
wells to form a three-compartment system that mimics the luminal, cellular, and
basolateral parts of the mucosal epithelium (Figure 2.19). When cells reach a high
confluency level (~ 90%), they begin to differentiate and form a tight barrier separating
the apical and basolateral compartments after a few weeks (typically three weeks). To
ensure efficient and prompt cell differentiation, cells with a high passage number, ideally

between 95-105, is preferred®”’.

Apical side
+—— Sf-loaded nanocarrier

— Caco-2 cells monolayer

Polycarbonate > °
membrane filters
Permeated Sf

Basolateral side

Figure 2.19: Schematic representation of the cellular transport study design for
assessment of Sf permeation through Caco-2 cells monolayer.

This model allows for the study of apical to basolateral chemicals and metabolite transfer,
as well as the impact of endogenous mediators on the transport and metabolism of
compounds present in both the apical and basolateral compartments. Therefore, it is

critical to verify monolayer barrier integrity when measuring apical to basolateral and
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basolateral to apical flux for chemicals of interest. To verify monolayer integrity,
transepithelial electrical resistance (TEER) and/or flow of chemicals transported across
the monolayer paracellularly (e.g., mannitol, inulin, and fluorescent Lucifer yellow) are

widely utilised*®.

For studying the intrinsic passive permeability of poorly soluble hydrophobic drugs, they
are often dissolved in DMSO. However, DMSO may affect the integrity of the Caco-2
cells monolayer. Therefore, it is recommended that the maximum DMSO concentration

should not exceed 1%>°

. Moreover, the solubility of the permeated drug in the receiving
compartment should be guaranteed to ensure sink conditions. For that, 4% BSA could be
added to enhance drug solubility with complete medium replacement at each time
interval. However, using BSA necessitates the pre-treatment of release samples before
analysis to ensure drug extraction and BSA precipitation (by adding acetonitrile in 1:2

sample to acetonitrile ratios)®>’.

In this study, final volumes of 0.4 ml apically and 1.2 basolaterally were used during the
experiment to ensure the same hydrostatic pressure between the two compartments®>.
For measuring the influx apparent permeability coefficient, the tested sample was placed
in the apical side and the sampling was done from the basolateral side (as shown in Figure
2.19), while for efflux tested sample was placed in the basolateral side. The apparent

permeability coefficient was calculated using the following Eq. (2.12):

vV dc 1  dQ Eq. (2.12)

Fooo = e @t " axc ¥ ar

Where V is the volume of receiving compartment, A is the surface area of the cell
monolayer (surface area of the semipermeable membrane), C is the initial concentration
of the tested drug, dC/dt is the rate of the drug concentration change in the receiver

compartment, and dQ/dt is the rate of drug amount change in the receiver compartment?®.

In some cases, to assess the efflux inhibition potential of the tested samples, the efflux

ratio is calculated using Eq. (2.13):

Papp (BL-2P) Eq. (2.13)

app (AP—BL)

Ef flux ratio =
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Where, Papp BL-AP) 1S the apparent permeability of efflux direction, and Papp (ap-sr)is the
apparent permeability of the influx direction. The lower the efflux value is, the more

efflux inhibitor the tested sample is.

2.3.7. Statistical analysis

Data were analysed using GraphPad 8 software. All measurements were done in triplicate,
and the results were represented as mean + SD. Unpaired t-test was employed to evaluate
the significance of the difference between the means of the two variables. The statistical
differences were represented as *P < 0.05, **P < 0.01, ***P < 0.001, and ns = not

significant (P > 0.05).
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Chapter 3

Preparation, optimisation, and in-vitro characterisation of galactosylated
solid lipid nanoparticles and nanostructure lipid carrier for liver-targeted

delivery of sorafenib



3.1. Introduction

The use of nanotechnology in cancer treatment has revolutionised the way we approach
the delivery of cytotoxic agents. One of the most promising and widely studied
nanocarriers is the solid lipid nanoparticle (SLN). SLN are composed of biocompatible
lipids and can encapsulate a variety of drugs, including cytotoxic agents'*®1°7-276 Their
small size and unique surface properties allow efficient delivery to tumour sites, improved
drug solubility, and sustained drug release. As a second generation of SLN,
nanostructured lipid carriers (NLC) were developed to provide improved drug loading

capacity, stability and drug release compared to SLN!45:159.186.360,

Hepatocellular carcinoma (HCC) is one of the most common and deadly cancers
worldwide. Unfortunately, most HCC cases are diagnosed in advanced stages in which
surgical intervention is limited, and systemic therapy is the only option®®!. Sorafenib (Sf),
a multi-tyrosine kinase inhibitor, has shown promising results in the treatment of HCC,
but its clinical efficacy is limited by poor bioavailability and off-target effects®. To
overcome these limitations, galactosylated solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) are considered a promising approach for targeted
delivery of Sorafenib to liver cancer cells. Galactosylation allows for selective binding of
the SLN and NLC to the asialoglycoprotein receptors (ASGP receptors) on the surface of
HCC cells, leading to improved drug uptake and efficacy'®®. Overall, targeted drug
delivery using galactosylated SLN and NLC has the potential to significantly improve the

clinical outcomes of Sf for patients with HCC.

This chapter aims to systemically study the influence of the lipid composition on the
physicochemical properties, and the drug loading capacity of Sf-loaded SLN and NLC.
Consequently, the development of galactosylated SLN and NLC, based on the optimised
formulations, followed by physicochemical characterisation and in-vitro cellular

cytotoxicity studies (Figure 3.1).
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The objectives of this chapter are to:

e To Prepare a liver-targeting ligand using lactobionic acid-stearylamine conjugate.

e To develop and optimise liver targeted SLN and NLC for delivery of Sf.

e To study the impact of formulation parameters on the colloidal properties, drug
loading, and drug release of the prepared lipid nanoparticles.

e To evaluate the cellular cytotoxicity on HepG2 cells of the blank and optimised liver
targeted SLN and examine the impact of delivery system ingredients on cellular

viability.

Stearylamine
(5A)

_ ectamudation
acid (LA) reaction

+ [ Lactobionic } Direct amidation

‘ Physicochemical
3 - characterisation
Sf solubility Lipid ingredients Preparation of Sf- In-vitro dn{g release
i lpids miscibilty study | | SLNand SENLC - studics
In-vitro cellular
cytotoxicity studies

Gal-Sf-NLC

Emulsification/
ultrasonication
method

Figure 3.1: Schematic representation of the workflow for the preparation and
characterisation of Gal-Sf-SLN and Gal-Sf-NLC
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3.2. Materials and methods
3.2.1. Materials

Compritol® 888 ATO, Precirol® ATO 5, Geleol™, Gelucire® 48/0.1, 48/16, 44/14, and
50/13, Peceol™, Capryol® 90, Labrafac® WL 1349, Transcutol® P, Labrasol®, and
Labrafil® M 1944 CS were kindly provided from Gattefossé (Saint-Priest, France).
Tripalmitin (Dynasan® 116), trimyristin (Dynasan® 114), and tristearin (Dynasan® 118)
were a kind gift from IOI Oleo (IOI Oleochemicals GmbH, Germany). Lipiodol® oil was
purchased from Guerbet (UK). Sorafenib was obtained from LC Labs (USA). Lactobionic
acid, Tween® 80, Poloxamer 188 (Pluronic® F-68), Poloxamer 407 (Pluronic® F-127),
ethyl oleate, Soybean oil, Sunflower oil, deuterated dimethyl sulfoxide (DMSO-d6),
deuterated chloroform (CDCIs), ethylenediamine (EDA), N-hydroxysuccinimide (NHS),
1-Ethyl-3- (3-dimethyl aminopropyl) carbodiimide (EDC), trypsin-EDTA solution,
RPMI 1640 Medium, fetal bovine serum (FBS), phosphate buffer saline (PBS), 1% non-
essential amino acids (NEAA), 1% penicillin—streptomycin solution, triethylamine
(TEA), phosphotungstic acid (PTA), ethanol, acetonitrile HPLC grade were all purchased
from Sigma-Aldrich (Sigma- Aldrich, UK). All chemicals were used without further
purification. Double distilled water from Milli-Q systems (Millipore, Watford, UK) was

used for all experiments.

3.2.2. Conjugation of stearylamine (SA) and lactobionic acid (LA) to form Gal-SA

conjugate

Galactosylated stearylamine (Gal-SA) was synthesised using a previously reported
method'!® with some modifications (Figure 3.2). Briefly, 0.716 g of LA (2 mmol) was
dissolved with 0.465 g of EDC (3 mmol) and 0.345 g of NHS (3 mmol) in 2 mL of DMSO
and left under stirring for 2 h at 50° C for the activation of the carboxylic group of LA.
Afterwards, 0.27 g of SA (1 mmol) dissolved in 15 mL of methanol at 70° C was added
to the previous reaction mixture, which continued under refluxing at 70° C for 24 h. The
product was then precipitated by adding Milli-Q and collected by filtration with a 0.45
pm Millipore filter (Millipore, Massachusetts, USA). Finally, the precipitate was washed
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thrice with Milli-Q water to remove unreacted LA, followed by washing with methanol

to remove unreacted SA and dried under a vacuum overnight.

16

OH OH

Stearylamine (SA) Lactobionic acid (LA) Gal-SA

Figure 3.2: Synthesis of Gal-SA conjugate

3.2.3. Characterisation of Gal-SA

ATR-FTIR measurements were done as detailed in Chapter 2 (section 2.3.2.6.), while 'H-
NMR spectra were acquired after dissolving LA in DMSO-d6 and both SA and Gal-SA
in CDCL3 and analysed using 500 MHz spectrometer (Bruker Avance DRX 500, UK).
The conjugation efficiency was measured by quantifying galactose content in the
conjugation product using the phenol/sulfuric acid assay method*®?. Briefly, 1 mL of 5%
phenol solution was added to 1 mL of aqueous Gal-SA conjugate, followed by 5 ml of
concentrated sulfuric acid. Then the mixture was kept at 25 °C for 20 min. The galactose
content was quantified by measuring the UV absorbance at 490 nm using the calibration
curve of standard galactose solutions within the concentration range (20-200 pg/mL). All

measurements were done in triplicates.

3.2.4. Sorafenib quantification using high-performance liquid chromatography

(HPLC)

The quantification of Sf was carried out using the HPLC method as previously
reported®®*. The HPLC system is composed of a tertiary gradient mobile phase delivery
pump (PU-1580, Jasco, Japan) connected to a degasser unit (DG-1580-53, Jasco, Japan)
and equipped with a multi-wavelength UV-vis detector (UV-1570M, Jasco, Japan). The

separation was done using a reverse-phase column (HC-C18, 4.6x250 mm, 5 pm, 400
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bar, Agilent, UK) connected to a guard column (HC-C18, 4.6x12.5mm, 5 pm, 400 bar,
Agilent, UK) and a mobile phase of acetonitrile/water (75:25, v/v) with 0.03% aqueous
triethylamine at a flow rate of 1 mL/min. The Sf was detected at a wavelength of 265 nm.
The calibration curve of Sf was established in the range of 0.2-50 pg/mL using a standard

Sf solution. All measurements were done in triplicates.

3.2.5. Determination of Sf solubility in different solid lipids and oils.

In order to choose the proper lipid matrix for SLN and NLC, the solubility of Sf in
different solid and liquid lipid components was determined according to the previously
reported method***. For solid lipids, 1 g of lipid was melted at 10° C above the melting
point of each lipid and mixed under stirring with an excess amount of Sf for 4 h, followed
by equilibration, without stirring, for another 2 h. Next, the melted lipids were swiftly
centrifuged (Megafuge 16, Thermofisher scientific, UK) at 10,000 rpm for 10 min by
placing the test vial in 15 mL falcon tube containing hot water (~80°C) to allow
precipitation of excess undissolved Sf (Figure 3.3). Afterwards, 10 mg were scraped off
of the solidified lipid’s surface and dissolved in acetonitrile, followed by injection in the
HPLC method. In the case of liquid ingredients, 1 mL of each liquid was mixed with an
excess amount of Sf in a screw-capped vial. The vials were kept under shaking at 37°C
for 72 h in a shaking incubator (KS 2000 i control, IKA, UK) at a shaking rate of 100
rpm. Afterwards, the dispersions were centrifuged at 10,000 rpm for 15 min to allow
precipitation of excess undissolved Sf, followed by analysing the supernatant using the
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HPLC system after dilution with acetonitrile=®®. All samples were done in triplicate, and

the solubilities were presented as mean = SD.

Figure 3.3: Solidified lipid in vial after centrifugation at 10,000 rpm for 10 min in falcon
tube containing hot water at 80°C to allow slow solidification during centrifugation.
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3.2.6. Miscibility assessment of lipid ingredients

For determining the best proportions of lipid excipients that showed the best solubilising
potential for Sf, the miscibility of excipients (Gelucire® 48/16 and Transcutol® P) with
the main solid lipid Precirol® ATO 5 was investigated following the previously reported

method?®?

. Different excipient percentages (10, 20, 30, 40, and 50% w/w to Precirol®
ATO 5) were mixed and agitated at 200 rpm for 1 h at 80° C. Afterwards, the samples
were kept at room temperature (~ 25°C) for 24 h before investigation using differential

scanning calorimetry (DSC) and paper smear methods.

DSC was used to monitor the depression in the melting point of Precirol upon mixing
with different excipients. 5 mg of samples were weighed and placed in Tzero aluminium
pans that were hermetically crimped using a lid with a pinhole. Then, samples were heated
at a heating rate of 5° C/min from 25° C to 80° C. All other parameters were kept constant,
as previously stated in Chapter 2 (section 2.3.2.3.). Additionally, the miscibility between
Transcutol® P and Precirol® ATO 5 was further examined by smearing a cooled sample
of the solid mixture onto hydrophilic filter paper, followed by visual inspection to
determine the existence of any liquid droplets in the filter paper as an indication of phase

separation.

3.2.7. Preparation of SLN and NLC

SLN/NLC have been prepared using the emulsification/ultrasonication method. Briefly,
the lipid phase mixture (solid lipid, and liquid lipid with/without solubiliser) was melted
and mixed well at 5-10° C above the melting point of the solid lipid. Afterwards, 10 mg
of St was dissolved in the melted lipid mixture with the aid of 0.5 mL of ethanol. Then,
10 mL of aqueous surfactant solution at the same temperature was added to the melted
lipid phase and kept under stirring at 1000 rpm on a hot-stage magnetic stirrer for 5 min
to form a pre-emulsion. The mixture was then sonicated for 3 min using a probe sonicator
(Fisherbrand™ 505 sonicator, UK) at 20% amplitude, applying pulse “ON” for 20 s and
pulse “OFF” for 5 s. The final dispersion was kept under stirring at 300 rpm at room
temperature (~ 25°C) for 1 h to allow the solidification of lipid nanoparticles. Finally, the
dispersions were filtered using a 1 um syringe filter (glass filter, Kinesis scientific, UK)

to remove the excess unentrapped drug. Preliminary screening of selected lipids (solids
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and liquids) based on Sf solubility using different surfactants was carried out to choose
the optimised formulation. The Galactosylated SLN/NLC were prepared using the
optimised formulations, adding 10 mg of Gal-SA to the lipid phase during preparation

procedures.

3.2.8. Characterisation of SLN and NLC

The average particle size (P.S.), polydispersity index (PDI) and Zeta potential (Z.P.) of
all formulations were measured using (Zetasizer Nano, Malvern Instruments, Malvern,
UK) following the procedures described in Chapter 2 (sections 2.3.2.1. and 2.3.2.2.
). Particles’ morphology was inspected using transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) following the procedures and conditions

detailed in Chapter 2 (sections 2.3.3.1. and 2.3.3.2.).

3.2.9. Drug loading quantification

The direct assay method was adopted to determine entrapment efficiency (EE%) and
loading capacity (LC%). Briefly, 50 pL of lipid nanoparticles dispersions were digested
with 950 uL of acetonitrile with the aid of sonication for 5 min to extract the drug-loaded
followed by filtration with 0.22 pm PTFE syringe filters (Fisherbrand™, UK). After 20-
time dilution with acetonitrile, 20 pL of the solution was injected into the aforementioned
HPLC system, and the amount of Sf was quantified. Entrapment efficiency (EE%) and
Loading capacity (LC%) were calculated according to equations (3.1) and (3.2),
respectively:

EEY% = MX 100 Eq. (3.1)

Wintial Sf amount

LCY% = Wioaded sf % 100 Eq. (3.2)

Wioaded Sf+Wlipid components

Where, Wioaded st is the weight of Sf loaded in the whole sample, Winisal sf is the initial
weight of Sf (=10 mg), and Wiipid components 1 the total weight of all lipid ingredients that

comprise the nanoparticle matrix (= 500 mg).
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3.2.10. Solid state characterisation

For solid-state characterisation of the produced lipid nanoparticles (SLN/NLC), samples
were frozen with liquid nitrogen and placed into a freeze-dryer (VirTis® Wizard 2.0, SP
SCIENTIFIC, USA) at -80° C and under a vacuum for 24 h. The lyophilised samples were

placed in a silica gel desiccator at room temperature (~ 25°C) until the analysis.

3.2.10.1. Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

The Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of raw
materials, physical mixtures, and freeze-dried galactosylated blank and Sf-loaded lipid
nanoparticles (SLN and NLC) were obtained using FTIR spectrophotometer as mentioned
in Chapter 2 (section 2.3.2.6). All measurements were done in triplicate using absorbance

mode and were analysed using OPUS software.

3.2.10.2. Differential scanning calorimetry (DSC)

DSC was carried out for raw materials, physical mixtures, and freeze-dried galactosylated
blank and Sf-loaded lipid nanoparticles (SLN and NLC) to investigate the impact of
nanoformulation and St encapsulation on the thermal behaviour of the components. DSC
scans were done as prescribed in Chapter 2 (section 2.3.2.3.). All measurements were

performed in triplicate.

3.2.10.3. Powder X-Ray Diffraction (PXRD)

To identify any changes in the crystal lattice of the materials using in nanoformulation of
SLN and NLC, PXRD studies were performed on raw materials, physical mixtures, and
freeze-dried galactosylated blank and Sf-loaded lipid nanoparticles (SLN and NLC)
following the procedures detailed in Chapter 2 (section 2.3.2.5.).

3.2.11. Solid redispersibility test

To assess the redispersibility of the freeze-dried optimised lipid nanoparticles (blank Gal-
SLN, Gal-Sf-SLN, blank Gal-NLC, and Gal-Sf-NLC) with and without the addition of
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5% trehalose as a cryoprotectant, the particle size was monitored before and after the
redispersion in MilliQ water by sonication for 5 min. Moreover, the redispersibility index

was calculated using Eq. (3.3)*%

Rl = Average particle size after redispersion Eq. (3.3)
~ Average particle size before freeze drying

3.2.12. In-vitro drug release studies

The sorafenib release profile was investigated using the dialysis bag method. Firstly, to
prepare the Sf solution as a control, different solvents for Sf were screened to choose the
solvent that permits the complete release of Sf without drug precipitation in the dialysis
bag. Afterwards, 2 mL of Gal-Sf-SLN, Gal-Sf-NLC and free sorafenib solution (with
equivalent total sorafenib content of 100 pg) were placed in a dialysis tube (Snakeskin™,
M.W.C.O =10 KDa, regenerated cellulose, Sigma, UK). Then, the bag was immersed in
40 mL of 1% Tween 80 in PBS at pH 7.4 as a release medium (Sf solubility in release
mediums was 72.3 + 5 pg/mL) and incubated in a shaking incubator (KS3000 1 control
IKA®, UK) at 37°C with a shaking rate of 100 rpm. At predetermined intervals (0.5, 1,
2,4,8,10, 24, 48, 72, 96, 120, and 144 h), samples of 0.5 mL were taken and replaced
with 0.5 mL of fresh release medium. Released samples were filtered with a 0.22 um
syringe filter (Fisherbrand™, UK) and assayed by injecting 20 uL into the HPLC system
as previously described. The experiments were carried out in triplicate and the average

percent cumulative Sf amount released was expressed as mean + SD.

Release profiles were established by plotting the percent of cumulative Sf released against
the time. Furthermore, data were fitted into various drug release kinetic models (zero
order, first order, Higuchi, Korsmeyer-Peppas, and Hixon-Crowell). The best fit was
chosen based on the highest coefficient of determination (R?). In addition, for further
comparison between different release profiles, mean dissolution time (MDT), the

difference (f1), and similarity (f2) factors were calculated using Excel DD solver add-in.
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3.2.13. In-vitro cellular cytotoxicity studies

The HepG2 cell line, purchased from (Sigma, UK), was used in the study as an in-vitro
model of liver cancer cells with overexpression of ASGP receptors (76.000
receptor/cell)!'’. The cells were grown in T-75 flasks using RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), 1% penicillin—streptomycin solution
and non-essential amino acids. HepG2 cells were incubated in a 5% CO> humidified
(95%) incubator (AUTOFLOW, UK) at 37°C. Cell passages ranged from 9 to 20 and
were passaged at 90% confluency using 0.25% trypsin-EDTA solution.

Cellular cytotoxicity studies were conducted using the MTS assay technique to determine
the impact of sorafenib encapsulated into lipid nanoparticles and the surface
galactosylation of optimised lipid nanoparticles (SLN and NLC) on the cytotoxicity
efficiency of Sf on HepG2 cells. Briefly, HepG2 cells were seeded at a density of 7,000
cells/well/100 pL of the medium in a 96-well plate and incubated at 37°C for 24 h to allow
cell attachment®®®. Afterwards, cells were treated with different formulations (Sf solution
in 1% DMSO, blank SLN, blank NLC Sf-SLN, Sf-NLC, Gal-Sf-SLN and Gal-Sf-NLC)
at St concentration ranges from 20 to 0.5 pg/mL. All formulations were sterilised by
filtration using a 0.45 um sterile syringe filter (Minisart, Sartorius, UK). After 48 h of
incubation, the medium was replaced with a fresh one, containing 10 uL of MTS reagent
and cells were further incubated in a dark incubator for another 3 h. The absorbance was
measured by a microplate reader (CLARIOstar, BMG LABTECH, Germany) at
wavelength 490 nm. Untreated cells were used as a control for 100% cell viability, and
MTS without cells were used as a blank to calibrate the spectrophotometer to zero

absorbance. Cell viability was calculated according to Eq. (3.4)

Abs(sample) - Abs(blank) Eq- (3-4)

x 100

Cell viability (%) =
Abs(control) - Abs(blank)

Where, absample) 1s the UV-Vis absorbance of cells treated with the sample, absiank) 1S
the UV-Vis absorbance of empty wells with MTS reagent, and abs(control) 1s the UV-Vis
absorbance of untreated cells (100% cell viability)
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3.3.Results and discussion
3.3.1. Synthesis and characterisation of Gal-SA

Galactosylation of SLN and NLC has been reported as a successful strategy for actively
targeted drug delivery to hepatocytes through ASGP-R mediated cellular uptake!!3-367-36%,
In this study, conjugation between lactobionic acid (as galactose bearing-moiety) with
Stearylamine (as lipophilic anchor moiety) has been carried out through an amidation

reaction.

ATR-FTIR was used to confirm the conjugation between SA and LA. As depicted in
Figure 3.4, SA exhibited its typical absorption bands of CH,, CH3 at 2916, 2847, and
1460 cm’!; with another weak band at 3333 cm’!, which is ascribed to the terminal amine
group®’’. In addition, LA spectrum showed a broad band around 3339 cm™!, which refers
to OH groups of both the carboxylic group and the pyran ring and a sharp peak at 1736
cm’! that is attributed to the carbonyl group of the carboxylic acid. In Gal-SA conjugate
spectrum, the distinctive amide bands at 1618 cm™ and 1580 cm™! beside the presence of

LA hydroxyl groups peak at 3339 cm™! confirm the successful formation of the Gal-LA

conjugation. These findings are consistent with the previously reported data''®3¢7,
1
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Figure 3.4:FTIR absorbance spectra of SA, LA, and Gal-SA.
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On the other hand, the "TH-NMR spectrum (CDCls, 500 MHz) of SA (Figure 3.5a) showed
several diagnostic signals including, 6 = 0.88 ppm for terminal CH3, & =1.26 and 1.30
ppm for (CH2), groups, and a small peak at 6 = 1.29 ppm assigned to free NH>. While the
spectrum of Gal-SA (Figure 3.5b) exhibited additional small signals in the range between
2.70-4.00 ppm, corresponding to oxygenated protons of the pyran ring of LA.
Furthermore, a new small signal was assigned at 6= 8.31 ppm corresponds to NH of the
newly formed secondary amide group (NH-C=O0). The signals at 6 = 1.56 ppm, and 7.26
ppm correspond to H-O and CHCIs, respectively. Finally, it is worth mentioning that the
signals’ integration of the conjugation product (Gal-SA) was relatively low compared to
pure SA due to its poor solubility in CDCl3 compared to SA. Altogether, these results

confirm the successful formation of Gal-SA.
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Figure 3.5: '"H-NMR spectra of (a) SA, and (b) Gal-SA recorded in CDCls.
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For quantification of the conjugation efficiency of Gal-the SA, the phenol/sulfuric acid
method was adopted. This method was first introduced by Dubois M. et al.**? for
quantifying sugar (simple, oligo and polysaccharides) in biological samples. In the assay,
sulfuric acid is used to breakdown sugars into monosaccharides, followed by dehydration
into furan derivatives that condense with phenol to produce yellow-golden coloured
compounds (Figure 3.6) that could be assayed colourimetrically by measuring absorbance
at A = 490 nm*®? (Figure 3.7a). Different standard galactose solutions have been prepared
and used to construct a calibration curve (Figure 3.7b) in the concentration range (20 —

200 pg/ml), showing a good coefficient of determination (R* = 0.9916).

Conjugation efficiency (number of conjugated SA moles to total number of moles)

calculated was 29.5 + 1.7 %, giving galactose content of 14.2 + 0.6 % w/w.

Figure 3.6: Galactose standard solutions after adding 1 ml of 5% phenol and 5 ml of
sulphuric acid and incubation at 25°C for 20 mins.
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Figure 3.7: UV/Vis spectrum of standard galactose solution at a concentration of 100
pg/mL (a) and the calibration curve of galactose standard solutions (at concentrations
from 20-200 pg/mL) using phenol/sulfuric acid colourimetric assay (b).
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3.3.2. Sf quantification using HPLC method

For quantification of Sf in different matrix systems, the HPLC method was adopted from
a previously reported study’®®. Sf standard solutions demonstrated good sharp peaks at
retention time R¢ around 5.05 min (Figure 3.8a). Furthermore, Sf concentrations (x)
showed a perfect linear correlation with peaks’ areas with a regression equation (Y =

74254x — 109.63) having R? = 1 (Figure 3.8b).
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Figure 3.8: HPLC chromatograms (a) and calibration curve (b) of Sf standard solutions,
UV absorbance was measured at a wavelength of 265 nm within a linearity range
between 0.2-50 pg/mL.

For determining the limit of detection (LOD) and Limit of quantification (LOQ),

equations 3.5 and 3.6 were used, respectively.

330
LOD = Eq. (3.5)
S
10 o
LOQ = : Eq. (3.6)
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Where o is the standard deviation of the intercept, and S is the slope of the calibration

curve. LOD was 0.01 pg/mL, while LOQ was 0.03 pg/mL.

3.3.3. Sf solubility in different lipid matrices

Drug solubility in the lipid matrix of SLN and NLC has been reported to be the primary
determinant of drug loading in these systems'>!"!>3, However, due to the difficulty of the
precise quantification of drugs within the lipid (either solid or viscous oil) matrix, limited
studies have reported studying the solubility of drugs in lipid matrices as a systematic
approach to choosing the lipid matrix. Different methods were utilised for that purpose,
including semiquantitative methods such as visual inspection of undissolved drug

371372 or using hot stage microscopy’’>, and the more accurate quantification

particles
methods such as HPLC***. Hence in our study, the HPLC method was adopted. As
depicted in Table 3.1, Sf solubilities in different solid lipid ingredients were screened and
came in the following order: Geleol™ > Precirol® ATO 5 > Compritol® 888 ATO >
Trimyristin > Stearic acid > Tristearin > Tripalmitin > Gelucire® 48/01. It was noted that
Sf exhibited lower solubility in triglycerides (e.g. Tristearin, Tripalmitin, and Trimyristin)
compared to mono- and diglycerides. This could be attributed to their high crystalline
structure, which does not have many voids to accommodate drug molecules®’*37>,
Moreover, the high viscosity of the melted lipid of these triglycerides may hamper the
efficient mixing between the drug and the lipid. Additionally, Sf solubility in lipophilic
solid solubilisers showed a direct correlation with their HLB (Gelucire 48/16 > Gelucire

44/14 > Gelucire 50/13).

Table 3.1: Sf solubility in different solid lipid ingredients.

Lipid ingredient Solubility (mg/g)
Solid lipids
Geleol™ 6.56+0.13
Precirol® ATO 5 3.96 £0.11
Compritol® 888 ATO 3+0.07
Stearic acid 1.29 £0.09
Tristearin 0.72 +£0.02
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Tripalmitin 0.7 +£0.01

Trimyristin 1.35+0.02
Gelucire® 48/01 0.93 £0.01
Lipophilic solid solubilisers
Gelucire® 48/16 69.47 + 4.69
Gelucire® 44/14 49.22 £ 0.81
Gelucire® 50/13 41.86 £ 0.94

On the other hand, the solubility of Sf in different lipophilic liquid ingredients was
examined. As shown in Table 3.2, the Sf solubility was found to be the highest in
Peceol™ and Caproyl® 90 at 15.68 £ 0.51 mg/mL and 13.44 + 0.17 mg/mL, respectively.
However, Transcutol® P, which is well known to be a powerful solubiliser?’, has
exhibited the highest solubility of 162.18 + 2.83 mg/mL. These results partially agree
with the previously reported data with a slight deviation that could be attributed to the use

of sorafenib tosylate salt instead of the base?*®.

Table 3.2: Sf solubility in different liquid lipids and liquid solubilisers.

Lipid ingredient Solubility (mg/mL)
Liquid lipids (oils)

Peceol™ 15.68 £ 0.51
Caproyl® 90 13.44 +0.17
Lipiodol® oil 1.13+£0.14

Ethyl oleate 0.27 £0.05
Soybean oil 0.31 +0.04
Sunflower oil 0.82 +0.15
Labrafac® WL 1349 0.58 £0.05

liquid solubiliser

Transcutol® P 162.18 £2.83
Labrasol® 85.6 +1.63
Labrafil® M 1944 CS 2.87 £0.13
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3.3.4. Preliminary screening of the type of solid lipids and surfactants for

preparation of SLN

Firstly, to screen the feasibility of the formulation of SLN in terms of colloidal properties,
stability and drug loading using the solid lipids that showed the highest dissolving
capacity for Sf, SLN were prepared using Geleol™ as a main solid lipid matrix with
different stabilisers (Tween 80 (T80), Poloxamer 188 (P188), and Poloxamer (P407)) at
a lipid stabiliser ratio of 5:2 and initial Sf amount added of 10 mg. As shown in Table 3.3,
Geleol™ produced solid lipid nanoparticles with all the screened surfactants with particle
sizes between 86 and 128 nm and a moderate negative zeta potential (between -15.1 and
-18.8 mV). However, it was remarkable that both poloxamers (P188 and P407) could
produce smaller particles with narrower size distribution compared to T80 used at the
same concentration. Furthermore, regarding drug loading, T80 showed statistically
significantly (p< 0.05) higher EE% (42.6 + 3.5%) than both poloxamers. This could be

explained by the higher dissolving capacity of T80 compared to poloxamers.

Nevertheless, after 48 h of storage, all Geleol™-based SLN using different surfactants
exhibited massive gelation. The gelation phenomenon of SLN could be ascribed to many
factors such as high lipid concentration, mechanical stress, insufficient surfactant
coverage, low static stability (low zeta potential values), temperature, and light
exposure!®*!3 Thus Precirol® ATO 5, having the second highest dissolving capacity for

Sf, was employed as a main solid lipid matrix for the rest of the screening process.

Table 3.3: Particle size (P.S.), Polydispersity index (PDI), Zeta potential (Z.P.),
Entrapment efficiency (EE%), and Loading capacity (LC%) of Geleol™-based SLN
using different surfactant at lipid to surfactant ratio of 5:1

Solid P.S.£SD Z.P.-SD | EE% £SD | LC% £SD
olid | syrfactant PDI + SD . .
lipid (nm) (mV) (%) (%)
s T8O 128 £ 6.1 0.4 +0.008 -151+£36 | 42.6+3.5 0.85+0.07
=
T‘g P188 86+5.6 0.142 £0.008 | -18.8+4.2 | 294+2.1 0.58 £0.04
8 P407 101.8 £7.2 ] 0.146 £0.015 | -15.7+2.4 | 245+4.7 0.49 +0.09
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Secondly, the effect of surfactant type and concentration on the physicochemical
properties and drug loading of the SLN using Precirol® ATO 5 as a solid lipid was
studied. From Table 3.4, increasing the surfactant concentration from 1% to 3% decreased
the particle size with no significant (p> 0.05) impact on the polydispersity index (PDI).
Similar to Geleol™-based SLN, 5% Precirol® ATO 5 SLN stabilised with 1% P188
gelled after a short preparation time which could be attributed to high lipid concentration
with an insufficient surfactant to prevent particles aggregation’S. Zeta potential did not
show any significant (p> 0.05) change between different surfactants and concentrations.
Regarding drug loading, T80 showed higher EE% than Poloxamers (P188 and P407),
which increased by increasing the T80 concentration from 1% to 2%. However, the EE%
decreased by using 3% T80, which could be ascribed to the partitioning of Sf molecules
towards the hot surfactant aqueous medium during the emulsification process due to the
solubilising effect of T80 leading eventually to drug precipitation as microparticles upon

cooling!®3,

Table 3.4: The effect of surfactant type and concentration on the particle size (P.S.),
Polydispersity index (PDI), Zeta potential (Z.P.), Entrapment efficiency (EE%), and
Loading capacity (LC%) of 5% Precirol® ATO 5-based SLN

Surfactant EE% + LC% +
P.S.£SD Z.P. £SD
Surf concentration PDI + SD SD SD
urfactant (nm) (mV)
(%) (%) (%)
0.273 + -21.6+ 0.63 +
1 182.6 £2 31.6+£2.9
0.015 4.8 0.06
0.229 + 217+ 0.76 £
2 2 139.2+4.6 38.3+4.1
= 0.007 6.2 0.08
0.219 + 0.57 £
3 88.9+1.4 -19+88 | 28.7+3.5
0.011 0.07
1 Gelation
027 + 27.6 0.31+
o0 2 187.7+3.4 154+2.8
® 0.01 6.8 0.06
[a
025+ 21.8+ 032+
3 117.2+£2.5 16.3+3.1
0.09 5.8 0.06
= 0.226 + 0.28 +
= 1 2293 +23 234+6 | 13.9+£2.8
o 0.017 0.06
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0.293 + -20.3 + 033+
2 177.3+6.2 16.6 £3.2
0.018 5.8 0.06
0.245 + -20.4 + 033+
3 117.6 £1.2 16.7+3.5
0.004 5.1 0.07

From this screening step, 5% Precirol ATO 5 and 2% tween 80 were chosen as a solid

lipid and surfactant, respectively, for the next screening step.

3.3.5. Miscibility assessment of lipid ingredients

Due to the low Sf solubility in pure solid lipids and oils, adding solubilisers was
considered to enhance drug loading. Therefore, based on the solubility study results
(shown in a previous section), Gelucire® 48/16 and Transcutol® P were employed as
solid and liquid solubilisers, respectively. For determining the proper ratios of Gelucire®
48/16 and Transcutol® P to be added with the solid lipid, the miscibility between these
two excipients and Precirol® ATO 5 was assessed using the DSC method (for both) and

paper smear method (for Transcutol® P)*2,

The DSC method was used based on the fact that a depression in the melting point of
Precirol® ATO 5 is expected following the incorporation of Gelucire® 48/16 and
Transcutol® P into the lamellar structure of the solid lipid?***”7. As depicted in Figure
3.9a, the thermal curve of Pure Precirol® ATO 5 before heating showed a single
endothermic melting peak with the onset and maximum temperatures at 52.7° C and 57.2°

C, respectively, ascribed to the melting of the stable B-polymorph form?*’

. However, after
exposure to heating at 80° C for 1 h and subsequent cooling to room temperature (~ 25°C),
the thermal curve of resolidified lipid (red line) exhibited a small shoulder, peaked at
48.9° C, which may be assigned to the melting of the metastable a-form, formed during

the recrystallisation of Precirol® ATO 5378,

Furthermore, it was remarkable that increasing the Gelucire 48/16 percentage up to 20%
w/w in the mixture resulted in a decrease in the onset, maximum temperatures (Figure
3.9b), and fusion enthalpy of Precirol® ATO 5. Above this percentage, no further
depression in the onset and maximum peak temperatures was noticed. A new endothermic

peak appeared around 43.3° C at high Gelucire® 48/16 percentages (> 30% w/w) that
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could be attributed to the melting of Gelucire 48/16 indicating the incidence of phase

separation.
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Figure 3.9: DSC thermograms of Precirol® ATO 5 with different Gelucire® 48/16
percentages (w/w) after heating for 1 h at 80° C followed by cooling at room
temperature (~ 25°C) for 24 h (a), the effect of Gelucire® 48/16 on the peak onset and
melting point of Precirol® ATO 5 (b).

Similarly, the onset and the maximum peak temperature of the melting of Precirol® ATO
5 decreased with increasing Transcutol® P amount up to a concentration of 20% (w/w)
of the solid lipid (Figure 3.10a and b). Moreover, all solid-liquid lipid combinations
demonstrated a noticeable increase in the intensity of the endothermic peak around 50.95°
C related to the less crystalline a-form (Figure 3.10a). This could be explained by the
presence of Transcutol® P within the crystal structure of Precirol® ATO 5, favouring the
formation of the less crystalline a-form®’® and indicating a good miscibility between
Precirol® ATO 5 and Transcutol® P reaching the maximum at Transcutol® P
concentration of 20% w/w. It is well reported that lipid matrices with some degree of
disorder (less crystalline) allow more voids for higher drug payload compared to the more
ordered structures (more crystalline lipid)!'47-148:150:133.186 " Thege results were further
confirmed by visual inspection of samples smeared on filter paper as no droplets were
spotted on the filter paper until reaching 30% w/w Transcutol® P (Figure 3.10c). These

findings come in agreement with the previously reported data”?.
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Based on these results, 20% w/w of Gelucire 48/16 and Transcutol® P were chosen as
appropriate concentrations of excipients to ensure good miscibility with the solid lipid

(Precirol® ATO 5).
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Figure 3.10: DSC thermograms of Precirol® ATO 5 with different Transcutol® P
percentages (w/w) after heating for 1 h at 80° C followed by cooling at room
temperature (~ 25°C) for 24 h (a), the effect of Transcutol® P percentages on the peak
onset and melting point of Precirol® ATO 5 (b), and the filter paper of paper smear
method for detection of phase separation (c).

3.3.6. Preparation and characterisation of Gal-Sf-SLN and Gal-Sf-NLC

As a final screening step to investigate the impact of lipid composition on the colloidal
properties and drug loading of lipid nanoparticles, several formulations with different

lTM

compositions, as elaborated in Table 3.5, were prepared. Peceol ™ oil was included as an

oil ingredient based on the Sf solubility studies.
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Table 3.5: The composition of different screened lipid nanoparticles formulations

Solid | Liquid
Drug Solubiliser Surfactant | Water
R g || tipid (mg) mg) | ()
m m m m
code | | mg) | (mg) ° °
Precirol® | Peceol™ | Gelucire | Transcutol
Sf . Tween 80
ATO S oil ® 48/16 ® P

F1 10 500 200 10
F2 10 400 100 200 10
F3 10 400 100 200 10
F4 10 400 100 200 10

From Table 3.6, the addition of liquid oil (Peceol™) to the solid lipid in F2 did not exhibit
a significant (p> 0.05) change in the particle size compared to the solid lipid alone (F1).
In contrast, the incorporation of both Gelucire® 48/16 and Transcutol® P in the lipid
composition resulted in a significant (p< 0.05) reduction in the particles size due to the
surface activity of these components that helps maintain the stability of the small

nanodroplets during the emulsification process'*’.

Table 3.6: The effect of lipid composition on the particle size (P.S.), Polydispersity
index (PDI), Zeta potential (Z.P.), Entrapment efficiency (EE%), and Loading capacity
(LC%) of the formulated lipid nanoparticles.

P.S. £SD Z.P.=SD EE% + SD LC% +SD
PDI +SD
Formula | (nm) (mV) (%) (%)
F1 139.2+4.6 | 0.229+0.007 -21.7+6.2 38.3+4.1 0.76 +0.08
F2 1446 43 | 0.25+0.003 -39.7+£2.2 44.5+4.6 0.88 £0.09
F3
82.9+8.7 | 0.245+0.011 -299+1.6 86.2+5.2 1.69+0.1
(S£-SLN)
F4
111.2+34 0.224+0 -342+1.9 93.4+5.7 1.83 +0.11
(SE-NLC)

It is well reported that NLC were developed as a second generation of SLN by introducing
liquid oils into the composition of SLN that impart imperfections in the crystalline

structure of solid lipids conferring more voids to accommodate more drug load and
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enhancing the loading stability!>%*°*37> However, the introduction of Peceol™ oil into
the lipid structure showed a slight insignificant (p> 0.05) increase in drug loading
compared to solid lipid nanoparticles (F1). This could be attributed to the limited

solubility of Sfin Peceol™.

On the other hand, the incorporation of Gelucire® 48/16 as a solid solubiliser to enhance
the drug loading of SLN has contributed to a significant (p< 0.05) enhancement in the
drug loading, having EE% of 86.2 + 5.2%. This could be ascribed to the high Sf solubility
in Gelucire® 48/16 (69.47 + 4.69 mg/g) and its good miscibility with Precirol® ATO 5.
Similarly, the employment of Transcutol® P as a liquid solubiliser has remarkably
increased the drug loading up to EE% of 93.4 + 5.7%, which could be attributed to both
high Sf solubility in Transcutol® P and good miscibility of Transcutol® P with Precirol®
ATO 5 in addition to the liquid nature of Transcutol® P.

Although Transcutol® P is not a typical liquid lipid (oil), several studies have employed
it as a liquid ingredient to produce NLC?82379383 Thus, based on the previous results,
formulas F3 and F4 were chosen as the optimised composition of Sf-SLN and Sf-NLC,

respectively.

To prepare liver-targeted lipid nanoparticles, the galactosylation of the optimised Sf-SLN
and Sf-NLC was carried out by incorporating the previously synthesised Gal-SA at a
concentration of (0.05% w/w to the total lipid weight) according to the previous study>**.
From Table 3.7, the incorporation of Gal-SA within Sf-SLN and Sf-NLC structure
resulted in a statistically significant (p< 0.05) decrease in the negative values of zeta
potential, which could be ascribed to the presence of free unconjugated stearylamine (SA)
that partially neutralised the negative charge by its protonated terminal amine groups.

This confirms the surface exposure of the liver-targeting galactose moieties on Sf-SLN

and Sf-NLC.
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Table 3.7: Particle size (P.S.), Polydispersity index (PDI), Zeta potential (Z.P.),
Entrapment efficiency (EE%), and Loading capacity (LC%) of the optimised
galactosylated SLN and NLC formulations.

P.S.+SD Z.P.£SD | EE% +=SD | LC% +=SD
PDI +SD
Formula (nmm) (mV) (%) (%)
Gal- SLN 77.38 +1.7 0.229£0.013 -20.5+0.7 - -
Gal- NLC 119.8 =14 0.219 +0.009 -248+0.2 - -
Gal-Sf-SLN | 79.4+1.5 0.236 +0.022 -16.1+1.1 | 88.1+4.7 | 1.73+0.09
Gal-Sf-NLC 113.2+3 0.187+0.012 -238+1.1 | 924+53 | 1.81+0.1

3.3.7. Morphology of lipid nanoparticles using electron microscopy

The shape and surface morphology of blank and Sf-loaded Gal-SLN and Gal-NLC were

inspected using TEM and SEM. From Figure 3.11, TEM images of all tested samples

showed almost spherical nanoparticles with smooth surface morphology within the 70-

120 nm particle size range, which was in agreement with the particle size data measured

by DLS. It was also remarkable that no drug crystals were noticed in the drug-loaded

specimens asserting that no unencapsulated Sf in the quantified amounts in drug-loading

studies.

nm

Figure 3.11: TEM images of blank Gal-SLN (a), Gal-Sf-SLN (b), blank Gal-NLC (c¢),
and Gal-Sf-NLC (d).
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Furthermore, SEM images (Figure 3.12) also showed aggregates of mostly spherical
nanoparticles with some agglomeration that may be attributed to the lipid nature
(stickiness) that affects its stability during the drying process besides the deposition of

Au layer during sample preparation for SEM scanning.

Figure 3.12: SEM images of blank Gal-SLN (a), Gal-Sf-SLN (b), blank Gal-NLC (c),
and Gal-S{-NLC (d).

3.3.8. Solid state characterisation

3.3.8.1.Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

FTIR analysis was conducted to inspect any chemical change in the lipid nanoparticles
due to nanofabrication and drug encapsulation. As depicted in Figure 3.13, Precirol®
ATO 5 IR absorbance spectrum exhibited the characteristic absorbance bands identified
at 1470 cm™ (C-C stretching), 1730 cm™ (C=O stretching), and 2851 and 2914 cm™ (C-
H stretching), as reported elsewhere*® 3%, For Gelucire 48/16, the spectrum showed a
sharp band at 1105 cm™ (C-O stretching) of PEG moiety with overlapping bands around
2885 cm! (C-H stretching) of PEG moiety, and stearic and palmitic acid moieties. Being

an ether, Transcutol® P spectrum demonstrated bands at 1107 cm™ (C-O stretching), and
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2784 cm™ (C-H stretching) with a broad band at 3424 cm™ (O-H stretching) of the
terminal hydroxyl group*®. Sf spectrum revealed two characteristic bands at 3298 cm!
and 3337 cm ™! (N-H stretching) of amide and a band at 3074 cm™! (C-H stretching) with
a characteristic band at 1705 cm™' (C=0 stretching) of the amide group®®. The physical
mixtures of both Gal-Sf-SLN and Gal-Sf-NLC were prepared by mixing all their
ingredients at the same ratios of the optimised formulations using a pestle and mortar.
The spectra of the physical mixtures and SF-loaded lipid nanoparticles (SLN and NLC)
did not show any observed changes or interactions between components confirming the
chemical stability of the ingredients during nanoparticle preparation and drug

encapsulation.
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Figure 3.13: FTIR absorbance spectra of Gal-Sf-SLN (a), and Gal-Sf-NLC (b) with
their raw materials and physical mixtures.

3.3.8.2.Differential scanning calorimetry (DSC)

DSC analysis was employed to investigate the thermal behaviour of the formulated lipid
nanoparticles. As demonstrated in Figure 3.14 a and b, Sf showed its sharp endothermic
melting peak at 209° C, while Precirol® ATO 5 and Gelucire® 48/16 exhibited their
endothermic melting peak at 57.2° C, and 48° C, respectively. The physical mixtures of

123



both Gal-Sf-SLN and Gal-Sf-NLC showed the melting peaks of the corresponding
ingredients with slight deviation due to the miscibility between different ingredients, as
discussed in a previous section. At the same time, the sharp endothermic peak of Sf was
not observed in the thermograms of both physical mixtures and freeze-dried lipid
nanoparticles. This suggests that the drug was well dissolved in the molten lipid, which
agrees with the solubility study of Sf in the lipid matrix. The same observation was
reported by Teixeira, M. 1. ef al. during the preparation of lactoferrin functionalized lipid
nanoparticles for Riluzole Delivery®®>. Notably, the thermograms of both Gal-Sf-SLN
and Gal-Sf-NLC showed a broadening in the endothermic peak, accompanied by a shift
of the onset and the melting point to a lower temperature. These changes are mainly
attributed to the interactions of the solid lipid with the liquid Transcutol® P and the
surfactant during the nanofabrication process. According to the Gibbs-Thompson effect,
sub-micron sized solid lipid particles can get to thermodynamic equilibrium at lower
temperatures compared to the larger crystals in their (bulk lipid) physical mixtures due to
the higher surface-to-bulk free energy ratio of small particles*®*¥¢3° In addition,
polymorphic transformations and the recrystallisation process can be further distorted by

376,391

the adsorption of surfactant molecules on the lipid particle surface , explaining the

changes in the melting and crystallisation profiles of lipid nanoparticles.
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Figure 3.14: DSC thermograms of Gal-Sf-SLN (a), and Gal-Sf-NLC (b) with their raw
materials and physical mixtures.
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3.3.8.3.Powder X-Ray Diffraction (PXRD)

To further investigate any changes in the crystalline structure of the nanoparticles, PXRD
experiments were carried out. As shown in Figure 3.15, Sf exhibited various characteristic
diffraction peaks at 20 of 11.3° 18.5°, and 24.7°, denoting its highly crystalline
structure*®-3%2, Moreover, the diffractogram of Gelucire 48/16 depicted two distinctive
sharp diffraction peaks at 20 of 19° and 23.2° 3}, while Precirol® ATO 5 showed a broad
peak within the range between 18° and 25° **. The physical mixtures of both Gal-Sf-SLN
and Gal-Sf-NLC showed all the distinctive diffraction peaks of the ingredients. However,
the intensity of peaks was lessened in NLC due to the presence of a liquid ingredient
(Transcutol® P)***. Furthermore, the diffractograms of Gal-Sf-SLN and Gal-Sf-NLC
revealed diminished diffraction peaks indicating a significant decrease in the crystallinity
of lipids with a complete disappearance of Sf peaks. The reduction of the crystallinity of
the lipids could be attributed to the nanoformulation process, especially by using
ultrasonication and the presence of surfactants that may impede lipid recrystallisation®>.
For Sf, the disappearance of its diffraction peak could be ascribed to the low drug content
in the formulations to a level below the limit of detection of the instrument and the

dissolution of the drug into the lipid matrix during the formulation.
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Figure 3.15: PXRD patterns of Gal-S{f-SLN (a), and Gal-Sf-NLC (b) with their raw
materials and physical mixtures.
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3.3.9. Redispersibility of freeze-dried optimised lipid nanoparticles

Solidification, by freeze-drying, is a key step to improve the stability of SLN and NLC
for longer storage time compared to aqueous dispersion. However, maintaining the
colloidal characteristics of nanoparticles during freeze-drying and redispersion processes
is essential. To help with that, different cryoprotectants are reported to be used during
freeze drying, such as trehalose, mannitol, and sucrose. Cryoprotectants are known to act
by embedding nanoparticles in an amorphous matrix that minimise the interaction
between nanoparticles with ice crystals during the freezing step and the intimate

interaction between nanoparticle themselves®®

. Among all employed cryoprotectants,
trehalose was reported to be the most efficient in maintaining the colloidal
properties®®®*7. Thus, the effect of using 5% of trehalose to preserve the particle size of

lipid nanoparticles during the freeze-drying step was assessed.

As shown in Figure 3.16, the impact of freeze drying was more profound on NLC
formulations than SLN, which could be ascribed to the presence of a liquid ingredient in
NLC, rendering it stickier and more resistant to redispersion compared to SLN.
Furthermore, the addition of 5% trehalose helped to maintain the particle size after
redispersion represented in lower redispersibility index (RI) values, in Table 3.8, with a

more substantial impact in the case of NLC compared to SLN.
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Figure 3.16: The influence of the addition of 5% trehalose on the particle size of the
freeze-dried optimised lipid nanoparticles after redispersion in MilliQ water.
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Table 3.8: Redispersibility index of optimised lipid nanoparticles after freeze-drying
and redispersion with and without using 5% trehalose as cryoprotectant.

Gal-SLN Gal-Sf-SLN Gal-NLC Gal-Sf-NLC
Without 5 % trehalose 2.24 2.03 2.62 3.15
With 5 % trehalose 1.75 1.87 1.477 1.41

3.3.10. In-vitro drug release studies

Drug release studies from Gal-Sf-SLN and Gal-Sf-LNC were carried out to investigate
the influence of Sf encapsulation and oil incorporation on sustaining St drug release.
Firstly, the equilibrium solubility of Sf in different media was determined to ensure the
sink condition during the release study. Due to the very low solubility of Sfin PBS at pH
7.4 at 37° C (4.3 = 1.2 ug/mL), most of the reported studies used surfactants to increase
Sf solubility in the release medium from which Tween 80'?**%and Sodium dodecyl
sulphate (SDS)** were the most commonly used. As shown in Table 3.9, Tween 80
demonstrated higher dissolution capacity for Sf compared to SDS. Hence, 40 mL of 1%

Tween in PBS at pH 7.4 was chosen as a release medium?3¢%-3%,

Table 3.9: Sorafenib solubilities in different proposed release media at 37°C.

Medium Sf solubility (ng/mL)
PBS at pH 7.4 43+1.2
1% Tween 80 in PBS at pH 7.4 72.3+£5
2% Tween 80 in PBS at pH 7.4 147.0+9.0
1% SDS in PBS at pH 7.4 352 +3.1
2% SDS in PBS at pH 7.4 72.4+£3.6

Additionally, including Sf solution as a control in the experiment design was considered
to demonstrate the dialysability (the ability of Sf molecules to diffuse out of the dialysis
membrane) and to represent the immediate release profile of Sf (negative control). From
the literature, some studies did not include Sf solution as a control*®>*% while others

included drug solution without specifying the used solvent**!~*%*, Due to low Sf solubility,
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Yang, S. et al. used a Cremophor EL—ethanol (1:1, v/v) mixture to dissolve Sf*%¢.
However, the Sf solution showed only around 34% drug release after 48 h. This
observation could be explained by the solvent diffusion out of the dialysis bag. In contrast,
PBS (from the release medium) diffuses in leading to drug precipitation inside the dialysis
bag. To investigate this point, Sf release from Sf solutions using different solvents
(namely, ethanol, DMSO, PEG 400, 50:50 v/v ethanol: PBS at 7.4, and 1% Tween 80 in
PBS at 7.4) was studied. As depicted in Figure 3.17, around 7% of Sf was released from
1% Tween 80 in PBS at pH 7.4 (the release medium). This could be attributed to the
encapsulation of Sf molecules inside Tween 80 micelles that exhibited a very sustained
release. Furthermore, the use of 50:50 v/v ethanol: PBS showed a higher released amount
of Sf compared to Tween 80. Still, it only reached 54% after 10 h, followed by a very low

release rate, suggesting St precipitation may have happened due to solvent diffusion.

On the other hand, using pure solvents resulted in reaching higher release levels of Sf due
to the higher solubility of Sf in these solvents. However, both ethanol and DMSO only
released 81% and 72% of St after 10 h from ethanol and DMSO, respectively, followed
by a prolonged release, which also could be attributed to the rapid diffusion of the small
molecules of solvents that led to Sf precipitation inside dialysis bag (scenario I in Figure
3.18). However, due to the high molecular weight and viscosity of PEG 400, its diffusion
through the dialysis membrane was relatively slower than the diffusion rate of Sf
(scenario II in Figure 3.18), allowing the complete Sf release after almost 20 h. Thus,

PEG 400 was chosen as a solvent for Sf in the release studies.
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Figure 3.17: Sorafenib release profiles from different solvents employing dialysis bag
method using 1% Tween 80 in PBS at pH 7.4 as release medium and kept under shaking
at 100 rpm at 37° C.
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Figure 3.18: Sorafenib diffusion scenarios from different solvents through the dialysis
membrane.
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Figure 3.19 demonstrates Sf release profiles from Gal-Sf-SLN and Gal-Sf-NLC. Both
profiles exhibited a sustained release with 20.4 + 0.3% and 27.7 £ 1.3% of Sf released
from Gal-Sf-SLN and Gal-Sf-NLC, respectively. Moreover, the data reveal that Sfrelease
from both SLN and NLC is biphasic, with an initial burst release observed within the first
hour followed by slower and more sustained release. The initial burst release suggests the
presence of Sf-enrich shell, as discussed in Chapter 1 (section 1.5.1.3), due to the
formation of a surfactant-lipid boundary layer enriched with Sf as previously
reported**24%4, It is noteworthy that Gal-Sf-NLC showed a relatively faster release than
Gal-Sf-SLN, which could be attributed to the presence of a liquid lipid compartment
(Transcutol® P) that confers a more rapid diffusion pathway to Sf molecules compared
to the solid lipid. Moreover, the MDT (mean dissolution time) of Gal-Sf-SLN and Gal-
Sf-NLC were 51.8 = 0.3 h and 54 + 2.8 h, respectively, which were almost 11.4 times
higher than that of the Sf solution (4.6 + 3.5 h). This asserts the potential of Sf

encapsulation into SLN and NLC to sustain the drug release.
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Figure 3.19: In-vitro Sorafenib release profiles from Gal-Sf-SLN and Gal-Sf-NLC using
1% Tween 80 in PBS at pH 7.4 as release medium and kept under shaking at 100 rpm at
37° C.

The difference (f1) and similarity (f2) factors were calculated for further mathematical
comparison between different Sf release profiles. From Table 3.10, the Sf release profile
from the solution was significantly different (f1>15 and f2<50) from those from Gal-Sf-
SLN and Gal-Sf-NLC. However, drug release profiles from both Gal-Sf-SLN and Gal-
Sf-NLC showed a high level of similarity (70.44%).
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Table 3.10: Difference factors (f1) and Similarity factors (f2) of the release profiles of
Sf solution, Gal-Sf-SLN, and Gal-Sf-NLC.

Formulation
Comparison parameter Sf solution Gal-SE-SLN Gal-SE-NLC
87.3
Difference factor (f1) 31.7
83.3 83.3
6.9
Similarity factor (f2) 70.44
7.9 7.9

Furthermore, the mathematical modelling of the in-vitro release data (Table 3.11)
revealed that the release of Sf from the solution followed first-order release kinetics with
R? value of 0.9878, implying that Sf release is proportional to the amount of Sf remaining
in the dialysis bag that diminishes over time. While the release data of both Gal-Sf-SLN
and Gal-Sf-NLC followed Korsmeyer-Peppas release kinetic model with R? values of
0.9800 and 0.9826, respectively, and n values very close to 0.5 implying a fickian model
of drug release where the drug release is mainly governed by drug diffusion through lipid

matrix after the initial burst release.

Table 3.11: In-vitro drug release kinetic models of Sf solution, Gal-Sf-SLN and Gal-St-

NLC.
R? of different formulations
Model Equation
ode Sf solution | Gal-Sf-SLN | Gal-Sf-NLC

Zero-order f=kot -0.6078 0.7897 0.8159
First-order f=1—exp(-kt) 0.9878 0.8164 0.8484
Higuchi f=ky.t" 0.352 0.9780 0.9821
0.977 0.9800 0.9826

Korsmeyer-Peppas f=kip . t"

n=1.002 n =0.463 n = 0.482

Hixon-Crowell f=11-( knc. t)] 0.2887 0.8079 0.8384

131




3.3.11. In-vitro cytotoxicity

As a proof of concept, the cytotoxicity studies of the optimised SLN and NLC were
carried out to investigate the effect of drug encapsulation and the surface galactosylation
on the cytotoxic efficiency of Sf on HepG 2 cells after incubation for 48 h. From Figure
3.20, the Sf solution exhibited remarkable cytotoxicity with ICso of 2.378 + 0.33 pg/mL.
At the same time, both Sf-loaded SLN and NLC showed a lower cytotoxicity with ICsgo
values of 7.49 = 0.93 and 6.46 = 0.75 ug/mL, respectively. This could be attributed to the
prolonged drug release character from these lipid-based nanoparticles, as demonstrated
in the drug release section, besides the lipid's slow degradation rate after cellular
uptake®®*. On the other hand, galactosylated lipid nanoparticles exhibited a slight
insignificant (p> 0.05) decrease in ICso values to 6.14 +£0.89 and 5.172 + 0.53 pg/mL for
Gal-Sf-SLN and Gal-Sf-NLC, respectively, compared to the unmodified counterparts.
This could be explained by the low surface exposure of the galactosylated lipid due to the
use of an insufficient amount of Gal-SA and low conjugation efficiency. Additionally, it
was noteworthy that the blank lipid nanoparticles displayed remarkable cytotoxicity even

though lipid nanoparticles are considered relatively safe nanodelivery systems compared

to other nanocarriers such as polymeric nanoparticles'>*!”.
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Figure 3.20: Cell viability plot of HepG 2 cells after incubation for 48 h at 37°C with
free Sf solution, blank and Sf-loaded SLN and NLC, and their galactosylated
counterparts (both blank formulations were diluted similarly to the Sf-loaded

counterparts).
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To investigate the source of cytotoxicity of the blank lipid nanoparticles, Blank SLN
comprised of Precirol® ATO 5 and stabilised with different stabilisers (namely, Tween
80 (T80), Poloxamer 188 (P188), and Poloxamer 407 (P407)) at lipid: surfactant ratio of
5:2 and incubated with HepG2 cells in concentrations up to 1250 pg/ml lipid (up to 500
pg/mL of surfactant) for 48 h. Surprisingly, Precirol® ATO 5-based SLN showed high
cytotoxicity over the investigated concentrations with all tested surfactants, as depicted
in Figure 3.21a, with ICso values (281.3 + 23.8 ug/mL, 320 = 21.2 pg/mL, and 380.7 £+
20.3 pg/mL of lipid concentration for blank Precirol SLN with T80, P144, and P407,

respectively).

It is well reported that the most possible source of cytotoxicity of lipid nanoparticles are
the surfactants!’>!80-182 However, there are some discrepancies about whether the
surfactants’ cytotoxicity is ascribed to the free or the bound portion on the nanoparticles.
To examine that, the cytotoxicity of free surfactant solutions was tested on HepG 2 cells
for 48 h. From Figure 3.21b, both P188 and P407 demonstrated 100% cell viability with
concentrations up to 1.2 mg/mL, while Tween 80 solution exhibited considerable
cytotoxicity with ICsoof 621.7 + 29.3 pg/mL. Nevertheless, all tested surfactants did not
show significant cytotoxicity (cell viability > 80%) up to 500 pg/mL, suggesting that the
cytotoxicity of blank Precirol® ATO 5 SLN originated from the nanoparticles
themselves. Scholer N. et al. reported the same finding'®?, as it was found that SLN
stabilised by different stabilisers (P188, P407, T80, Solutol® HS15) showed higher

cytotoxicity on peritoneal macrophages compared to free stabiliser solutions'®?.

To verify the role of the lipid nature in the cytotoxicity of SLN, the cytotoxicity of blank
Compritol® 888 ATO-based SLN using different stabilisers, in the same manner as blank
Precirol® ATO 5-based SLN, was examined. As shown in Figure 3.21c, blank lipid
nanoparticles stabilised with P188 and P407 were completely safe over the screened
concentrations up to 1250 pg/mL lipid concentration, while T80-stabilised nanoparticles
exhibited lower cellular viability (76.6 + 6.6 %) at the highest concentration (1250
pg/mL). The relative high cytotoxicity of T80 compared to P188 and P407 was previously
reported by Miiller et al. when Compritol® 888 ATO based stabilised with different
stabilisers were tested for their cytotoxicity on Polymorphonuclear leukocytes (PMN)*,
This signifies that the cytotoxicity of blank Precirol® ATO 888 was partially attributed
to the Precirol® ATO 888 solid lipid itself.
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Figure 3.21: Cytotoxicity profiles of (a) blank Precirol® ATO 5-based SLN using
different surfactants, (b) free surfactant solutions, and (c) blank Compritol® 888 ATO-
based SLN using different surfactants after incubation with HepG2 cells for 48 h.

By screening the literature, the only reported study that investigated the cytotoxicity of a
blank Precirol ATO 5 based SLN, stabilised with Cremophor RH 40 in lipid to surfactant
ratio of 3:2.5, on HepG2 cell after incubation for 48 h showed that SLN were safe up to

0.6 mg/mL with ICso of 3.1 mg/mL***. This finding suggests that the cytotoxicity in our

current study could be attributed to impurities in Precirol® ATO 5.

134




3.4.Conclusion

The synthesis of a galactosylated stearylamine as a liver-targeting ligand was successfully
achieved by direct amidation reaction and confirmed by both FTIR and 'H-NMR. During
the preparation of SLN and NLC, it was found that using high solid lipid concentrations
and insufficient surfactant may lead to the gelation of the lipid dispersion. In addition,
surfactant type and concentration were found to have a significant impact not only on the
particle size and size distribution of the lipid nanoparticles but also on the drug loading.
It was revealed that increasing Tween 80 concentration led to increasing the drug loading
till a certain limit, above which increasing surfactant concentration seems to increase drug

partitioning into the aqueous medium, negatively affecting the drug loading.

Moreover, incorporating St solubilisers, such as Gelucire® 48/16 and Transcutol® P that
demonstrated high miscibility with Precirol® ATO 5, led to a remarkable enhancement
in the drug loading into lipid nanoparticles compared to SLN compared to SLN or NLC
that encompasses Peceol™ oil. This could comprise a promising strategy to augment drug

loading in lipid nanoparticles.

The galactosylated SLN and NLC were successfully prepared by incorporating the
galactosylated conjugate into the lipid matrix during preparation. Both galactosylated
SLN and NLC showed a nanosized (< 150 nm) with narrow size distribution (< 0.25)
spherically shaped particles. FTIR analysis of freeze-dried systems showed no change
compared to physical mixtures. Moreover, the DSC study confirmed the complete
incorporation of Sf in the lipid matrix. Galactosylated systems showed a very sustained

release profile compared to drug solutions.

By assessing the cellular cytotoxicity on HepG2 cells, blank lipid systems showed
significant cytotoxicity levels, which masked the effect of nanoformulation and
galactosylation on Sf cytotoxicity. The cytotoxicity of the blank lipid systems could be
attributed to the presence of impurities in the solid lipid. From this finding, it is very
crucial to consider the safety of the blank nanocarriers during the design and formulation

of delivery systems, especially in case of low drug loading.
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Chapter 4

Preparation and in-vitro appraisal of galactosylated Sorafenib-loaded
lipid nanocapsules with lipiodol oil core as a liver-targeted theranostic

agent



4.1.Introduction

Lipid nanocapsules (LNC) have evolved as a promising nanodelivery system for
encapsulating hydrophobic drugs since being initially introduced by Heurtault et al.?*.
As mentioned in Chapter 1 (section 1.5.2.) LNC have a distinctive structure with an oil
core (typically medium chain triglycerides ‘MCT’) surrounded by a rigid shell of
phospholipids stabilised by a hydrophilic non-ionic surfactant®®. LNC demonstrate
attractive potential for drug delivery due to their appealing traits, such as improved
physical stability, encapsulation of hydrophobic drugs, controlling drug release, and

prolonged blood circulation due to their pegylated surface. Since most anticancer agents

are hydrophobic, several agents have been successfully encapsulated into LNC, such as

214 221,228

paclitaxel?'®?%7, docetaxel*®, cisplatin®'4, curcumin*®® and etoposide

Lipiodol oil is an oil-based radio-opaque contrast agent that functions as a drug delivery
platform due to its radio-opacity and preferential tumour accumulation relative to
surrounding liver tissues’*#?”. In addition, It has been employed as a vehicle for delivering
different anticancer agents, including oxaliplatin®*, and doxorubicin®-*%4% From that,
the use of Lipiodol oil as a contrasting vehicle of the nanodelivery systems would impart
a diagnostic functionality to these systems allowing the detection and the tracking of the

accumulation of the delivered cytotoxic agent dose.

Although active targeting of nanodelivery systems has attracted significant attention for
the selective delivery of anticancer agents, minimising their side effects on healthy
tissues'%?, limited studies have investigated the active targeting of LNC?24241:410-413 Eor
the selective delivery of anticancer agents to liver cancer tissues, different active targeting
ligands have been studied. From this, targeting ASGP receptors via galactosylated

nanodelivery systems showed encouraging outcomes'?’.

This study aims to formulate and characterise Sf-loaded LNC using lipiodol oil as a
core with the surface grafting of the LNC with galactosylated TPGS using the post-
insertion method to serve as a liver-targeted theranostic agent for hepatocellular

carcinoma (HCC) (Figure 4.1).
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The objectives of this chapter:

To synthesise and characterise a lactobionic acid and TPGS conjugate to function as
liver targeting ligand (Gal-TPGS).

To fabricate of Sf-loaded lipid nanocapsules (Sf-LNC) and explore the impact of
different formulation parameters of their physicochemical properties.

To assess the post-insertion of Gal-TPGS into Sf-LNC on physical properties of
LNC.

To Appraise the colloidal stability of Gal-S{-LNC during short-term storage and
under physiological conditions.

To examine the targeting efficiency, cytotoxicity, and cellular uptake of the

developed Gal-Sf-LNC on HepG2 cells.

TPGS +  Lactobionic acid ——> Gal-TPGS
N * /’\./“*

Aqueous phase )

Dilution with cold

- water (2°C)
Lipiodol oil W/0 \

. v *
Cooling Heaing | | ieee | ¥
o0 oy PR ot .,
. . -
% Post-insertion & %
— 5 . . ., o
k! 60°C for2h % e ' 53
. % s
] 'y ."._
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* I
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Sorafenib Lipoid S100 Solutol HS

Figure 4.1: Schematic abstract for the preparation of galactosylated Sf-loaded lipid
nanocapsules (Gal-S{-LNC)
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4.2.Materials and methods
4.2.1. Materials

Solutol® HS (Kolliphor® HS15) and Lipoid S 100 were gifted from BASF
(Ludwigshafen, Germany) and Lipoid GmbH (Germany), respectively. Labrafac® WL
1349 and Transcutol® P were kindly provided by Gattefosse (France). Lipiodol® oil was
purchased from Guerbet (UK). Sorafenib was obtained from LC Labs (USA). Ricinus
communis agglutinin, RCA120, was purchased from 2BScientific (UK). Sodium
chloride, Tween 80, lactobionic acid, D-a-Tocopherol polyethylene glycol 1000
succinate (TPGS), Acetone, Triethylamine (TEA), dimethyl sulfoxide (DMSO),
deuterated dimethyl sulfoxide (DMSO-d6), ethylenediamine (EDA), 1,1'-
Carbonyldiimidazole (CDI), N-hydroxysuccinimide (NHS), 1-Ethyl-3- (3-
dimethylaminopropyl) carbodiimide (EDC), trypsin-EDTA solution, RPMI 1640
Medium, fetal bovine serum (FBS), phosphate buffer saline (PBS), Hanks' Balanced Salt
Solution (HBSS), 1% non-essential amino acids (NEAA), 1% penicillin—streptomycin
solution, phosphotungstic acid (PTA), trifluoroacetic acid (TFA), and Coumarin-6 (C6),
HPLC grade acetonitrile were purchased from (Sigma Aldrich, UK).

4.2.2. Preparation of Sf-loaded lipid nanocapsules (Sf-LNC)

Lipid nanocapsules formulations were prepared using the phase inversion temperature
(PIT) method first reported by Heurtault et al.?*"-?°2, Initially, a mixture of Sf (40 mg),
Lipiodol oil® (20% w/w), Lipoid® S100 (2.8% w/w), Kolliphor® HS15 (20% w/w),
Milli-Q water (55.5% w/w), and NaCl (1.68% w/w) was heated up to 90 °C under
magnetic stirring and then cooled to 60 °C. This heating-cooling cycle was repeated three
times. During the last temperature decrease, at the phase inversion temperature (~75° C),
an irreversible shock was induced by dilution with 7.5 g of pure cold Milli-Q water (~2°
C). Finally, LNC were kept under magnetic stirring at 400 rpm for 5 min. The LNC
dispersions were filtered through 0.22 pm syringe filters (Fisherbrand, UK) to remove
any unloaded drug and stored at 4°C. All given percentages were relative to the initial

dispersion weight. Blank LNC (B-LNC) were formulated similarly but without Sf
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addition. The effect of oil composition (Table 4.1) and oil: Solutol HS ratio on particle

size and drug entrapment efficiency was studied.

Table 4.1: Different oil compositions of LNC.

Labrafac® WL 1349 Lipiodol oil Transcutol® P
Formulation (% Wiw) (% w/w) (% w/w)
Sf-LNC 1 20 - -
Sf-LNC 2 10 10 -
St-LNC 3 - 20 -
SF-LNC 4 - 20 5

4.2.3. Characterisation of lipid nanocapsules (LNC)

The average particle size (P.S.), size distribution (PDI) and Zeta potential (Z.P.) of all
formulations were measured using (Zetasizer Nano, Malvern Instruments, Malvern, UK)
using the same procedures detailed in Chapter 2 (2.3.2.1.). TEM was used to analyse the
morphologies of LNC formulations according to the procedures described in Chapter 2
(section 2.3.3.1.). Drug loading was quantified using the previously reported HPLC
method in Chapter 3 (section 3.2.4.). 10 pL of filtered LNC was dissolved in 990 pL of
acetonitrile and filtered using a 0.22 um syringe filter. 20 puL of the solution was injected
into the HPLC system. Sf loading was calculated and expressed in mg of Sf/g of LNC
dispersion, while entrapment efficiency (%) was calculated using Eq. (3.1.) in Chapter 3

(section 3.2.9.).

4.2.4. Synthesis of galactosylated TPGS (Gal-TPGS)

Galactosylation of TPGS was carried out as previously reported with slight
modifications*'*. Briefly, 500 mg (0.33 mmol) TPGS was dissolved with 267 mg CDI
(1.64 mmol) in 5 mL dioxane and left under stirring at 37°C overnight to form the
imidazole carbamate intermediate (TPGS-CDI). Then, dioxane was removed by a rotary
evaporator at 60° C. The residue was dissolved in 2 mL of DMSO with 0.1 ml (1.5 mmol)
of ethylenediamine (EDA) and left under stirring for another 24 h. Afterwards, the
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reaction solution was dialysed using a dialysis membrane 1000 Da MWCO (Spectrum
Laboratories Inc., USA) against DMSO for 24 hr to remove excess EDA and CDI. In the
meantime, 358 mg (1 mmol) lactobionic acid (LA), 173 mg (1.5 mmol) NHS, and 233
mg (1.5 mmol) EDC were dissolved in 2 mL of DMSO and left under stirring for 4 h for
carboxylic acid activation. Next, the dialysis bag content was mixed with the activated
lactobionic acid. The reaction was left under stirring for 48 h, followed by dialysis
(MWCO = 1000 Da) against Milli-Q water for 48 h. The final product was then freeze-
dried for 24 h. The detailed scheme of chemical synthesis is detailed in Figure 4.2.
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Figure 4.2: The chemical scheme of the synthesis of Gal-TPGS.

4.2.5. Characterisation of Gal-TPGS

Different analytical methods, including ATR-FTIR spectroscopy, 'H-NMR spectroscopy,
and MALDI-TOF spectroscopy were used to verify the conjugation between TPGS and
Lactobionic acid (LA). ATR-FTIR measurements were done as detailed in Chapter 2
(section 2.3.2.6.), while '"H-NMR spectra were acquired after dissolving samples in
DMSO-d6 and analysed using 500 MHz spectrometer (Bruker Avance DRX 500, UK).
For MALDI-TOF measurement, samples (TPGS, LA, and Gal-TPGS) were dissolved in
a solvent mixture (1:1 acetonitrile: Milli-Q water + 0.1% TFA) at 1 mg/mL, and 1 pL
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was spotted twice onto sample spot of a clean MALDI sample plate. Samples were
examined using linear positive ionisation detection mode on a MALDI-TOF (AXIMA
performance, Shimatzu, UK). TGA analysis was carried out as described in Chapter 2
(section 2.3.2.4.). The conjugation efficiency was determined by quantifying galactose
content in the conjugation product using the phenol/sulfuric acid assay method®®’, As

previously detailed in Chapter 3 (section 3.3.1.).

4.2.6. Post-insertion of Gal-TPGS into Sf-LNC

For surface grafting of LNC, post-insertion was adopted as previously reported*'?. Sf-
LNC dispersion was incubated with Gal-TPGS micellar dispersion (20 mol.% of
Solutol® HS content in LNC) at 60°C for 2 h. The mixture was vortexed every 15 min,
followed by quenching in an ice bath for 1 min. Subsequently, the Gal-LNC dispersion
was dialysed overnight using a dialysis membrane (50 KDa MWCO, spectrum
laboratories, Inc., UK). The surface modification of LNC was verified by monitoring

particle size and zeta potential using DLS, as mentioned in the previous section.

4.2.7. Galactose surface accessibility (lectin-induced agglutination assay)

Lectin agglutination assay has been carried out to confirm the surface exposure and
accessibility of galactose moieties on the surface of the galactosylated LNC according to
the previously reported method®. In a 96-well flat-bottom microwell plate (Hellma,
UK), 100 pL of Sf-LNC or Gal-Sf-LNC dispersions (2 mg/mL final Gal-TPGS content
in Gal-Sf-LNC) were mixed with 100 puL of Ricinus communis agglutinin, RCA120 (1.0
mg/mL in HBSS, pH 7.4). The turbidity was then determined by measuring the
absorbance at max of 450 nm using a POLARstar® microplate reader (BMG LABTECH,
UK) for 20 minutes (2 min intervals) to track the lectin-induced agglutination. After 20
min, 100 pL of free galactose (10 mg/mL) was added, followed by absorbance
measurement to confirm the reversibility of the agglutination. PBS was used with micellar

dispersions as a control (without RCA120). All the samples were done in triplicate.
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4.2.8. Short-term shelf physical stability of Sf-LNC and Gal-Sf-LNC

The colloidal stability of Sf-LNC and Gal-Sf-LNC was evaluated over one week, two
weeks and one month intervals, at 4° C. The particle size distribution and zeta potential
were measured as previously described after the filtration of samples using 0.45 pm
syringe filters (Fisherbrand, UK). The Sf entrapment efficiency (EE%) was also evaluated
using the HPLC method to ensure the drug payload's stability. Additionally, a water-
soluble starch solution (1%) was used to detect any iodine leakage from the lipiodol oil

core of LNC. All samples were measured in triplicate.

4.2.9. Colloidal stability of Sf-LNC and Gal-LNC in physiological blood condition

The colloidal stability was further investigated under physiological blood conditions*!>.
Both Sf-LNC and Gal-Sf-LNC were diluted 10 times using PBS at pH 7.4 containing
5.4% BSA (mimicking serum albumin concentration in a healthy person) and incubated
at 37°C for 72 h. Consequently, particle size, size distribution and zeta potential were

monitored using DLS as previously outlined*!341°,

4.2.10. In-vitro drug release study

The sorafenib release profile was investigated using the dialysis bag method. Briefly, 2
mL of Sf-LNC, Gal-Sf-LNC and free sorafenib solution in PEG 400 (with equivalent
sorafenib content of 100 ug) were put in a dialysis tube (Snakeskin™, M.W.C.O =10
KDa, regenerated cellulose, Sigma, UK). The bag was immersed in 40 ml of 1% Tween
80 in PBS at pH 7.4 as a release medium (Sf solubility in release mediums was 72.3 = 5
pg/mL) and incubated in a shaking incubator at 37°C with a shaking rate of 100 rpm. At
predetermined intervals (0.5, 1, 2, 4, 8, 10, 24, 48, 72, 96, 120 hrs), samples of 0.5 mL
were taken and replaced with 0.5 mL of fresh release medium. Released samples were
filtered with a 0.22 um syringe filter (fisherbrand, UK) and analysed by injecting 20 uL
into the HPLC system as previously described. The experiments were done in triplicate.
Data were fitted to different drug release models. Besides, the mean dissolution (MDT),
the difference (f1) and similarity (f2) factors were calculated (as detailed in Chapter 3
section 3.3.10).
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4.2.11. In-vitro cellular study

4.2.11.1. Cellular cytotoxicity on HepG2 cells

Cellular cytotoxicity experiments were conducted using the MTS assay technique to
determine the impact of sorafenib encapsulated into LNC and the galactosylation of LNC
on the cytotoxicity efficiency of Sf on HepG2 cells. Briefly, HepG2 cells were seeded at
a density of 7,000 cells/well/100 pL of the serum-containing RPMI-1640 medium in a
96-well plate and incubated at 37°C for 24 h to allow cell attachment*®®. Afterwards, cells
were treated with different formulations (Sfsolution in 1% DMSO, Blank LNC, Sf-LNC,
Blank Gal-LNC and Gal-Sf-LNC) at Sf concentration ranges from 20 to 0.5 pg/mL. All
formulations were sterilised by filtration using a 0.45 pm sterile syringe filter (Minisart,
Sartorius, UK). After 48 h of incubation, the medium was replaced with a fresh one, 10
pl of MTS reagent was added to each well and cells were further incubated in a dark
incubator for another 3 h. The absorbance was measured by a microplate reader
(CLARIOstar, BMG LABTECH, Germany) at wavelength 490 nm. Cell viability was
calculated according to Eq. (3.4) in Chapter 3 (section 3.2.13).

For the competitive inhibition test, another set of cells was preincubated with free
galactose (10 mg/mL) for 1 h before the treatment with Gal-Sf-LNC*!”. All experiments

were carried out in triplicate.

4.2.11.2. Cellular uptake study using an inverted Fluorescence microscope

To investigate the cellular uptake of LNC formulations by HepG?2 cells (ASGP receptors
positive), coumarin-6 (C6) was used as a lipophilic fluorescent probe and loaded into both
galactosylated and non-galactosylated LNC (with final concentration of 40 pg/mL of
formula) instead of Sorafenib. The cellular uptake was visualised using a fluorescent

microscope.

Firstly, HepG2 cells were grown in 12-well culture plates at a density of 5 x10° cells/well
for 24 h using serum-containing RPMI-1640 media. Then, the medium was discarded and
replaced with fresh media containing different test samples (namely, C6-loaded LNC,
Cé6-loaded Gal-LNC, and C6-loaded Gal-LNC with free galactose (10 mg/mL) containing
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a final coumarin-6 concentration of 0.2 ug/mL), and cells were incubated for further 4 h.
Afterwards, cells were rinsed three times with cold PBS and fixed with 4%
paraformaldehyde (PFA), PFA was dissolved in PBS and pH was adjusted to the range
of 6.9 to 7.4, for 15 minutes. The cells were then washed three times with PBS before
being counterstained with DAPI (1 mL/well of 1 ug/mL DAPI in PBS) for 15 minutes.
Then cells were rinsed with PBS three times. After that, 300 uL/well of PBS was added,
and the cells were analysed under fluorescence microscope (Zeiss Axiovert 200M,
Germany). The green channel was excited at 485 nm to detect coumarin 6, while the blue

channel was excited at 430 nm for DAPI.

4.2.11.3. Cellular uptake study using flow cytometer

The uptake of LNC by cells has been quantified using a flow cytometer (Beckman Coulter
CytoFlex, USA). First, HepG2 cells (5 x 10° cells/well) were seeded in 12-well culture
plates and grown in serum-containing RPMI-1640 media at 37°C for 24 hours.
Subsequently, the media were discarded, and new media with different formulations (C6-
loaded LNC, C6-loaded Gal-LNC, and Cé6-loaded Gal-LNC with free galactose (10
mg/mL)) were added at a final C6 concentration of 0.2 pg/mL. After 4 hours of
incubation, the medium was discarded, and the cells were washed three times with PBS.
Trypsinisation of the cells was carried out by a 3-minute incubation with 300 pL/well of
trypsin-EDTA. The trypsin was inactivated by adding 700 uL of complete culture
medium to each well. The cell suspension was then placed in Eppendorf tubes and
centrifuged at 400 RCF for 5 minutes. After the media were discarded, the cell pellets
were disaggregated and resuspended in 300 pL of sterile 1% bovine serum albumin
solution by vortexing for 3 minutes. The cell suspension was transferred into a flow
cytometer column, and fluorescence intensity was measured using flow cytometer. The
run was adjusted to count 10,000 events in the second assigned gate (FSC-H vs FSC-
Width). Data were collected and analysed using CytExpert software (v2.3, Beckman
Coulter, USA).
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4.3.Results and discussion
4.3.1. Preparation and characterisation of Sf-loaded Lipid nanocapsules (LNC)

In order to study the effect of using lipiodol oil as the main core oil of LNC to serve as a
contrasting agent beside being the main vehicle matrix, the effect of using different oil
compositions (Table 4.1) on the particle size and drug loading of Sf-loaded LNC
formulations was investigated. As shown in Table 4.2, using Labrafac® WL 1349, the
typical oil component in LNC, as reported by Heurtault et al.>°"2%2 formed Sf-LNC with
P.S. of 41.2 + 1.4 nm with a very narrow particle size distribution (0.04 + 0.02). This data
comes in line with the reported values?>. However, increasing lipiodol oil amount in the
oil core showed a statistically significant (p< 0.05) incremental reduction in the particle
size of Sf-LNC, giving P.S. of 28.6 £ 1.3 nm with maintaining the narrow particle size
distribution (PDI = 0.02 £ 0.00) upon complete replacement of Labratfac® WL 1349 with
lipiodol oil. On the other hand, changing the oil composition had no impact on the
entrapment efficiency of Sf; this could be attributed to the slight difference in Sf
solubilities in both Labrafac® WL 1349 and lipiodol® oil, as reported in Chapter 3
(section 3.3.3.).

Nevertheless, the use of 5% w/w Transcutol®P (in Sf-LNC 4) exhibited a slight but
statistically significant (p< 0.05) increase in the entrapment efficiency of Sf with no effect
on both P.S. and PDI. This could be ascribed to the high solubility of Sf in Transcutol®P
(162.2 + 2.8 mg/mL). Changing oil composition had no effect on Z.P. values, which is
explained by considering the structure of LNC in which the oil represents the internal
core surrounded by a corona structure composed of lipophilic surfactant (lipoid S 100)
and hydrophilic one (Solutol® HS). Besides, the presence of a relatively high NaCl
concentration in LNC dispersion could mask any changes in the zeta potential values that

could happen due to the change in the composition.
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Table 4.2: The effect of variable oil composition on P.S., PDI, ZP and drug load of Sf-

LNC.
P.S. +SD Z.P. £SD EE% +SD | Drug load
. PDI +SD
Formulation (nm) (mV) (%) (mg/g)
Sf-LNC 1 412+14 0.04 +£0.02 -2.1+1.13 88.2+1.5 2.8+0.05
Sf-LNC 2 346+1.1 0.057+0.03 | -34+1.77 88.4+1.9 2.8+0.06
Sf-LNC 3 28.6+1.3 0.02 +£0.00 -1.92+1.3 89.6 +£0.5 2.84+0.02
Sf-LNC 4 282+14 0.02 £0.01 -196+1.3 95.7+2.1 3.1+0.07

Furthermore, to minimise Solutol HS content in LNC, the impact of using different oil:
Solutol HS ratios on Sf-LNC particle size, size distribution, ZP, and drug loading was
investigated. For this experiment, the composition of Sf-LNC 4 was used by changing the
oil: Solutol® HS ratios. From Table 4.3, decreasing Solutol® HS ratios resulted in a
significant (p< 0.05) incremental increase in P.S. of Sf-LNC with a limited influence on
particle size distribution (PDI). Using an oil: Solutol HS ratio of 1:0.4, the phase inversion
of the dispersion was not achieved during the heating cycles suggesting that the amount
of Solutol® HS is insufficient to undergo a phase inversion and stabilise the formed w/o
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emulsion at the raised temperature=°. This observation agrees with the reported study by

Heurtault et al., where it was found that the size of the formed LNC depends on the

concentration of hydrophilic surfactant**%.

On the other hand, decreasing Solutol® ratios led to a significant (p< 0.05) drop in Sf
loading. It is possible that the incorporation of PEG in the structure of Solutol® HS, given
that Sf is reported to be soluble in PEG 400*!8, is responsible for this substantial impact.
This observation underlines that Solutol® HS not only has a crucial role in forming LNC

but also affects drug loading.
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Table 4.3: The effect of lipiodol oil: Solutol® HS ratio on P.S., PDI, ZP and drug load

of Sf-LNC.
0Oil: Solutol® P.S.+SD PDI +SD Z.P.£SD | EE% +=SD | Drug load
HS ratio (nm) (mV) (%) (mg/g)
1:1 282+14 0.02+£0.01 | -1.96+1.3 95.7+2.1 3.1+£0.07
1:0.8 36.7+1.2 0.092 £ 0.01 -34+1 78.8+2.4 2.6 £0.08
1:0.6 41.1+1.2 0.094 £ 0.01 -34+1 31.5+3.7 1£0.12
1: 0.4 No clear phase inversion

According to this experiment’s results, formulation Sf-LNC 4 was chosen for further

investigations.

4.3.2. Characterisation of Gal-TPGS

Galactosylation of different delivery systems has been intensively reported during the last
few years as a promising strategy for liver-targeted delivery of anticancer agents relying
on the overexpression of ASGP receptors on cancerous hepatocytes'?’, as discussed in
Chapter 1 (section 1.3.). In this study, lactobionic acid was conjugated to TPGS through
a two-step chemical pathway. The same chemical approach has been employed to
functionalised TPGS with targeting ligands such as folic acid®! and Glycyrrhetinic
acid*®*. Different analytical methods were used to verify the synthesis of Gal-TPGS
conjugate. It is worth mentioning that slight modification was introduced to the
procedures; in the typical reported method, TPGS-CDI was purified from excess CDI and

EDA via precipitation using cold ether followed by filteration*!*

. However, by trying that,
no sensible precipitate was recovered after filtration. Alternatively, the purification step

was carried out using the dialysis method.

4.3.2.1.ATR-FTIR

ATR-FTIR first confirmed the synthesis of Gal-TPGS. As shown in Figure 4.3, TPGS
showed its characteristic band at 1736 cm™ attributed to C=0, bands at 1244 cm™' and
1107 cm! for (C-O-C) with overlapping bands at 2870 cm™ ascribed to (-CH)*'*4*°. On
the other hand, LA demonstrated a broad band around 3339 cm™ for its OH groups and a
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band at 1738 cm™! for the carbonyl group of the carboxylic acid (C=0). However, for the
synthesised conjugate Gal-TPGS, the presence of the broad band around 3339 cm’!
related to OH groups of LA and the appearance of new distinctive bands at 1649 cm™ and
1560 cm™ attributed to the newly formed amide bonds (N-H)*%° confirms the successful

formation of Gal-TPGS conjugate. This finding comes in line with previously reported

data*!.
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Figure 4.3: FTIR spectra of TPGS, LA, and Gal-TPGS.

4.3.2.2.'"H-NMR

To confirm the structure of the synthesised Gal-TPGS, '"H-NMR was carried out. From
the Gal-TPGS spectrum disclosed in Figure 4.4a, new proton signals around 3.6 to 4.65
ppm have appeared compared to the TPGS spectrum (Figure 4.4b).
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Figure 4.4: "TH-NMR spectra of Gal-TPGS (a) and TPGS (b) dissolved in DMSO-d6.

The peak at 4.04 is attributed to the C1 proton of the pyran ring, while the peaks in the
range of 3.6-3.9 ppm correspond to the protons of the hydroxyl groups and the pyran ring
of the sugar moiety of LA. Furthermore, the newly formed peak in the Gal-TPGS
spectrum at 7.34 ppm, coupled with the disappearance of the proton peak of the terminal
hydroxyl group in the TPGS spectrum at 4.56 ppm, indicates the formation of an amide
bond between TPGS and LA.
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In addition to these characteristic peaks, the peaks around 0.7—1.7 ppm are assigned to
the -CH3- and -CH2- moieties of the TPGS, and the peak at 3.50 ppm is attributed to the
-CH2- protons of the polyethylene oxide region of the TPGS. The peaks at 3.30 ppm and
2.50 ppm belong to H,O and DMSO, respectively. Altogether, these results confirm the
successful conjugation of LA to TPGS*?!,

4.3.2.3.MALDI-TOF

Gal-TPGS was further characterised using MALDI-TOF. As depicted in Figure 4.5, LA
exhibited a molecular ion peak at 323 g/mol (Figure 4.5a), which is lower than the labelled
molecular weight from the manufacturer (358.3 g/mol). Similarly, the most abundant
mass peak of TPGS was observed at 1477 g/mol (Figure 4.5b), while the labelled mass
was 1513 g/mol. This deviation could be attributed to machine calibration*??. In the case
of the Gal-TPGS mass spectrum (Figure 4.5¢), the main parental TPGS peak was shifted
to a higher molecular weight (1817 g/mol). This significant shift in masses confirms the

formation of Gal-TPGS?*8422,
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Figure 4.5: MALDI-TOF mass spectra of LA (a) and TPGS (b), and Gal-TPGS (c).
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4.3.24.TGA

TGA of the synthesised Gal-TPGS was conducted to investigate its thermal stability.
Figure 4.6 demonstrates the typical thermal decomposition profile of TPGS with a one-
step degradation process at a temperature range (~350 — 430° C)***. However, Gal-TPGS
exhibited two-step degradation®*****#?* Each degradation step is attributed to one
segment of the synthesised conjugate. The first degradation step started at a temperature
of 190°C assigned to the lactobionic acid segment, while the second step, which begins
at around 358°C, is related to the TPGS segment. The same finding was reported by Tao,
W. et al. after conjugating TPGS to PLGA to prepare docetaxel-loaded polymeric
nanoparticles for breast cancer treatment. PLGA-TPGS conjugate showed a two-step
degradation profile in which the first step (~250-350°C) was attributed to PLGA while
the second step (~350 — 430° C) was ascribed to TPGS*?.
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Figure 4.6: TGA curves of TPGS and Gal-TPGS (heating from 25°C to 500° C ata
heating rate of 20°C/min)
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4.3.3. Conjugation efficiency of Gal-TPGS

The phenol/sulfuric acid colourimetric assay method has been conducted to quantify the
conjugation efficiency, as detailed in Chapter 3 (section 3.2.3.). Conjugation efficiency
(number of conjugated TPGS moles to the total number of moles) calculated was 74.6 +

5.2%, giving galactose content of 7.6 £ 0.2%.

It is noteworthy that an attempt for conjugation of DSPE-PEG2000-NH> with lactobionic
acid (LA) was carried out using EDC/NHS amidation reaction. Briefly, 35.8 mg (0.1
mmol) lactobionic acid (LA), 17.3 mg (0.15 mmol) NHS, and 23.3 mg (0.15 mmol) EDC
were dissolved in 2 mL of DMSO and left under stirring for 2 h for activation of
carboxylic acid. Afterwards, 40 mg (0.014 mmol) of DSPE-PEG2000-NH> was added, and
the reaction was continued for 48 h. The reaction solution was then dialysed using a
dialysis membrane 1000 Da MWCO (Spectrum Laboratories Inc., USA) against Milli-Q
water for 48 h, followed by freeze-drying.

The amidation product was characterised using FITR. As shown in Figure 4.7, the
characteristic bands of DSPE-PEGa2000-NH» were N-C=0 (1740 cm™), -CH, (2889 cm™),
-CH; (1342 cm™), and O-CH> (1105 cm™). LA exhibited its distinctive band at -C=0O
(1740 cm™) and a broad band of OH groups (3354 cm™"). For the conjugation product, the
presence of amide bands at 1740 cm™ and 1649 cm™! beside the characteristic broad band
of OH groups of LA at 3369 cm! asserts the successful formation of DSPE-PEG2000-Gal

conjugate.

Despite the successful chemical conjugation, the recovery of the conjugate after freeze-
drying was very low (17.5% w/w). Thus, TPGS was considered a readily available,
inexpensive surrogate for DSPE-PEG2000-NHa. Especially, variable moieties of different
chemical natures have been reported to be successfully inserted into LNC, such as

Pluronic® F108*!!, lipochitosan (LC), and lipodextran (LD)*'2.
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Figure 4.7: FTIR spectra of DSPE-PEG2000-NH2, LA, and DSPE-PEG2000-Gal.

4.3.4. Post-insertion of Gal-TPGS into LNC and Sf-LNC

Post-insertion approach was first reported by Ulster et al. *** for the pegylation of
preformed liposomes to increase their in-vivo plasma circulation time through the
insertion of methoxypoly(ethylene glycol)i900-1,2-distearyol-sn-glycero-3-
phosphoethanolamine (MPEG900-DSPE) into liposomes’ surface. Following that, several
studies have been conducted to insert different functionalised and pegylated moieties into

425431 Principally, post-insertion of pegylated phospholipids

preformed liposomes
(mostly DSPE-mPEGa2000) is achieved by the incubation of the preformed liposomal
dispersion with a micellar dispersion of the pegylated phospholipid at a temperature
above the phase transition temperature of the liposomes’ phospholipid for a certain time
(ideally, 60 min according to ulster et al.*** after which the insertion efficiency was found

to be plateaued) to ensure complete insertion.
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Similarly, Post-insertion has been employed for surface grafting of lipid nanocapsules but
to a lesser extent*'>*3? For instance, Béduneau, A. et al. prepared immunonanocapsules
conjugated with OX26 monoclonal antibodies (OX26 MAb) and Fab' fragments for
targeting the transferrin receptors (TfRs) that are highly expressed on the cerebral
endothelium*'’. Firstly, DSPE-PEG2000-Maleimide was inserted into the surface of
LNC, followed by the conjugation of both targeting moieties that were conjugated to
OX26 Mab and Fab' fragments. After in-vivo animal studies, the brain concentrations of
Fab'-immunonanocapsules and OX26-immunonanocapsules were 1.5 and 2-fold,

respectively, higher than non-targeted nanocapsules***.

As depicted in Table 4.4, the effect of the post-insertion procedure on Sf-LNC was first
assessed by the incubation of Sf-LNC at 60°C for 2 h without Gal-TPGS. Sf-LNC (heat
treated) did not show any significant (p> 0.05) change in its colloidal properties or drug
EE%. However, Sf-LNC incubated with Gal-TPGS (referred to as Gal-Sf-LNC) showed
a limited insignificant (p> 0.05) increase in P.S but a remarkable (p< 0.05) increase in
PDI, yet unimodal distribution, with a significant (p< 0.05) increase in the Z.P. to a
positive value (8.56 £ 1.6 mV). The unimodal size distribution of Gal-Sf-LNC with the
inflection in the ZP of the surface suggests the successful insertion of Gal-TPGS in the
structure of Sf-LNC. Although it was reported that post-insertion of DSPE-PEG2000 into
LNC was accompanied by a slight increase in particle size ( ~ 9 nm)**, the insertion of
Gal-TPGS did not show a significant (p> 0.05) increase in P.S. This could be attributed
to the different length of PEG moiety in TPGS (PEG content = 1000 g/mol ~ 23 PEG
units?°®) compared to DSPE-PEGao00 (PEG content = 2000 g/mol ~ 45 PEG units**) that
may affect the spatial conformation of PEG arm rendering it more folded (mushroom
brush intermediate or mushroom-like conformation) rather than the extended PEG chain
(brush-like conformation)*!*#3¢, Different possible spatial conformations of PEG arms at
the surface of LNC are shown in Figure 4.8. The galactose exposure at the surface of Gal-
Sf-LNC was further investigated using a lectin-induced agglutination assay, as discussed

in the next section.
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Table 4.4: The effect of post-insertion of Gal-TPGS into LNC on P.S., PDI, ZP and
EE% of Sf-LNC.

P.S. +SD Z.P.+SD EE% + SD
PDI + SD
(nm) (mV) (%)

Gal-TPGS micelles --
57+£22 | 0.323+£0.01 18.4+1.5

Formulation

(2%)
Sf-LNC
27.2+1.5 | 0.048 £0.01 -1.21+0.7 95.6 £1.8
(heat-treated)
Gal-LNC (20%mol) 293+1.1 | 0.192+0.01 8.56 £1.6 95.6+1.9
Mushroom Mushroom/brush Brush
intermediate

Figure 4.8: Schematic representation of the different spatial conformation of PEG arms
at the surface of lipid nanocapsules.

The morphology of both Sf-LNC and Gal-Sf-LNC was inspected using TEM. As
demonstrated in Figure 4.9, both Sf-LNC showed a spherical core-shell structure. In
which the dark core is comprised of lipiodol oil with high electron density due to iodine
content with a less dense shell of PEG corona of Solutol® HS. The particle size

distributions were comparable to those measured by DLS.
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Figure 4.9: TEM images of Sf-LNC (a and b) and Gal-Sf-LNC (c and d).

4.3.5. Galactose surface accessibility (lectin-induced agglutination assay)

The surface exposure of the galactose moieties on the surface of LNC and their selectivity
in binding to ASGP receptors was investigated. Lectin-induced agglutination test*>!333437
was employed based on the fact that lectin from Ricinus communis (RCA120) has a very

346 - As elicited in

selective affinity to bind to D-galactose and N-acetyl galactosamine
Figure 4.10, Gal-Sf-LNC exhibited an increase in turbidity compared to unmodified LNC,
indicating an interaction between surface galactose moieties of Gal-Sf-LNC with
RCA120. Furthermore, after adding free galactose solution, the turbidity of
galactosylated LNC dropped, suggesting that the interaction between lectin and Gal-Sf-

LNC was reversible and could be competitively inhabited by free galactose®*

. Despite
that, the magnitude of agglutination is considered limited compared to previously
reported studies®**3°!133, This could be attributed to the folded spatial conformation of
Gal-TPGS (mushroom brush intermediate or mushroom-like conformation), as discussed

in the previous section.
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Figure 4.10: RCA120-induced agglutination of Sf-LNC and Gal-Sf-LNC. 100 puL of
LNC dispersions were incubated with 100 uL. of RCA120 (1 mg/mL) for 20 min with
continuous absorbance measurement at 450 nm at 2 min intervals. The reversibility of

agglutination was verified by adding free D-galactose (10 mg/mL) at the 20" min.

4.3.6. Short-term shelf physical stability of Sf-LNC and Gal-Sf-LNC

The physical stability of Sf-loaded LNC was assessed for 1 month by storing them at 4°C.
As depicted in Figure 4.11, both Sf-loaded LNC (galactosylated and unmodified) were
physically stable for at least 1 month of storage with no substantial change in the mean
particle size or PDI being observed. Moreover, there was not any visual precipitation of
the drug noticed. This was confirmed by measuring the EE% of Sf that showed no
statistical difference (P<0.05), and EE% was preserved around 95.5%. Furthermore, due
to the iodinated nature of lipiodol oil, samples were inspected for any colour change that
indicates the leakage of iodine from the internal oil core of LNC. No colour change was
noticed, and this observation was confirmed by adding a few drops of 1% water-soluble
starch solution to LNC dispersions without exhibiting any colour change. The physical
stability of LNC is well-reported in different studies?*>?33438 441 This stability is mainly
ascribed to the pegylated structure of the surface of LNC due to the presence of Solutol®

HS. These PEG arms confer a corona structure to LNC that stabilise them sterically??*438,
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Figure 4.11: The effect of short-term storage of Sf-LNC and Gal-Sf-LNC at 4° C for one
month on particle size (a), size distribution PDI (b), and EE% (C).

4.3.7. Colloidal stability of Sf-LNC and Gal-Sf-LNC in physiological blood

conditions

In-vivo colloidal stability of nanoparticles after administration is a key parameter to main
nanocarrier integrity and payload. Thus, lipid nanocapsules’ (LNC’s) stability was
investigated in PBS at pH 7.4 containing a physiologically relevant protein concentration
(5.4% BSA) at 37° C for 72 h, mimicking conditions after intravenous administration. As
depicted in Figure 4.12, 5.4% BSA in PBS colloidal solution showed multiple size
distribution peaks in DLS measurements, with the main peak around 9 nm***. This could
be attributed to the fact that BSA represents a complex cocktail of polydisperse proteins
of different sizes, as previously reported*?. After incubation of both LNC formulations
with BSA, the particle size distribution of LNC showed a bimodal size distribution owing
to the presence of a BSA peak around 9 nm, dramatically affecting the PDI measurement.
Thus, the measurement of each individual peak (based on intensity) was considered.
Figure 4.12 b and c revealed a noticeable increase in particle size of the main peak of both
LNC dispersions with a value of almost 9 nm. This could be attributed to the adsorption
of BSA on the surface of LNC. It is well reported that the presence of plasma or serum
proteins may substantially alter the surface characteristics of many nanoparticles due to
the formation of an adsorbed protein corona around nanoparticles****3~#3 Nevertheless,
the effect of protein on the particle size of LNC was minimal, and LNC successfully
retained their nanosized range, which is vital for passive accumulation in cancer

tissues**®*7_ Besides, the overexpression of ASGP receptors on hepatocytes, with their
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Figure 4.12: DLS reports of 5.4% BSA in PBS at pH 7.4 (a), Sf-LNC in 5.4% BSA in
PBS at pH 7.4 (b), and Gal-Sf-LNC in 5.4% BSA in PBS at pH 7.4 (c) after incubation
for 72 h at 37° C.
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4.3.8. In-vitro drug release study

An in-vitro drug release study was conducted to investigate the impact of encapsulation
of Sf into LNC on sustaining the drug release throughout blood circulation. As depicted
in Figure 4.13, Sf-solution exhibited rapid drug release that reached 100% after almost
20 h confirming the dialysability of Sf. In comparison, both Sf-LNC and Gal-Sf-LNC
showed a sustained release that reached 6.5 + 0.3% and 5.3 + 1.7% after 120 h,
respectively. Furthermore, the mean dissolution time (MDT) of both Sf-LNC and Gal-St-
LNC was approximately 10 times higher than that of the Sf solution indicating a strong
sustained drug release effect of LNC (Table 4.5). For further comparison between release
profiles, the difference (f1) and Similarity (f2) factors of release profiles were calculated.
From Table 4.6, according to FDA regulatory guidelines for comparing drug release
profiles**!34 Sf release profiles from both Sf-LNC and Gal-Sf-LNC demonstrated high
similarity (f1<15 and f>>50). In contrast, the Sf release profile from the Sf solution was
statistically different (f1>15 and f><50) from both profiles from Sf-LNC and Gal-St-
LNC. Conclusively, the encapsulation of Sfinto LNC exhibited a strong sustained release
effect which, in turn, prolongs the drug effect and retains Sf into LNC for enough time to

allow passive and active accumulation of Sf-loaded LNC in liver cancer tissues.
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Figure 4.13: In-vitro Sfrelease profiles from Sf solution, Sf-LNC and Gal-Sf-LNC into
PBS at pH 7.4 containing 1% tween 80 under shaking at 100 rpm for 5 days.

Table 4.5: Mean dissolution time (MDT) of Sf solution, Sf-LNC, and Gal-Sf-LNC.

Formulation MDT (h)
St solution 4.6+35

Sf-LNC 41.1+£3.8
Gal-Sf-LNC 41+29

Table 4.6: Difference (f1) and similarity factors (f2) of Sf release profiles from St
solution, Sf-LNC and Gal-Sf-LNC.

Formulation
Comparison parameter Sf solution SE-LNC Gal-S-LNC
97.3
Difference factor (f1) 7.7
97.5 97.5
6.5
Similarity factor (f2) 98.8
6.4 6.4
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4.3.9. In-vitro cellular studies

4.3.9.1.Cellular cytotoxicity

The proliferation inhibition potency of galactosylated and non-galactosylated Sf-LNC
was verified on HepG2 cells compared to free St solution after cell treatment for 48 h. As
depicted in Figure 4.14, all tested Sf formulations showed concentration-dependent
cytotoxicity. However, Sf-solution exhibited higher cytotoxicity on HepG2 cells, more
profound at low concentrations, compared to Sf-loaded LNC. This difference could be
attributed to the moderate release rate of Sf from LNC after being taken up by the cells,
thus reducing toxicity**®. On the other hand, Gal-Sf-LNC showed higher cytotoxicity
than all other tested samples at high concentrations (> 5 pg/mL). This could be attributed
to the galactosylation of LNC, which is expected to enhance cellular uptake via receptor-
mediated endocytosis. Additionally, it was remarkable that the cytotoxicity of Gal-St-
LNC was lowered in the presence of free galactose, suggesting that free galactose

competitively inhibited cellular uptake of Gal-Sf-LNC, reducing its cytotoxic effect on

the cells.
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Figure 4.14: Cell viability plot of HepG2 cells after incubation for 48 h at 37° C with
free Sf solution, Sf-LNC, Gal-Sf-LNC and Gal-Sf-LNC in the presence of free
galactose (10 mg/mL).
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By calculating ICso (Table 4.7), the Sf solution had ICso of 2.38 = 0.33 pg/mL, which
agrees with the previously reported data for the same incubation time in HepG2 cells**.
Moreover, Gal-Sf-LNC showed ICso of 3.71 £+ 0.24 pg/mL, which is significantly (p<
0.05) lower than that of unmodified Sf-LNC (4.99 + 0.65 ng/mL), asserting the role of
galactosylation in enhancing the cellular cytotoxicity of LNC. On the other hand, the
presence of free galactose with Gal-Sf-LNC increased its ICso to 4.4 + 0.71 pg/mL.
However, this increase was not statistically significant (p> 0.05) due to the limitations in
the precision of cytotoxicity studies*®*!. It is noteworthy that the cytotoxicity studies
were primarily applied to free solutions of the tested compounds. Hence, the use of drug-
loaded nanoparticles makes the assay more complicated as it is expected to deal with

different drug states (free-released drug, surface adsorbed drug and drug released upon

nanoparticles uptake and digestion by the cells).

Table 4.7: 1Cso values of Sf solution, Sf-LNC, Gal-Sf-LNC, and Gal-Sf-LNC in the
presence of free galactose on HepG2 cells after incubation for 48 h.

Gal-Sf-LNC + free
Sf solution S-LNC Gal-Sf-LNC
galactose
1Cso
2.38+0.33 4.99 +0.65 3.71+0.24 4.4+0.71
(ng/mL)

Furthermore, the impact of the replacement of Labrafac® WL 1349 oil with lipiodol oil
on the cellular cytotoxicity of LNC was investigated. From Figure 4.15, lipiodol oil LNC
showed a comparable cytotoxicity profile to that of standard Labrafac® WL 1349 oil
LNC suggesting the aptness of lipiodol oil for incorporation into LNC. Remarkably, both
blank LNC (containing Labrafac® WL 1349 or lipiodol oil) showed some cytotoxicity
on HepG?2 cells at high concentrations of LNC. The same observation was reported with
different cell lines such as HepG2*2, HaCat?°°, MCF-7*3, MDA-MB-231%%, MDA-MB-
468*3, and Rat 9L glioma cells**2. Maupas, C. et al. studied the impact of using different
non-ionic hydrophilic surfactants on the cytotoxicity of LNC on HaCat cells**. In the
study, Solutol as the ‘standard’ hydrophilic surfactant was replaced with different non-
ionic surfactants (namely, Cremphor EL, Simulsol 4000, TPGS, Tween 20, and
Tween80). Using different surfactants resulted in slight changes in LNC particle sizes
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(~50 nm) but did not change the feasibility domain for LNC formation. The cytotoxicity
of LNC on HaCat cells was “highly” surfactant dependent (TPGS > Solutol HS > Tween
20 > Tween 80 > Cremphor EL > Simulsol 4000). In contrast, the cytotoxicity of LNC

was found to be slightly higher than that of the corresponding pure surfactants?’®.
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Figure 4.15: Cytotoxicity profiles of blank Labrafac® WL 1349 LNC (standard LNC)
and lipiodol oil LNC (the blank LNC were diluted in the same manner as Sf-loaded
LNC).

4.3.9.2.Cellular uptake assessment by fluorescence microscope

Fluorescence microscopy is routinely used to study the cellular uptake of several
nanodelivery systems. In this experiment, the formulated LNC were loaded with C6 as a
fluorescent probe and incubated with HepG2 cells for 4 h before being washed and
counterstained by DAPI for nuclei staining. After inspection under an inverted
fluorescence microscope, galactosylated LNC (C6-Gal-LNC) exhibited a profound
increase in the fluorescence intensity compared to non-galactosylated LNC (C6-LNC),
suggesting the involvement of lectin receptor-mediated active cellular uptake due to the

presence of galactose moieties on LNC’s surface (Figure 4.16).
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On the other hand, incubation of free galactose with C6-Gal-LNC resulted in preferential
binding of galactose to lectin receptors, saturating them and preventing galactosylated
LNC from entering the cell through lectin receptor-mediated endocytosis. Consequently,
reduced cellular uptake following the addition of galactose and, in the case of non-
galactosylated LNC (C6-LNC), asserted that lectin receptor-mediated endocytosis of
galactosylated LNC facilitates enhanced uptake and cytotoxic activity. This observation
comes in accordance with the previously reported data with galactosylated liposomes for
selective liver delivery of a norcantharimide derivative, where galactosylated liposomes

exhibited time-dependent enhanced cellular uptake compared to unmodified

liposomes***,
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Figure 4.16: Fluorescence microscope images using 40X objective lens of HepG2 cells
after incubation for 4 h with different C6-loaded LNC at 37° C.
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4.3.9.3.Cellular uptake study using a flow cytometer

A flow cytometer has been employed to quantify the fluorescence intensity for a
quantitative comparison of HepG2 cellular uptake of different LNC formulations. The
proper cell population was first gated based on FSC and SSC, as previously described in
Chapter 2 (section 2.3.6.2.). Figure 4.17a shows the overlayed histogram of green
fluorescence from HepG 2 cells after incubation for 4 h with different treatments. C6-
Gal-LNC showed a marginal but statistically significant (p< 0.05) increase in the
fluorescence intensity (expressed as GeoMean of fluorescence intensity Figure 4.17b)
compared to non-conjugated C6-LNC meanwhile, the fluorescence intensity of C6-Gal-
LNC in the presence of free galactose was not significantly (p> 0.05) different from non-
galactosylated C6-LNC. These findings agree with the previous observation from the
fluorescence microscope suggesting the pivotal role of galactose surface grafting in the

enhancement of HepG2 cellular uptake through lectin receptor-mediated endocytosis.
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Figure 4.17: Histogram overlay (a) and GeoMean fluorescence intensities (b) of HepG2
cells after incubation for 4 h at 37°C with different LNC formulations containing C6 at
a concentration of 0.2 pg/mL. ** (P <0.01), ***(P <0.001), and ns (P > 0.05). Error

bars represent the standard deviation and n=3.
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4.4.Conclusion

In summary, Galactosylated Sf-loaded LNC using lipiodol oil as an oil core were
successfully developed in this study via the phase inversion temperature method followed
by the post-insertion of Gal-TPGS into the preformed Sf-LNC. Sf was efficiently loaded
into LNC with an EE% higher than 95%. Labrafac® WL 1349 replacement with lipiodol
oil resulted in a slight decrease in particle size with no significant impact on PDI, ZP or
drug EE%. Additionally, Solutol HS content has shown to be inversely proportional with
LNC particle size but directly proportional with Sf drug loading.

Galactosylation of TPGS was carried out satisfactorily and validated by FTIR, H-NMR,
and MALDI-TOF. The galactosylation of LNC was done using post-insertion. Sf-LNC
and Gal-Sf-LNC revealed good physical stability upon storage over one month.
Moreover, they showed a minimal increase in particle size upon incubation under
physiological blood conditions (5.4% BSA at pH 7.4) due to albumin adsorption. Both
Sf-LNC demonstrated very sustained release profiles of Sf compared to free St solution.
This allows more time for LNC to circulate and preferentially accumulate in tumour
tissues due to the leaky vasculature. Although the surface exposure of galactose was
limited when assessed by the lectin-induced agglutination test, Gal-Sf-LNC showed
enhanced cytotoxicity and cellular uptake compared to unmodified Sf-LNC. Moreover,
the galactose-mediated cellular uptake was further confirmed by the competitive

inhibition study using free galactose.

Based on these findings, the study provides a better understanding of the impact of
different formulation parameters on the physical properties of LNC. Moreover, it offers
a novel galactosylated LNC platform that can efficiently deliver both St and Lipiodol oil

to liver cancer cells acting as a theranostic agent.
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Chapter 5

Soluplus® and Soluplus®/TPGS mixed micelles for oral administration
of Sorafenib



5.1. Introduction

Polymeric micelles are a type of nanoparticles that has been extensively researched for
their potential use in drug delivery. These micelles are composed of a hydrophobic core
surrounded by a shell of hydrophilic polymeric material. The hydrophobic core allows
the micelles to encapsulate hydrophobic drugs, while the hydrophilic shell allows them
to remain stable in aqueous solutions and target specific cells or tissues. Polymeric
micelles as drug delivery systems have a plethora of advantages, such as enhancing drug
solubility, stability, and dissolution rate, promoting intestinal drug permeation and oral
bioavailability?*24261:455 Moreover, the surface of the micelles can be functionalised
with specific ligands, allowing them to target specific cells, tissues or cellular transport

mechanisms*°.

However, some challenges face using polymeric micelles for drug delivery, such as
achieving the appropriate size and stability while maintaining the desired level of drug
release. Moreover, selecting the suitable polymer and the proper preparation method is
crucial for successful drug delivery*’. To overcome these drawbacks, the mixed micelles
approach using polymeric micelles composed of two or more different polymers has been

adopted?®!.

The use of mixed polymeric micelles can provide several advantages over single-
component polymeric micelles, such as improved stability due to the presence of multiple
types of interactions between the different polymers, enhanced drug loading, tailored drug
release by adjusting the properties of the different polymers, such as their hydrophobicity,
hydrophilicity, and degradation rate. Mixed polymeric micelles have been used in
preclinical and clinical studies to deliver anticancer drugs, gene therapy, and other drugs,

showing promising results in terms of stability, drug loading and selectivity of delivery>’2.

Soluplus® is an amphiphilic copolymer commonly used as a solubiliser in pharmaceutical
formulations. It has been widely used to enhance drug solubility, stability, and
bioavailability?*®2602°! It can form polymeric micelles in aqueous solutions through self-
assembly. It has been used to prepare polymeric micelles to deliver hydrophobic drugs,

such as anticancer drugs and imaging agents®>°-2¢0-20,
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TPGS (d-a-tocopheryl polyethylene glycol succinate) is a type of amphiphilic copolymer
that is commonly wused as a solubiliser and surfactant in pharmaceutical
formulations®?2%3, It was also used as a component in polymeric micelles for drug
delivery. Incorporating TPGS into the micelle can improve the micelle's stability and

drug-loading capacity of the micelle?5>*8,

In our study, Soluplus® and TPGS were employed as single (SM) and mixed (MM)
micelles to encapsulate Sf and assess its impact on solubility, stability, dissolution rate

and intestinal permeation.

The objectives of this chapter are:

e To develop and optimise single Soluplus® micelles and mixed Soluplus®/TPGS
micelles for the enhancement of St solubility and dissolution rate.

e To characterise the physicochemical properties of the Sf-loaded single and mixed
micelles.

e To examine the colloidal stability of both single and mixed micelles under short-term
storage conditions and gastrointestinal physiological conditions.

e To study the impact of using single and mixed micelles on Sf solubility and release
kinetics under gastrointestinal physiological conditions.

e To evaluate the in-vitro cellular transport study of single and mixed micelles using

Caco-2 cell line.
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5.2.Materials and methods
5.2.1. Materials

Soluplus® (polyvinyl caprolactam—polyvinyl acetate—polyethylene glycol graft
copolymer) was obtained from BASF (Redditch, UK). D-aTocopherol polyethylene
glycol 1000 succinate (TPGS, Mwt ~1513 g/mol), Sorafenib was obtained from LC Labs
(USA). Phosphate buffer saline tablets (PBS), dimethyl sulfoxide (DMSO),
ethylenediamine (EDA), trypsin-EDTA solution, Dulbecco's modified eagle medium
(DMEM Medium), fetal bovine serum (FBS), phosphate buffer saline (PBS), Hanks'
Balanced Salt Solution (HBSS), 1% non-essential amino acids (NEAA), 1% penicillin—
streptomycin solution, Tween-80, and phosphotungstic acid (PTA) were purchased from
(Sigma-Aldrich, UK). Tetrazolium compound [3- (4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfo- phenyl)-2H-tetrazolium], inner salt (MTS) was
purchased from Promega Ltd (UK). All solvents: acetone, HPLC grade methanol and

acetonitrile were purchased from Sigma-Aldrich (UK).

5.2.2. Preparation of sorafenib loaded Soluplus® micelles (Sf-SM) and Soluplus®/
TPGS mixed micelles (MM)

The preparation of sorafenib-loaded Soluplus® single micelles (Sf-SM) and
Soluplus®/TPGS mixed micelles (Sf-MM) was carried out by a simple solvent
evaporation method. Briefly, mixtures of Soluplus® and TPGS at different ratios (50:0,
45:5,40:10, 30:20, and 0:50 w/w) and 10 mg of Sf were co-dissolved in 1 mL of acetone
to form the organic phase. The organic phase was then dripped into 4 mL of Milli-Q water
at a rate of 1 mL/min under stirring at 300 rpm and left till complete evaporation of
acetone for 6 h. The resultant micellar dispersions were then filtered using a 1 um syringe
filter (glass filter, Kinesis scientific, UK) to remove any unentrapped drug and topped up

to 5 mL with Milli-Q water so that the total polymeric concentration in dispersion is 1%.
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5.2.3. Characterisation and optimisation of Sf-SM and Sf-MM

The particle size, size distribution (PDI), and zeta-potential (Z.P.) of Sf-SM and S-MM
were measured using dynamic light scattering (DLS) via Zetasizer Nano (Malvern
Instruments Ltd., Malvern, UK) following the procedures detailed in Chapter 2 (section
2.3.2.1.).

5.2.4. Drug loading (DL%) and encapsulation efficiency (EE%)

Drug loading (DL%) and encapsulation efficiency (EE%) were evaluated through a direct
assay method. Briefly, 50 puL of the formulations were diluted 20 times in acetonitrile to
dissolve the ingredients and analyse Sf content using a high-performance liquid
chromatography (HPLC) system, as mentioned in Chapter 3 (section 3.2.4.). The EE%
and DL% were calculated using equations (3.1) and (3.2), respectively, as mentioned in
Chapter 3 (section 3.2.9.). Solubility factors (fs) were also determined to assess the
solubilisation capacities of different micellar dispersions. Solubility factors (fs) were

calculated according to the following equation:

Sa Eq. (5.1)

Where S.1is the apparent solubility of Sf in each micellar system, and Sy is the intrinsic

solubility of the drug in MilliQ water (1.7 pg/mL) #%°.

5.2.5. Critical micelles concentration determination

The CMCs of Blank SM and MMs were determined by the iodine ultraviolet-visible (UV-
Vis) spectroscopy method, as previously reported®?S. Firstly, 0.2 g of potassium iodide
(KI) and 0.1 g of iodine (I2) were dissolved in 10 mL Milli-Q water to prepare KI/I»
standard solution. Afterwards, 10 pL of KI/I; standard solution was added to different
micellar formulations with polymer concentrations varying from 0.24 to 1000 pg/mL.
The mixtures were incubated at room temperature (~ 25°C) in a dark place for 12 h. The
UV absorbance value was measured by a microplate reader (CLARIOstar, BMG
LABTECH, UK) at wavelength 366 nm. All measurements were performed in triplicate.

172



The CMC value was assigned by the concentration of the polymers where there was a
dramatic increase in the UV absorbance. The obtained experimental values were further

compared to the theoretically calculated ones using the following equation*®’:

1 — XSoluplus + XTPGS Eq. (5.2)
CMC CM CSoluplus CMCTPGS

where Xsolpius and Xtpgs are the molar fractions of Soluplus® and TPGS are calculated
by the ratio between the number of moles of the component to the total number of moles
of both polymers in the mixture. Whereas CMCsolupus and CMCrpgs are the CMC values
of Soluplus® and TPGS (CMC of Soluplus® and TPGS single micelles, respectively).

5.2.6. Morphology of micelles using transmission electron microscopy (TEM)

TEM was used to examine the morphology of the produced micelles following the

procedures mentioned in Chapter 2 (section 2.3.3.1.).

5.2.7. Short-term storage physical stability

To investigate the physical and drug-loading stability of Sf-MM and Gal-Sf-MM, the
samples were transferred into glass vials sealed with plastic caps and stored at 4° C for 14
days. At the predetermined times (0, 3, 7, and 14 days), the particle size, size distribution
(PDI), zeta potential, and EE% were assessed using DLS and HPLC**!,

5.2.8. Solid state characterisation

For solid-state characterisation, all optimised micellar dispersions were frozen with liquid
nitrogen and then placed into freeze-dryer (VirTis® Wizard 2.0, SP SCIENTIFIC, USA)
under a vacuum for 24 h. The lyophilised samples were placed in a silica gel desiccator

at room temperature (~ 25°C) until the analysis.
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5.2.8.1.Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

The Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of raw
materials, physical mixtures, and blank and Sf-loaded micelles were obtained using FTIR

spectrophotometer as mentioned in Chapter 2 (section 2.3.2.6.).

5.2.8.2.Differential scanning calorimetry (DSC)

DSC was used to investigate the effect of formulation and sorafenib encapsulation on the
thermal behaviour of the components. DSC was done for raw materials, physical
mixtures, freeze-dried blank and Sf-loaded micelles. Samples were tested over a
temperature range from 25 to 230 °C at a heating rate of 10 °C/min. All other conditions

followed the described procedures in Chapter 2 (section 2.3.2.3.)

5.2.8.3. Powder X-Ray Diffraction (PXRD)

The X-ray powder diffraction patterns of raw materials, physical mixtures, and blank and
Sf-loaded micelles were acquired as detailed in Chapter 2 (section 2.3.2.5.) to examine

the effect of nanoformulation on their crystallinity.

5.2.9. Physical stability in simulated gastric fluid (SGF) and simulated intestinal
fluid (SIF)

The colloidal stability of Sf-SM and Sf-MM was assessed after 10 times dilution with
simulated gastric fluid (pH at 1.2) and simulated intestinal fluid (pH at 6.8) without
enzymes. SGF and SIF were made according to United States Pharmacopeia USP, 2002.
For the gastric fluid, 2 g of NaCl and 7 mL of HCI were dissolved in 1 litre of MilliQ
water. The intestinal fluid comprised of 6.805 g of KH2PO4 and 0.896 g of NaOH per litre
of deionised water. Micellar dispersions were incubated at 37 °C for 2 h in the gastric
fluid (SGF) and 24 h in the intestinal fluid (SIF). The samples were then analysed before
and after incubation looking for any alternation in particle size. The experiments were

carried out in triplicate®3!46°,
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5.2.10. In-vitro drug release study

The in-vitro dissolution behaviour of Sf-SM and Sf-MM was studied using the dialysis
membrane method*®. One millilitre of the sample (Sf suspension, Sf-SM and Sf-MM)
with Sf concentration of 1 mg/mL was added into the dialysis membrane bags with a
molecular mass cut-off of 10 KDa (SnakeSkin™ Dialysis tubing, UK). The bags were
placed into 200 mL of release medium at 37 °C under stirring at 100 rpm using a shaking
incubator (IKA®-Werke GmbH & Co. KG, Germany). Two sets of experiments were
carried out; one used SGF as a release medium, and the release study was conducted for
2 h. The other set used SIF as a release medium for 72 h. both media contained 1% Tween
to ensure sink conditions. At predetermined intervals, 0.5 mL of each release medium
was withdrawn and replaced with an equal volume of fresh medium. The St concentration
in the samples was assayed by the HPLC analysis method. The experiments were carried
out in triplicate. Release profiles of different samples were expressed in terms of the
percentage of Sfreleased plotted against time (n = 3)*°. Moreover, the release profiles in
SIF were compared by fitting them into different release kinetic models, and the
dissolution efficiency (DE) parameter was calculated as mentioned in Chapter 2 (section

2.3.4)).

5.2.11. In-vitro cellular studies on Caco-2

As an early stage of investigation of biocompatibility and intestinal permeation of
micellar systems, both cellular viability and cellular transport studies were carried out on

Caco-2 cells (mimicking the lining epithelial cells of the small intestine).

5.2.11.1. Cell viability studies

To assess the cellular cytotoxicity of micellar systems on intestinal cells, Caco-2 cells
from (Sigma-Aldrich, UK) with passage numbers from 8 to 12, were cultivated in DMEM
at 37 °C in a 5% CO; atmosphere and at a relative humidity of 95%, supplemented with
1% non-essential amino acids (NEAA), 1% L-glutamine, 100 U/mL penicillin and 100
mg/mL streptomycin. Then 100 pL of cell suspension were seeded in 96-well plates at
5x10° cells/well density. After 24h, the medium was discarded, and the cells were

incubated with Blank SM and MM at various total polymer concentrations ranging from
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(2000 to 25 pg/mL). After different incubation times (6 h, 24 h and 48 h), the medium
was removed and replaced with fresh medium containing 10 pL of MTS Reagent
(CellTiter 96® AQueous Solution, Promega UK Ltd) and incubated for 3 h. Afterwards,
the absorbance was measured at 490 nm using a CLARIOstar OPTIMA plate reader
(BMG LABTECH, UK). Each treatment was performed in triplicate, and readings were
taken as averages of three measurements per well>¢*2. The inhibition of the cell growth

was calculated by Eq. (3.4) mentioned in Chapter 3 (section 3.2.13).

5.2.11.2. Cellular transport studies

A cellular transport study was carried out to investigate the impact of micelles on the
intestinal permeation of Sf. For that, Caco-2 cells (with a high passage number of 68)
were seeded in a 12-well Millicell® Trans-well insert (Merck Millipore Ltd, Ireland) with
0.4 um PCF, 12 mm diameter at a density of 10° cell/well and incubated at 37° C, 95%
relative humidity, 5% CO». The culture medium was replaced every other day, and cells
were allowed to differentiate before experiments. After 21 days post-seeding, the cells
were well differentiated with TEER values greater than 600 Q/cm? using EVOM (World

Precision Instruments, UK).

Before the transport assays, the differentiated cell monolayers were washed three times
with blank HBSS (pH 7.4, 37°C) and then incubated in HBSS at 37° C for 30 min. Then,
pure sorafenib, Sf-SM, and Sf-MM (at St concentration 50 pg/mL) dispersed in HBSS
were added to the apical (AP) (0.4 mL) or basolateral (BL) (1.2 mL) side, respectively.
4% BSA was dissolved in HBSS and used as receiving medium to ensure the sink
condition. At predetermined intervals 1, 2, 3, and 4 h, the whole receiving medium was
withdrawn and replaced with a fresh prewarmed medium. The transport study was
conducted under shaking at 100 rpm (IKA 1300 shaking incubator). Sf in the samples was
measured by the HPLC method mentioned earlier after extraction of Sf (using acetonitrile
in the ratio of 1:2 sample to acetonitrile). All the experiments were done in triplicate. The
permeability of Sf was calculated using Eq. (5.3):
% dc Eq. (5.3)

Papp = oo X 4t
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Where V is the volume of the receiver (1.2 mL or 0.4 mL for influx and efflux,
respectively), S is the surface area of the cell monolayer (1.12 cm?), C is the initial
concentration (50 pg/mL), dC/dt is the rate of concentration change in the receiver side
(slope of the linear region of the curve of cumulative Sf concentration in the receiving

medium against time, png.mL™!.S1)*6,
Moreover, the efflux ratio was calculated using Eq. (5.3) to assess P-gp efflux inhibition.

Papp (BL-4P) Eq. (5.4)

Ef flux ratio =
Papp (AP—-BL)

At the end of transport assays, TEER values were measured again to ensure the integrity

of Caco-2 cells monolayers after exposure to tested samples.

5.3.Results and discussion
5.3.1. Preparation and characterisation of Sf-SM and Sf-MM

One of the most appealing advantages of polymeric micelles is the ease of preparation. In
the literature, there are different methods for preparing polymeric micelles, such as thin
film hydration, solvent evaporation, dialysis, and emulsification methods?*’. From these,
the solvent evaporation method was chosen due to its simplicity and the relative quickness
of the process?*”-*!. Different Soluplus®: TPGS ratios have been screened to study the
impact of the incorporation of TPGS in the micelles structure on the colloidal properties,
such as particle size (P.S.), size distribution (PDI), zeta potential (Z.P.) and drug loading.
As depicted in Table 5.1, all Soluplus® containing micelles showed P.S. around 95 nm
with no particular trend, while single TPGS micelles had P.S. of 17.9 +3.3 nm. All tested
micelles showed a monodispersed distribution (PDI <0.22)*'°. Moreover, the zeta
potential of all micelles was negative, with an increase in the negative values with
increasing Soluplus® content (Figure 5.1). The ease of assembly is attributed to the good

amphiphilic properties of both materials*’’.
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Table 5.1: Particle size analysis and drug loading of Sf-loaded micelles with different

compositions
Soluplus®:
P.S+SD Z.P.+£SD
TPGS PDI + SD EE% LC%
. nm mV
ratio (nm) (mV)
(mg: mg)
50: 0 99.6 £3.2 | 0.185+0.028 -17.7+1.2 97.5+0.5 16.3+0.1
45: 5 949+49 0.111+0.019 -17.7+2 95.8+0.6 16.1 £0.1
40: 10 91.6£2.5 | 0.096 £0.025 -14+1.3 942 +0.9 15.9+0.1
30: 20 98.1£4.7 | 0.169 £0.026 -13.3+1.2 82.2+1.2 14.1+£0.2
0: 50 17.9+3.3 0.219 £0.051 -11.3+£2.6 7+04 1.4+0.1
a Size (d.nm): % Intensity: St Dev (d.nm): Size (d.nm): %Intensity:  StDev (d.nm): C
[ Z-Average (d.nm): 995 Peaki: 1200 88 5340 Z-Average (dnm): 9146 Peak1: 1010 1000 3337
Pdl: 018! Peak2: 4855 07 6963 Pdl: 0036 Peak2: 0000 00 0.000
Intercept: 0703 Peak3: 2106 08 3780 Intercept: 0933 Peak3: 0000 00 0.000
Result quality : Gooc Result quality : Good
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Figure 5.1: DLS reports of particle size and Zeta potential of Sf-SM (a and b), and Sf-
MM (c and d)

As shown in Figure 5.2, the micelles comprised of pure Soluplus® (Sf-SM) demonstrated

the highest apparent solubility Sa (1.9492 + 0.009 mg/mL). In contrast, pure TPGS

micelles exhibited the lowest S, (0.139 + 0.0076 mg/mL) at the same concentration. The

low solubilising capacity of pure TPGS could be attributed to its small lipophilic portion
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compared to Soluplus®. The copolymer's lipophilic portion constitutes the micelle's core
which acts as a microenvironment for the encapsulation and accommodation of
hydrophobic molecules via hydrophobic-hydrophobic interactions*°. Additionally, for
emphasising the solubilising effect of the micelles, solubility factor ( fs), which correlates
the apparent solubility to the intrinsic solubility of Sf in Milli-Q water, was used to
compare different micelles. From Table 5.2., Soluplus® single micelles (Sf-SM)
markedly improved the solubility of Sf (1147 £ 5 times) with a slight gradual decrease in
fs with decreasing Soluplus® portion till it reached the lowest value with pure TPGS

micelles (82 + 4 times).
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Figure 5.2: Sf apparent solubility (Sa) in single and mixed micelles comprised of
Soluplus® and/or TPGS in MilliQ water at 25°C. (n = 3)

Table 5.2: Sf apparent solubility (Sa) and solubility factors (fs) for single and mixed
micellar dispersions in MilliQ water at 25° C. (n = 3)

Sa (mg/mL) fs
Soluplus®: TPGS (w/w)
50:0 1.9492 + 0.009 1147 £5
45:5 1.9156 £ 0.0118 1127+ 6
40:10 1.88336 £0.0184 1108 £ 11
30:20 1.6434 + 0.024 967 + 14
0:50 0.139 £0.0076 82 +4
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5.3.2. Critical micelles concentration determination

The CMC is one of the most essential features for evaluating the stability of various
micellar systems?*. The lower CMC, the easier they are assembled, and the more stable
they are. It is a vital parameter since micelles are subjected to a variety of environmental
changes, including changes in pH and ionic strength, exposure to various fluids
containing numerous proteins and cells, and significant dilution after oral administration
or intravenous injection. As mentioned in Chapter 2 (section 2.3.2.9.), CMC could be
determined using different methods from which the UV-Vis spectroscopy method was
adopted (Figure 5.3). From Table 5.3, Soluplus® single micelles exhibited the lowest
experimental CMC (65.9 £ 9.6 pg/mL), while CMC values gradually increased with
increasing TPGS ratio. This is ascribed to the relatively high TPGS CMC value (447.6 +

13.7 ug/mL). This observation is consistent with the previously reported data®®.

Remarkably, all experimental CMC values showed a negative deviation from the
theoretical values calculated by Eq. (5.2) using the CMC values of both Soluplus®
(Soluplus® single micelles) and TPGS (TPGS single micelles). It was reported that the
negative deviation of the experimental CMC values from the theoretically calculated ones
might indicate a favourable mixing and compatibility between components in mixed
micelles**>#%4, This implies good stability of the formed mixed micelles. It is worth
mentioning that using different methods for determining CMC may result in some
deviations. For instance, the CMC value was estimated for Soluplus® micelles at 25°C to
be 800 pg/mL using the isothermal titration calorimetry method (ITC)*. However,
another study reported the CMC of Soluplus®/TPGS (at molar ratio 6:1) mixed micelles

at 16 ng/ml**

. Besides, the mathematical fitting during the calculation may be a source
of variation. Nevertheless, our CMC values suggest that the micellar system will retain
its integrity upon dilution after oral administration since CMC values are less than 135

ng/mL, as previously recommended for orally administered micelles®**.
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Figure 5.3: The measurement of CMC of Soluplus® single micelles (a) and
Soluplus®/TPGS mixed micelles at different ratios 45:5 (b), 40:10 (c), and 30:20 (d)
using the iodine UV-Vis spectroscopy method.

Table 5.3: Theoretical and Experimental critical micellar concentration of micelles with
different Soluplus®: TPGS ratios.

Soluplus:TPGS Theoretical CMC Experimental CMC
(mg/mg) values (pg/mL) values (pg/mL)
50: 0 - 65.9 £9.6
45:5 279.9 95.7+3.4
40: 10 349 106.9£2.9
30: 20 403.5 1124+ 6.7
0: 50 -- 447.6 £ 13.7
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Based on the previous data, two micellar formulations were selected with Soluplus® only,
and a Soluplus®/TPGS ratio of 40:10 were chosen to represent Soluplus single micelles
(SM) and Soluplus®/TPGS mixed micelles (MM), respectively. Although, the
incorporation of TPGS in the micelles resulted in a decrease in drug loading and increase
in CMC, the MM formulation was kept to study the effect of TPGS incorporation on drug
release and cellular transport. Further investigations were carried out to study the
differences and the significance of using single and mixed micelles on Sf dissolution and

permeation rates.

5.3.3. Morphology of micelles using transmission electron microscopy (TEM)

TEM was carried out to confirm the size and shape of Sf-SM and Sf-MM. As shown in
Figure 5.4, both Sf-SM and Sf-MM presented an almost spherical shape with particle size

ranges around 90 nm, which agrees with the size measurements from DLS (Table 5.1).

Figure 5.4: TEM images of Sf-SM (a and b) and Sf-MM (c and d) at different scales
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5.3.4. Short-term physical stability of Sf-SM and Sf-MM

The physical short-term storage stability of micellar systems was monitored for 14 days
at refrigerated conditions (4°C) to ensure the integrity and stability of the drug payload of
the systems during optimisation and characterisation time. Physical parameters such as
P.S., PDI and Z.P. were evaluated using DLS, while EE% was determined using HPLC.
Besides, samples were inspected for any visual drug precipitation. As shown in Figure
5.5a and b, both Sf-SM and Sf-MM were stable, retaining their physical integrity with no
detectable drug precipitation that was confirmed by EE% monitoring (Figure 5.5c).
Micellar stability could be attributed to the large hydrophobic portion (poly Vinyl

C258,260

caprolactam/vinyl acetate) of Soluplus® that imparts a low CM in addition to the

presence of PEG hydrophilic tail in both Soluplus® and TPGS that contributes in the

physical stabilisation of the micelles through steric stabilisation>*4-43453,
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Figure 5.5: Short-term physical stability, of (a)P.S., (b)PDI and (c) EE%, for Sf-SM and
Sf-MM at 4°C for 14 days

5.3.5. Solid state characterisation

5.3.5.1.Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

ATR-FTIR was carried out to check for any chemical changes in micellar systems’
components for both single (Sf-SM) (Figure 5.6a) and mixed micelles (Sf-MM) (Figure
5.6b). Soluplus® spectrum displayed bands at 3449 cm™' (O-H stretching), 2928 c¢cm’!
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(aromatic C-H stretching), 1736 cm ™!, 1630cm™!(C=0 stretching), and 1476 cm™ (C-O-
C stretching)*%® . while TPGS showed (-CH) overlapping bands at 2891 cm’!, (C=0)
carbonyl band at 1739.7 cm™ and (C-O) ester bands at 1107 and 1244 cm™ 41%42°_ The Sf
spectrum demonstrated the two characteristic bands at 3298 cm™! and 3337 cm™! due to
the N-H stretching of amide. The detected band at 3074 cm™! is related to the C-H
stretching band, and the band at 1705 cm ™! is for the amide C=0 group**’. In both micellar
formulations, there was no detectable change or chemical shift in the characteristic peaks

of the ingredients confirming the chemical stability and compatibility of micellar

formulations.
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Figure 5.6: FTIR absorbance spectra of Sf-SM (a) and Sf-MM (b) with their raw
materials, physical mixtures, and blank micelles

5.3.5.2. Differential scanning calorimetry (DSC)

DSC for both freeze-dried formulations was done to investigate the thermal behaviour of
the ingredients, especially the Sf loaded in the nanoformulation. As depicted in Figure
5.7a and b, St displayed a large sharp endothermic melting peak ™ at 209° C, confirming
the crystalline structure of crude Sf powder. On the other hand, the Soluplus®

thermogram showed a typical broad glass transition peak (Tg) at 73° C as previously
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reported*!*6’. While TPGS had a sharp endothermic melting peak (Tm) at 35.5° C¥1,
Interestingly, the thermograms of the physical mixtures of both formulations
demonstrated a massive decrease in Sf melting peak (completely disappearing in MM).
This could be ascribed to the dissolution of Sf in the melted polymeric material during
the heating cycle, which implies good drug-polymer solubility. Good drug-polymer
affinity can explain the high solubilisation capacity of the micellar systems, as the
hydrophobic core of the micelles can accommodate large amounts of the drug. In the case
of freeze-dried micellar systems, the St peak has completely disappeared which suggests
the complete molecular dispersion of the drug in the hydrophobic core of the micelles.
Besides, there was a significant downward shift in the (Tw) and (Tg) of both TPGS and
Soluplus®, respectively, due to the nanosize of the polymeric micelles. According to
Gibbs—-Thomposon effect*®®, decreasing particle size leads to depression in both melting

and glass transition temperatures.
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Figure 5.7: DSC thermogram of Sf-SM (a) and Sf-MM (b) with their raw materials,
physical mixtures, and blank micelles

5.3.5.3.Powder X-Ray Diffraction (PXRD)

PXRD was carried out to further investigate the internal structure of the micellar systems.

Figure 5.8a and b show that the Soluplus® diffraction pattern had no 20 peaks, which
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denotes its amorphous structure®*!*®>, On the other hand, TPGS exhibited two distinctive
20 peaks at 19.2° and 23.4° 7. The crystalline structure of Sf powder was endorsed by
various sharp diffraction 260 peaks (such as peaks at 11.3°, 18.5°, and 24.7°). The physical
mixture of components of both single micelles and mixed micelles showed all the
corresponding distinctive peaks of both Sf and TPGS. In contrast, the freeze-dried micelle
samples showed only the peaks of TPGS (with a lowering in the extent due to size
reduction). The disappearance of Sf peaks confirms the encapsulation of the drug into

micelles core in a molecular state. These results are consistent with DSC findings.
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Figure 5.8:PXRD patterns of Sf-SM (a) and Sf-MM (b) with their raw materials,
physical mixtures, and blank micelles

5.3.6. Physical stability in simulated gastric fluid (SGF) and simulated intestinal
fluid (SIF)

It is well-known that the harsh environment of the gastrointestinal tract is the major
challenge for oral drug administration. Gastrointestinal fluids could cause micelles to
dissociate, resulting in the release of the encapsulated drug. Furthermore, retaining the
nanosize of the micelles is a key factor in gastrointestinal absorption as it was reported
that particle diameter less than 200 nm is beneficial for intestinal permeation, besides its
role in boosting dissolution rate?’'#7472 Although the presence of digestive enzymes

(such as pepsin and pancreatin), the bile salts (such as Sodium taurocholate) and lecithin
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would make simulated fluids more biorelevant, monitoring polymeric micelles particle
size would be difficult due to the micelle formation of bile salts and lecithin. Hence, SGF
and SIF (without enzymes) were chosen for monitoring the stability. The average
hydrodynamic diameter of both Sf-SM and Sf-MM was comparable to that measured
before incubation under both conditions (Table 5.4 and 5.5), implying that both micellar
systems maintained their integrity and the loaded drug. That may be ascribed to the
protective effect of PEG on the surface of the micelles against pH variations and ionic
strength*154° Notably, the zeta potential was dramatically lowered for both micellar
systems in SIF, and it was even inflected to positive values in SGF. This may be explained
by the effect of electrolytes and pH change (especially in SGF, which may affect the
ionisation state of the components). Despite that, micellar systems showed good physical
stability in both SGF and SIF, which implies that micellar systems rely on steric stability
(due to PEG tails) rather than an electrostatic one. The stability of micelles in the
gastrointestinal environment coincides with the minimal release of Sf, as revealed by the
in-vitro release study discussed in the next section. These findings come in agreement

with the previously reported data?!#13,

Table 5.4: The colloidal stability of Sf-SM in SGF over 2 h and SIF for 6 h at 37° C.

SGF (without enzymes)
Time P.S+SD PDI + SD Z7.P.+SD
(nm) (mV)
0 time 95.59 + 1.04 0.148 £0.013 2.62+1.8
2h 98.12+1.72 0.169 = 0.026 3.28+2.6

SIF (without enzymes)
0 time 96.32+1.9 0.151 £0.008 -5.19+£2.7
6h 95.99+ 1.8 0.130 £ 0.033 -3.53+£1.9
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Table 5.5: The colloidal stability of Sf-MM in SGF over 2 h and SIF for 6 h at 37° C.

SGF (without enzymes)

Time P.S +SD PDI + SD Z.P.+SD
(nm) (nm) (mV)
0 time 97.43 +2.8 0.175 +0.008 1.13+1
2h 95.68 +3.4 0.164 +0.014 1.46 + 0.9

SIF (without enzymes)
0 time 88.9+3.5 0.091 +0.01 -2.33+0.24
6 h 87.94+29 0.093 £0.012 -3.26 £0.35

5.3.7. In-vitro drug release study

Drug dissolution in the gastrointestinal fluids is considered a key step in the overall
absorption process of orally administered drugs. Since Sf is classified as a class II drug
in the biopharmaceutical classification system (with poor aqueous solubility and high
permeability)'?>!%7, the Sf dissolution step is considered the rate-determining step in its
overall oral absorption process'?’. Thus, enhancing Sf aqueous solubility is expected to
profoundly impact its oral bioavailability (oral bioavailability of Sf tablets was reported
to be 38-45% relative to oral Sf solution'?>!3%). Furthermore, Sf is only marketed as oral
tablets (Nexavar®) with relatively high doses (200 mg/tablet), which mostly results in

gastrointestinal side effects*’?

. Accordingly, encapsulation of Sf into micelles for oral
administration is anticipated to enhance its bioavailability lowering the required oral dose
and, consequently, its side effects®!. To investigate that, an in-vitro release study was
carried out in both SGF and SIF without enzymes as a release medium to mimic both
gastric and intestinal environments, respectively. 1% Tween 80 was dissolved in release
media to maintain the sink condition. In SGF (Figure 5.9), both Sf-SM and S{-MM
showed limited but enhanced release rates (5.35 + 0.23% and 6.3 = 0.39 % after 2 h)
compared to St suspension (0.59 = 0.07%). It was remarkable that St-MM has a slightly
but significantly (p< 0.05) higher released amount after 2 h than Sf-SM (P < 0.05).
Likewise, the drug release rates of Sf from both Sf-SM and Sf-MM in SIF were

substantially higher than Sf-suspension (Figure 5.10). Sf-SM and S{-MM released 36.35
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+ 1% and 47.36 = 3.39%, respectively, compared to only 1.45 + 0.09% from Sf

suspension after 72 h.

For further study of the influence of micellar systems on the dissolution rate of St in SIF,
the dissolution efficiency (DE%) parameter was calculated according to equation (2.11)
in Chapter 2 (section 2.3.4.). As depicted in Figure 5.11, Sf-MM showed the highest DE%
with 0.324 + 0.005 %, while Sf-SM exhibited a lower DE% with 0.235 £+ 0.026%. This
could be explained by the stronger hydrophobic interaction between Sf and the inner core
of single Soluplus® micelles compared to Soluplus®/TPGS mixed micelles’ core. On the
other hand, the DE% value of Sf suspension was extremely low (0.012 £ 0.001%),

asserting the role of micelle formation in boosting the dissolution rate of Sf.

Furthermore, Sf release data from different formulations were fitted into different release
mechanism models, and the best fit was chosen based on the coefficient of determination
(COD) %47 From Table 5.6, both micellar formulations and Sf suspension best fit the
Korsmeyer-Peppas model. However, due to the limited cumulated amount of Sf released,
fitting of Sf suspension may not be very reliable, and more data points may be needed for
more precise fitting. For both micellar systems, the release exponent parameter value (n)
between 0.5 and 1, which indicates that the drug release is anomalous where different

mechanisms could be involved (diffusion, dissolution, and micelles disaggregation).
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Figure 5.9: Cumulative Sf release from Sf-suspension, Sf-SM and Sf-MM in SGF over
2 h at 37° C under shaking at 100 rpm using the dialysis bag method.
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Figure 5.10: Cumulative Sf release from Sf-suspension, Sf-SM and Sf-MM in SIF over
72 h at 37° C under shaking at 100 rpm using the dialysis bag method.
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Figure 5.11: Dissolution efficiency (DE%) values of Sf-suspension, Sf-SM and Sf-MM.
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Table 5.6: In-vitro drug release kinetic models of Sf-suspension, Sf-SM and Sf-MM

] R? of different formulations

Model Equation Sf suspension | Sf-SM Sf-MM

Zero-order f=ko.t -0.1747 0.8733 0.8116

First-order f=1-exp(-kt) -0.1694 0.9139 0.8860

Higuchi f=kn.t" 0.7135 0.9663 0.9721

Korsmeyer- f= ki 10 0.9461 0.9831 0.9771
Peppas n=0.293 n=0.601 n=0.550

Hixon-Crowell | f=[1 — (1 -knc. t)°’] -0.1712 0.9014 0.8632

5.3.8. In-vitro cellular studies on Caco-2 cells

5.3.8.1.Cellular viability study

Cellular viability studies of blank micelles (SM and MM) on Caco-2 cells as a model for
intestinal epithelial cells have been done to appraise the cellular biocompatibility of the
delivery system on the intestinal lining cells®>’. For that, different micelle concentrations
ranging from 25ug/ml to 2 mg/ml (total polymer concentration) were tested on Caco-2
cells for different incubation times (6 h, 24 h and 48 h). As shown in Figure 5.12-5.14,
blank Soluplus® micelles did not exhibit any cytotoxicity on Caco-2 cells for all tested
concentrations and overall incubation times. Furthermore, Soluplus® was previously

321 and different breast

reported safe when tested on murine macrophage RAW 264.7 cells
cancer cells>. On the other hand, MM has shown concentration and time-dependent
cytotoxicity. A similar observation has been reported previously?>*3?7328475 This could
be attributed to the presence of TPGS, as it has been proved that TPGS has a selective
cytotoxicity towards cancer cell lines?>%257473476 This anticancer activity was reported to
be due to its apoptosis-inducing properties through generating reactive oxygen species
(ROS)*!. ROS damage cell DNA, proteins, and fatty acids, eventually resulting in
apoptotic cell death. Since normal cells are more resistant to oxidative stress, TPGS is
selectively cytotoxic to cancerous cells such as DOX-resistant KB cells**!, MCF-7 and
MDA-MB 231 human breast cancer cell lines?*®, Hepatocellular carcinoma cells (HepG2,

Hep3B and Huh7)*%, the human H460 and A549 lung cancer cell lines*>’ but not normal

cells.
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Figure 5.14: Cytotoxicity of Blank SM and MM on Caco-2 cells after incubation for 48
h

5.3.8.2.Cellular transport study

To assess the impact of the enhancement of Sf dissolution rate on its intestinal permeation
through the intestinal epithelial barrier, a cell transport study using a Caco-2 cell
monolayer was employed?¢®#!>, Before the experiment, the cytotoxicity of blank
formulations was assessed for 6 hrs to ensure that both micellar dispersions were safe
(cell viability > 80%)*'® for 6 h (Figure 5.12). Besides, TEER values were monitored
before and after the experiment to ensure the integrity of the cell monolayer. The limit
of quantification (LOQ) of the HPLC-UV method was calculated (LOQ = 0.0308 png/mL)
to ensure the capability of HPLC-UV to detect the expected permeated amounts of Sf. As
shown in Figure 5.15 and Table 5.7, Sf-SM exhibited a significantly (p< 0.05) higher Papp
than the Sf-suspension. This could be ascribed to the effect of Soluplus® in enhancing
Sf's dissolution rate and permeation. Moreover, the presence of TPGS in Sf-MM boosted
the Papp as TPGS improves not only the Sf dissolution rate but also its permeation through
the intestinal epithelium, augmenting the effect of Soluplus® as previously
reported?604134€0477 Tn addition, the BL-AP permeability was measured to investigate the

impact of Soluplus® and TPGS on P-gp efflux inhibition of Sf.
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Figure 5.15: Time-dependent Caco-2 cell influx (AP-BL) of St from Sf-suspension, Sf-
SM, and Sf-MM over 4 h

Table 5.7: Apparent Permeability values and Efflux ratio of Sf suspension, Sf-SM and

SE-MM (n=3).

Papp (AP-BL)

Papp (BL-AP)

Efflux ratio

Formulations x 107 (cm/s) x 107 (cm/s)

Sf-suspension 8.15 £ 0.6858 3.886 +1.211 0.477+0.119
St-SM 51.791+ 2.833 24.578 £0.1681 0.475 +0.022
St-MM 65.541 + 3.083 15.986 +4.056 0.244 +0.053

As demonstrated in Figure 5.16, both Sf-SM and Sf-MM showed higher efflux rates than

the Sf suspension, which could be attributed to the enhanced dissolution rate of Sf from

the micellar dispersion into the basolateral compartment, allowing more free drug

molecules to be transported to the apical compartment. Nevertheless, the efflux ratios

(Table 5.7) reveal that Sf-MM exhibited a slight but significant inhibition of P-gp efflux

pumps compared to other tested samples (p< 0.05). This could be explained by the

inhibitory effect of TPGS on P-gp pumps*®>#7®, However, the magnitude of the impact

was not very profound because Sfis considered a weak P-gp substrate
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Convincingly, the encapsulation of Sf into single and mixed micelles is anticipated to
promote intestinal absorption by enhancing its dissolution rate and permeation with

additional P-gp inhibition effect by TPGS in the case of Sf-MM.
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Figure 5.16: Time-dependent Caco-2 cell efflux (BL-AP) of st from Sf-suspension, Sf-
SM, and Sf-MM over 4 h

5.4.Conclusion

During recent years, polymeric micelles for oral administration have attracted significant
attention as a promising delivery system for poorly soluble drugs (especially those of
class IT in BCS) due to a plethora of merits such as enhancing drug solubility, permeability

244 Recently, the employment of mixed

and stability in addition to their biocompatibility
micelles was addressed to allow more optimisation and overcome any drawbacks of using

a single micelle system?¢!.

In this Chapter, the impact of using both single (Soluplus®) and mixed micellar systems
(based on Soluplus® and TPGS) on the physicochemical properties of the micellar

dispersion and the influence on Sf dissolution and intestinal permeation was investigated.

Soluplus® single micelles demonstrated highly effective Sf solubilisation capacity, while

increasing the TPGS ratio in the mixed micelles resulted in an incremental reduction in
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Sf solubilisation with no significant (p> 0.05) effect on particle size and size distribution
of micelles. Likewise, increasing the TPGS ratio led to a corresponding increase in the
CMC value of the mixed micelles. This may raise a stability issue upon dilution in

biological fluids.

On the other hand, both the single and mixed micelle (Sf-SM and Sf-MM) system’s
ingredients showed high chemical and physical compatibility with good stability in both
SGF and SIF, suggesting that micelles integrity will be maintained after oral ingestion.
In-vitro Sf dissolution studies in SGF and SIF, Sf-SM and Sf-MM showed improved
dissolution rates compared to Sf suspension. Besides, it was remarkable that despite that
Sf-SM having a higher solubilisation capacity, Sf-MM exhibited a higher dissolution rate,
suggesting that the dissolution rate could be tailored by changing the Soluplus®/TPGS

ratio.

At the cellular level, SM showed a good safety profile on Caco-2 cells, while MM showed
concentration and time-dependent cytotoxicity due to the presence of TPGS. Following
the same pattern of dissolution rates, Sf-SM and Sf-MM demonstrated significantly (p<
0.05) higher apparent permeability across the Caco-2 monolayer than Sf suspension.
Moreover, by comparing the efflux ratios of Sf from different formulations, it was
significant that S&-MM had a modest efflux inhibition property due to the presence of
TPGS.

In conclusion, polymeric micelles based on Soluplus® and TPGS may be considered a
promising approach to improve Sf solubility, dissolution rate, and intestinal permeation,

which is expected to enhance its oral bioavailability.
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Chapter 6

Preparation and characterisation of galactosylated TPGS/Soluplus®

mixed micelles for liver-targeted delivery of Sorafenib



6.1.Introduction

Polymeric micelles (PMs) have been intensively studied for the delivery of hydrophobic
anticancer agents due to their distinctive properties of high encapsulation efficiency of
hydrophobic agents owing to the amphiphilic character’*®. The nanosize (typically 20-
200 nm) of PMs allows for the preferential passive accumulation of anticancer agents in
tumour tissues through the leaky vasculature (what is known as enhanced permeation and
retention phenomenon (EPR))?47?%8, Polymers, such as Soluplus®, containing PEG as the
hydrophilic moiety can provide extended blood circulation and more time for anticancer
agent accumulation. Besides, some polymers can counteract multidrug resistance (MDR)
through P-gp inhibition**®%+2>°_ Currently, several polymeric micellar formulations for
anticancer therapy delivery are under clinical investigations>’?, of which Genexol®-PM
(Paclitaxel loaded PEG-PLA polymeric micelles) has been marketed for the treatment of
breast cancer and Eligard® (leuprolide acetate loaded PLGA polymeric nanoparticles)
have been granted FDA approvals for prostate cancer and showing very promising

clinical proficiency?**#42,

Furthermore, functionalisation of polymeric micelles, such as galactosylation, is regarded
a potential strategy to enhance the accumulation of drugs in the tumor site, reducing the
exposure of healthy tissues to the drugs and minimising their side effects. TPGS was

reported to be functionalised by coupling with different targeting ligands (such as folic

d480,481 d304

aci , glycyrrhetinic aci and Lactobionic acid*'**?) for targeted delivery of
anticancer agents to different cancer types showing promising results in the preclinical
studies. Beside its functionalisation, TPGS demonstrated a P-glycoprotein (P-gp)
inhibitory effect that counteract the multidrug resistance (MDR) of cancer cells*78:483:484,
Additionally, TPGS has been shown an in-vitro and in-vivo cytotoxic action on many

cancer cell lines via inducing cellular apoptosis®>®2%7.

This study investigates the potentials of galactosylated-TPGS/Soluplus® mixed micelles
for the targeted delivery of Sf to hepatocellular carcinoma (HCC) cells.
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The objectives of this chapter are:

To develop galactosylated Soluplus/TPGS mixed micelles for liver-targeted
intravenous delivery of Sf.

To characterise the physicochemical properties of galactosylated Sf-loaded mixed
micelles (Gal-MM).

To evaluate the colloidal stability of Gal-Sf-MM during short-term storage and under
administration and physiological conditions and studying Sf release kinetics from Gal-
Sf-MM.

To appraise the targeting efficiency, cytotoxicity, and cellular uptake of the developed

Gal-Sf-MM on HepG2 cells.
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6.2.Materials and methods

6.2.1. Materials

Soluplus®, polyvinyl caprolactam—polyvinyl acetate—polyethylene glycol graft
copolymer, was obtained from BASF (Redditch, UK). Sorafenib was obtained from LC
Labs (USA). Ricinus communis agglutinin, RCA120, was purchased from 2BScientific
(UK). D-aTocopherol polyethylene glycol 1000 succinate (TPGS, Mwt ~1513 g/mol),
phosphate buffer saline tablets (PBS), Tween-80, phosphotungstic acid (PTA), Bovine
serum albumin (BSA), coumarin-6 (C6), Triethylamine (TEA), ethylenediamine (EDA),
1,1'-Carbonyldiimidazole (CDI), N-hydroxysuccinimide (NHS), 1-Ethyl-3- (3-
dimethylaminopropyl) carbodiimide (EDC), trypsin-EDTA solution, RPMI 1640
Medium, fetal bovine serum (FBS), Hanks' Balanced Salt Solution (HBSS), 1% non-
essential amino acids (NEAA), 1% penicillin—streptomycin solution, trifluoroacetic acid
(TFA), and 4',6-diamidino-2-phenylindole (DAPI) were all purchased from (Sigma-
Aldrich, UK). Tetrazolium compound [3- (4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium], inner salt (MTS) was
purchased from Promega Ltd (UK). All solvents, such as acetone, DMSO, deuterated
DMSO-Ds, HPLC grade methanol and acetonitrile were purchased from Sigma-Aldrich
(UK).

6.2.2. Synthesis of Gal-TPGS

Synthesis of Gal-TPGS has been achieved as previously reported in Chapter 4 (section
4.2.4.)

6.2.3. Characterisation and determination of conjugation efficiency of Gal-TPGS

Gal-TPGS has been characterised using FTIR, 'H-NMR and MALDI-TOF. Furthermore,
the conjugation efficiency has been quantified using the phenol/sulfuric acid assay

method, as mentioned in Chapter 4 (section 4.2.5.)
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6.2.4. Preparation of galactosylated Sf-loaded TPGS/Soluplus® mixed micelles
(Gal-Sf-MM)

Gal-Sf-MM were prepared by the solvent evaporation method using Soluplus®: TPGS
weight ratio of 40:10, as previously detailed in Chapter 5 (section 5.2.2.) using Gal-TPGS
instead of TPGS during the preparation procedures. The blank mixed micelles (MM) were

prepared in the same manner without Sf.

6.2.5. Particle size and Zeta potential

The particle size, size distribution (PDI), and zeta-potential (Z.P.) of Sf-MM and Gal-Sf-
MM were measured using dynamic light scattering (DLS) via Zetasizer Nano (Malvern

Instruments Ltd., Malvern, UK) following the procedures detailed in Chapter 2 (section
2.3.2.1.).

6.2.6. Encapsulation efficiency (EE%) and loading capacity (LC%)

Encapsulation efficiency (EE%) and loading capacity (LC%) of sorafenib (SF) into
micelles were measured through the direct assay method following the same procedures

described in Chapter 5 (section 5.2.4.).

6.2.7. Short-term storage physical stability

To investigate the physical and drug-loading stability of Sf-MM and Gal-Sf-MM, the
samples were transferred into glass vials sealed with plastic caps and stored at 4 °C over
14 days. At the predetermined times (0, 3, 7, and 14 days) the particle size, polydispersity
index (PDI), zeta potential, and EE% were assessed using DLS and HPLC**!,

6.2.8. Micellar colloidal stability under administration and physiological blood

condition

To investigate the physical stability of Sf-MM and Gal-Sf-MM under administration
conditions (in 0.9% NaCl and 5% Dextrose for 30 min at 25° C) and physiological blood
condition (5.4% BSA in PBS at 7.4 for 72 h at 37° C), samples were 10 times diluted in

1

the corresponding media for the assigned time*¢!. Consequently, particle size,

polydispersity index and zeta potential were monitored using DLS as previously outlined.
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6.2.9. Micelles morphology using transmission electron microscopy (TEM)

TEM was used to inspect the morphology of the produced micelles following the steps
mentioned in Chapter 2 (section 2.3.3.1.).

6.2.10. Critical micellar concentration (CMC) measurement

Iodine UV-Vis spectroscopy method was used to determine the CMC of MM and Gal-
MM in MilliQ water following the procedures detailed in Chapter 5 (section 5.2.5.).

6.2.11. Solid state characterisation

For further investigation of the prepared mixed micelles in the solid state, micellar
dispersions were freeze-dried using VirTis® Wizard 2.0 freeze dryer (SP SCIENTIFIC,
USA). After preparation, samples were frozen using liquid nitrogen and then freeze-dried

at -80 °C under vacuum for 24 hr.

6.2.11.1. Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

The Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of raw
materials, physical mixtures, and Gal-S-MM were acquired using FTIR

spectrophotometer as mentioned in Chapter 2 (section 2.3.2.6.).

6.2.11.2. Differential scanning calorimetry (DSC)

DSC was used to investigate the effect of formulation and sorafenib encapsulation on the
thermal behaviour of the components following the same conditions mentioned in

Chapter 2 (section 2.3.2.3).

6.2.11.3. Powder X-Ray Diffraction (PXRD)

The X-ray powder diffraction patterns was acquired to further investigate the impact of
formulation on the crystallinity of the components under the same conditions stated in

Chapter 2 (section 2.3.2.5.).
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6.2.12. Drug release study

Sorafenib release profiles were investigated using the dialysis bag method following the

same procedures detailed in Chapter 4 (section 4.2.10.).

6.2.13. Surface accessibility (lectin-induced agglutination assay)

T verify the surface exposure/accessibility of galactose moieties on the surface of Gal-
MM, the lectin agglutination test was carried out as previously detailed in Chapter 4

(section 4.2.7.)

6.2.14. In-vitro cellular studies

For in-vitro cellular studies, HepG2 cells were used as in-vitro model of liver cancer.

6.2.14.1. In-vitro Cellular cytotoxicity

Cellular cytotoxicity studies were carried out to investigate the effect of sorafenib
encapsulation and the galactosylation of mixed micelles on cytotoxicity efficiency of Sf
on HepG2 cells using the MTS assay method. All the conditions and procedure steps were
followed as detailed in Chapter 4 (section 4.2.11.1.).

6.2.14.2. Cellular uptake using an inverted fluorescence microscope

In this study, coumarin-6 (C6) was used as a lipophilic fluorescent probe and loaded into
both galactosylated and non-galactosylated mixed micelles formulations instead of
Sorafenib with a final C6 concentration of 100 ug/mL of formula to investigate the
cellular uptake of these formulations on HepG2 cells (ASGP positive). All the conditions
and steps were followed as mentioned in Chapter 4 (section 4.2.11.2.). However, the cells

were treated with different tested formulations at a final C6 concentration of 0.5 pg/mL.
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6.2.14.3. Cellular uptake study using flow cytometer

A flow cytometer (Beckman Coulter CytoFlex, USA) was used to quantify the cellular
uptake of the C6-labelled mixed micelles applying all the conditions and the steps detailed
in Chapter 4 (section 4.2.11.3.). However, cells were incubated with different tested

sampled at a final C6 concentration of 0.5 pg/mL.

6.3.Results and discussion
6.3.1. Synthesis and characterisation of Gal-TPGS

The synthesis of Gal-TPGS was done as previously discussed in Chapter 4 (section
4.2.4.). Firstly, the terminal hydroxyl group of PEG of TPGS was reacted with
carbonyldiimidazole (CDI) to form intermediate carbamate to be reacted afterwards with
an excess amount of ethylenediamine (EDA) imparting a terminal amine to TPGS
molecule. The amine-terminated TPGS was then coupled with lactobionic acid through
direct amidation reaction in the Presence of 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS)*'%. The product was purified by
intensive dialysis against MilliQ water and characterised by FTIR, "H-NMR and MALDI-
TOF (Chapter 4, section 4.3.2.). Furthermore, the conjugation efficiency was quantified

362

using Phenol/sulfuric acid assay”®~. Conjugation efficiency (number of conjugated TPGS

moles to total number of moles) was 74.6 + 5.2%, giving galactose content of 7.6 + 0.2%.

6.3.2. Preparation and characterisation of S-MM and Gal-S{-MM

The preparation of TPGS/Soluplus® mixed micelles was done using the solvent
evaporation method as previously reported*®!. Firstly, different Soluplus®: TPGS ratios
have been screened and characterised in terms of particle size, LC% and CMC (Chapter
5, section 5.3.1.). Since all screened ratios exhibited acceptable colloidal properties
(Particle size, PDI and Zeta potential), as shown in Table 6.1, the ratio of 40:10 w/w
(Soluplus®: TPGS) was chosen based on LC% (15.9 + 0.1%) and its CMC (106.9 + 2.9
pg/mL), which is low enough to produce stable micelles and still contains considerable
TPGS content for good liver targeting. As shown in Table 6.1, all formulated micelles

showed nanosized micelles with narrow size distribution that are key features for the in-
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vivo application of parenteral colloidal systems. The particle size of nanodelivery systems
has a particular importance in the treatment of cancer as nanosized delivery systems
below 200 nm are well known to passively accumulate in cancerous tissues due to the

enhanced permeation and retention phenomenon (EPR)8!1:234447,

Since the formation of polymeric micelles is a dynamic process, the encapsulation of
Sorafenib into micelles increased micellar size for both non-galactosylated and
galactosylated counterpart systems (Figure 6.1 and 6.2). Moreover, despite the fact that
the use of Gal-TPGS instead of TPGS did not affect the particle size, it showed a slight
increase in the polydispersity index (PDI) which may be due to the change in the
hydrophilic/lipophilic balance between TPGS and Gal-TPGS that imparted some
heterogeneity in the assembly process of Gal-MM. Additionally, using Gal-TPGS has
resulted in a change in the zeta potential from negative values, in the case of MM and St-
MM, into positive values in the case of Gal-MM and Gal-Sf-MM., indicating that TPGS
has been chemically modified. The same observation was reported by Tsend-Ayush, A.
et al. during the preparation of lactobionic acid-conjugated TPGS for the delivery of
Etoposide to HCC cells**!.

Furthermore, both S-MM and Gal-S{-MM showed high LC% of 15.9 £0.1% and 15.5 +
0.5%, respectively. In this case, the apparent solubility of Sf in water has been
tremendously improved by 1110 and 1080 times, respectively, compared to the intrinsic
solubility of Sf (~1.7 ug/mL**). The same observation was reported by Riedel, J. et al.
after encapsulation of Paclitaxel (PTX) into TPGS/Soluplus mixed micelles as the
solubility of PTX was enhanced by more than 6000 fold compared to intrinsic PTX

solubility in water*®!.

Table 6.1: Particle size, polydispersity index (PDI) and Zeta potential of blank and Sf
loaded MM and Gal-MM.

. P.S. £ SD Z.P.£SD EE +SD LC+SD
+
Formulation (nm) PDI +SD (mV) (%) (%)
Blank MM 69.2+1.6 0.103 £0.030 -15.6+2.2 -- --

Blank Gal-MM | 71.1+1.5 0.127 £0.015 52+24 -- --

Sf-MM 91.6 £2.5 0.096 + 0.025 -14+1.3 942+09 | 159+0.1

Gal-Sf-MM 914+£09 0.142 £ 0.008 1.6 £2.9 91.9+3.6 | 155+0.5
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Figure 6.1:

DLS reports of the particle size of Blank Gal-MM (a) Gal-Sf-MM (b).
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Figure 6.2: DLS reports of the Zeta Potential of Blank Gal-MM (a) and Gal-Sf-MM (b).

6.3.3. Morphology using transmission electron microscopy (TEM)

TEM was used to visualise the formulated micelles. As depicted in Figure 6.3, all micelles

revealed a spherical shape in the particle size range around 100 nm with no significant

difference in both shape and particle size between MM and Gal-MM.

206




Figure 6.3: TEM images of (a) blank MM, (b) Sf-MM, (c) blank Gal-MM, and (d) Gal-
St-MM.

6.3.4. Short-term stability of Sf-MM and Gal-Sf-MM

The short-term stability study of Sf-MM and Gal-Sf-MM was done to ensure the colloidal
stability and the drug loading during the study time when stored at 4° C for up to 14 days.
As depicted in Figure 6.4, both S-MM and Gal-Sf-MM did not show any significant (p>
0.05) difference in both particle size and polydispersity index. Moreover, both micellar
systems did not exhibit any sign of drug precipitation or aggregation, which was
confirmed by assessing the entrapment efficiency that remained unchanged during
storage time. This asserts the high solubilising capacity of Soluplus® and TPGS for Sf to
withstand the effect of storage under lowered temperature*®®. This micellar stability is
attributed to the compatibility between Soluplus® and TPGS and the low CMC of the

formed micelles??%2%3,
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Figure 6.4: The effect of short-term storage of Sf-MM and Gal-Sf-MM at 4°C for 14
days on particle size (a), polydispersity index, PDI (b), and EE% (C).

6.3.5. Colloidal stability in administration and physiological conditions

Colloidal stability of micellar systems under administration conditions is essential to
ensure the safety and accuracy of drug cargo. Moreover, Upon intravenous injection,
micelles encounter a variety of environmental changes, including considerable dilution,
exposure to pH and salt fluctuations, and interaction with various proteins and cells**74%6,
Therefore, particle size, polydispersity index and zeta potential were monitored for any
change under tested conditions. For administration conditions, both 0.9% NaCl and 5%
dextrose were used as they are the most common diluents for intravenous administration.
Micellar dispersions were diluted 10 times and incubated for 30 min at 25° C. Results
revealed no substantial change in both particle size and polydispersity index of the
incubated samples compared to initial values before dispersion in the tested media (Table
6.1) and at zero time after dispersion in the tested media (Table 6.2 and 6.3), regardless
of the dilution medium. However, in the case of 0.9% NacCl, the zeta potential of S-MM
has been diminished to almost neutrality due to the presence of NaCl electrolytes that
neutralised surface charge (Table 6.2) with no profound impact on Gal-Sf-MM due to low
Zeta potential values. Despite these low zeta potential values, micelles retained their
colloidal size, suggesting that micelles are primarily sterically stabilised. On the other
hand, the 5% dextrose solution did not exhibit a remarkable effect on the zeta potential

of both micellar systems (Table 6.3).
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Table 6.2: Particle size (PS), polydispersity index (PDI), and zeta potential (ZP) of Sf-
MM and Gal-Sf-MM before and after incubation in 0.9% NaCl at 25°C for 30 min

(n=3).
Zero time 30 min
PS.£SD ZP+SD | P.S.=SD ZP+SD

o) PDI +SD e ) PDI=SD | 40

SEMM | 1081417 | 026240013 | -1.7+09 | 852+1.1| %154= 2.1+
0.019 1.8

Gal-SF- 0.062 + 15+
| 8725 | 022720021 | 2316 | 74113 | 0002 o

Table 6.3: Particle size (PS), polydispersity index (PDI), and zeta potential (ZP) of Sf-
MM and Gal-Sf-MM before and after incubation in 5% dextrose at 25°C for 30 min

(n=3).
Zero time 30 min
P.S. £SD ZP +SD | P.S.+SD ZP £SD
(nm) PDI £ SD (mV) (nm) PDI £ SD (mV)
St-MM | 91.2+2.8 | 0.122+0.004 | -10.2+1.1 | 89.9+1.1 | 0.129 £0.008 _lg'gi
Gal-Sf-
MM 85.5+1.2 | 0.138 £0.043 1.5+£2.6 | 89.3+2.8 | 0.075+0.038 | 1.6+1.7

Furthermore, as a trial to investigate the micellar behaviour upon intravenous
administration, micelles were incubated in 5.4% BSA in PBS at pH 7.4 (mimicking serum
physiological environment) for 72 h at 37° C. BSA solution exhibited its main peak
around 9 nm (Figure 6.5a) due to the formation of colloidal solution**?. On the other hand,
Both Sf-MM and Gal-Sf-MM revealed bimodal size distribution with a peak at 9 nm
representing BSA and another peak at 117.1 + 0.8 and 100.1+ 2.3 nm, respectively,
representing the micelles (Figure 6.5b and c). This slight but significant (p< 0.05) increase
in particle size could be attributed to the adsorption of BSA macromolecules on the

surface of polymeric micelles?3%443-445

. Nevertheless, the protein adsorption was
considerably low which could be ascribed to the shielding effect of PEG units in the
structure of both TPGS and Soluplus®*¥74%8, This confirms the colloidal stability of
micellar systems under physiological serum conditions for 72 h. This finding comes in

agreement with previously reported data*'>.
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Figure 6.5: DLS reports of 5.4%BSA in PBS at 7.4 (a), Sf-MM in 5.4% BSA in PBS at
7.4 (b), and Gal-Sf-MM in 5.4% BSA in PBS at 7.4 (¢) after incubation for 72 h at 37°
C.

6.3.6. Solid-state characterisation

6.3.6.1. Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

Fourier transform infrared spectroscopy (FTIR) spectra of Soluplus®, Gal-TPGS, Sf,
physical mixture of (Soluplus, Gal-TPGS, and Sfat4:1:1 ratio), Blank-Gal-MM, and Gal-
Sf-MM are shown in Figure 6.6.6. Soluplus® spectrum exhibited bands at 3448.6 cm™!
(O-H stretching), 2927.8 cm™' (aromatic C-H stretching), 1736 cm™!, 1630 cm '(C=0
stretching), and 1476 cm™ (C-O-C stretching)*%®. Gal-TPGS showed its characteristic
bands at 3377 cm™! (OH of lactobionic acid) and 1713 cm™ (C=0O of amide bondage) as
previously discussed in Chapter 4 (section 4.3.2.1.). The Sf spectrum showed two
characteristic bands at 3298 cm ™! and 3337 cm™! due to the N-H stretching of amide. The
observed band at 3074 cm™! is related to the C-H stretching band with a characteristic
band at 1705 cm™! of the amide C=0 group®®’. The physical mix spectrum displayed all
the peaks for all components with decreased intensities for Gal-TPGS and SF due to the
dilution effect. Besides, the Gal-Sf-MM spectrum was comparable to the physical mix,
while Blank-Gal-MM one was missing Sf peaks. Collectively, there was no detectable
chemical change in the spectra of the ingredients. The FTIR data interpretation for a non-

galactosylated system was previously discussed in Chapter 5 (section 5.3.5.1.).
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Figure 6.6.6: FTIR spectra of Soluplus®, Gal-TPGS, Sf, Physical mix, Blank-Gal-MM,
and Gal-Sf-MM.

6.3.6.2.Differential scanning calorimetry (DSC)

Thermal behaviour of different formulations was characterised using the DSC technique.
As depicted in Figure 6.7, St exhibited its sharp endothermic melting peak at 209° C
confirming the crystalline structure of crude Sf powder**>*°. Furthermore, Soluplus
showed a broad T, peak at 73° C**1467 whereas Gal-TPGS exhibited a sharp melting peak
at 35.5° C corresponding mainly to TPGS as previously reported®!. Interestingly, the
physical mix thermogram revealed peaks for both Gal-TPGS and Soluplus but did not
show the Sf Peak. This may indicate the high affinity towards the melted polymeric
material leading to the complete dissolution of Sf in the melted matrix during the heating
cycle which rationalises the high loading capacity of Sf in the micellar system.
Consequently, the thermogram of Gal-Sf-MM also did not show Sf melting peak
confirming the existence of Sf at a molecular state in the freeze-dried micelles. The same
observation was reported by Truong, D. H. et al. when Sf-Soluplus solid dispersion was

prepared using the spray drying method'?’.

211



Sf-MM
T36.2°%c Blank-MM

,‘gﬁigjg‘_\‘ﬁg’llllgkg o Physical mixture

35.5°¢ 73.0°c
Gal-TPGS

L‘\\\\\ N Soluplus®
T~ [
73.0°c

Sf

209.;\[—

Figure 6.7: Thermograms of Sf, Soluplus, Gal-TPGS, Physical mix, Blank-Gal-MM and
Gal-Sf-MM

Heat Flow Q (W/g)

T T T T T
o o o o o
O (e AN < ©

40
100
180
200
220
240 -

~ ~

Temperature (°C)

6.3.6.3.Powder X-ray diffraction (PXRD)

For further investigation, the crystallinity of St powder, Soluplus, Gal-TPGS, physical
mix, blank and Sf-loaded MM were determined via PXRD. From Figure 6.8, the
diffraction pattern of Soluplus showed an amorphous structure with no 20 peaks®*!4¢,
However, Gal-TPGS exhibited two distinguishing 20 peaks at 19.2° and 23.4°47°, Sf
powder exhibited various characteristic 20 peaks at 11.3°, 18.5°, and 24.7° confirming a
highly crystalline structure of Sf. The physical mix diffraction pattern showed the
distinctive peaks of both Gal-TPGS and Sf. At the same time, Gal-Sf-MM only revealed
Gal-TPGS peaks at lower intensities due to nanoformulation with a complete

disappearance of Sf characteristic peaks confirming that Sf is molecularly encapsulated

into the micellar structure.
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Figure 6.8: PXRD patterns of Soluplus, Gal-TPGS, Sf, physical mixture, Blank and
Gal-Sf loaded MM.

6.3.7. Ciritical micellar concentration (CMC) measurement

As aforementioned, CMC is a crucial parameter that determines the physical stability of
any micellar system against dilution. Therefore, the CMC of both TPGS/Soluplus mixed
micelles and their galactosylated counterpart was determined via the iodine ultraviolet
spectrophotometric method®?’. As depicted in Figure 6.9, the CMC of galactosylated
TPGS/Soluplus mixed micelles was higher (123 + 8 pg/mL) than unmodified
TPGS/Soluplus mixed micelles (106.9 + 2.9 pg/mL) at 25°C. It has been established that
the micellar thermodynamic stability is influenced by both of copolymer’s hydrophobic
block length and the interactions of the hydrophilic block within the micellar corona with
the aqueous media*’. Thus, incorporating hydrophilic moieties (Gal) into the polymer
structure increases the copolymer's hydrophilic/hydrophobic balance, resulting in an
augmented micellar corona's hydrophilic character, and decreases mixed micelles’
propensity towards self-aggregate into polymeric micelles*°. The same results have been

1442

reported previously by Moretton et al*** after glycosylation of Soluplus® with glucose
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using a microwave-assisted ring-opening reaction of d-gluconolactone. It was found that
the CMC of glycopolymer has been increased from 22 pg/mL to 151 pug/mL after
glycosylation of Soluplus®.

It is worth mentioning that CMC of methoxy-poly(ethylene glycol)-block-poly(D, L-
lactide) (mPEG- PDLLA) polymer (the former polymer of the marketed product
Genexol® PM) loaded with docetaxel was determined to be 44 pug/mL*" suggesting that
the obtained CMC of MM and Gal-MM are within the acceptable range for clinical

application.
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Figure 6.9: Determination of critical micelle concentration (CMC) of MM (A) and Gal-
MM(B) using iodine UV-Vis spectroscopy method.

6.3.8. In-vitro dissolution in PBS at pH 7.4

From Figure 6.10, Sf solution reached 100% drug release after almost 20 h, while both
Sf-MM and Gal-Sf-MM only released 69.1 + 8% and 68.6 + 3.3 h, respectively, after 120
h. Moreover, Both Sf-MM and Gal-Sf-MM showed mean dissolution time (MDT) of 38.1
+ 4.1 h and 39.6 + 0.8 h, respectively, which is 10 times higher than the Sf solution (4.6
+ 3.5 h), which asserts that encapsulation of Sf into micellar system confers a sustained
release pattern for Sf.

For a comprehensive comparison between Sf release profiles, both difference factor (f1)
and similarity factor (f2) were calculated using the equations mentioned in Chapter 2

(section 2.3.4.). From Table 6.4, both Sf release profiles from Sf-MM and Gal-Sf-MM
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showed high similarity (F1 < 15 and F2 > 50). In contrast, the release profile of Sf solution
was different (dissimilar) to both Sf-MM and Gal-Sf-MM release profiles (F1>15 and
F2<50).

Furthermore, by comparing the obtained drug release profiles with different kinetic
models, Sf solution release followed first-order kinetics, where drug release merely
depends on the remaining drug concentration in the dialysis bag (Table 6.5). At the same
time, both S-MM and Gal-Sf-MM best fitted with the Korsmeyer-Peppas model with n
values between 0.5 and 1, which indicates an anomalous transport of drug molecules and
by that drug release is governed by different mechanisms (such as dissolution, diffusion,

or/and micellar disaggregation).
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Figure 6.10: In-vitro sorafenib release profiles of Sf solution, S-MM, and Gal-Sf-MM
in PBS at pH 7.4 containing 1% tween 80 at 37° C under shaking at 100 rpm for 5 days.
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Table 6.4: Difference factors (f1) and Similarity factors (f2) of the release profiles of Sf
solution, S-MM, and Gal-S{f-MM.

formulation
Comparison parameter Sf solution Sf-MM Gal-Sf-MM
62.6
Difference factor (f1) 2.67
63.3 63.3
15.8
Similarity factor (f2) 91.9
15.6 15.6

Table 6.5: In-vitro drug release kinetic models of Sf solution, Sf-MM and Gal-S{-MM.

R’ of different formulations

Model Fauation Sf solution SEMM | Gal-Sf-MM
Zero-order f=ko.t - 0.6078 0.849 0.9027
First-order f=1-exp(-kt) 0.9878 0.9795 0.9897
Higuchi f=kpy.t" 0.352 0.9776 0.9794

. 0.977 0.9901 0.9929
Korsmeyer-Peppas | f=ky, .t L= 1.002 n=0.598 = 0.603
Hixon-Crowell =11 -1 knc. t)’] 0.2887 0.9605 0.9624

6.3.9. Surface accessibility (lectin-induced agglutination)

Surface exposure of the galactosylated moiety of mixed micelles and their selective
binding capability to ASGP receptors was evaluated through the lectin agglutination test.
As depicted in Figure 6.11, Gal-Sf-MM showed an increment in the turbidity after adding
RCA 20 compared to the non-galactosylated counterpart. Moreover, the agglutination was
reversed upon the addition of free galactose, asserting the agglutination's specificity
towards the galactose moiety. However, it was remarkable that the magnitude of the
change in the absorbance was limited (maximum absorbance was 0.03). That could be
due to using a low concentration of micelles, or the nanosize of the micelles was not large

enough to induce a detectable change in the turbidity, especially RCA 120 can only bind to
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two molecules of sugar. The same findings were previously reported with a maximum
absorbance values around 0.1 and 0.04 UV absorbance units**”*** which is regarded as

a limitation of this assay. Therefore, some reports proposed using DLS or TEM to confirm

the agglutination**?.
0.1

0.08 —0— Gal-S-MM Sf-MM

Free galactose addition |

0.06 l
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-0.02
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Figure 6.11: RCA120 induced agglutination of S-MM and Gal-Sf-MM when 100 pL of
micellar dispersion (10 mg/mL) was incubated with 100 uL of RCA120 (1 mg/mL) for
20 min with continuous measurement of the absorbance at 450 nm at 2 min intervals.
The reversibility of agglutination was verified by adding free D-galactose (10 mg/mL)
at the 20™ min.

6.3.10. In-vitro cellular studies

6.3.10.1. In-vitro cellular cytotoxicity

MTS assay was carried out to investigate the effect of Sf encapsulation into micelles and
galactosylation of the mixed micelles on the cytotoxicity of sorafenib on HepG2 cells
after incubation for 48 h. As shown in Figure 6.12 and Table 6.6, Gal-Sf-MM showed
enhanced cytotoxicity with a 1.4 times decrease in ICso (3.57 + 0.5 pg/mL) compared to
untargeted Sf-MM (ICso = 5.07 = 0.56 ng/mL). This could be ascribed to the enhanced
cellular uptake of Gal-Sf-MM through ASGP receptor-mediated active endocytosis.
Additionally, when cells were incubated with Gal-Sf-MM and free galactose (10 mg/mL),
the cytotoxicity decreased (ICso = 4.87 + 0.56 ng/mL) compared to the incubation with
Gal-Sf-MM without Galactose. This may be owing to the ability of free galactose to
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competitively bind to ASGPR and saturate them, inhibiting the active process of cellular

endocytosis'?’.
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Figure 6.12: Cell viability plot of HepG2 cells after incubation for 48 h at 37° C with
free Sf solution, Blank MM, blank Gal-MM, Sf-MM, Gal-Sf-MM and Gal-Sf-MM in
the presence of free galactose (10 mg/mL). (both blank formulations were diluted
similarly to the Sf-loaded counterparts)

Table 6.6: ICso values of different Sf formulations after incubation with HepG2 cells for

48 h
Sf solution Sf-MM Gal-Sf-MM Gal-Sf-MM + Galactose
Formula
ICso (ng/mL) 2.38+0.33 5.07 £0.56 3.57+0.5 4.87 £0.56

Interestingly, free Sf solution demonstrated higher cytotoxicity (ICso = 2.38 + 0.33
pg/mL) than all the Sf-loaded micellar formulations. This could be explained by the fact
that sf is encapsulated inside a micellar system and needs more time to be digested by the
cells compared to the free Sf molecules. Similar findings were observed by Bernabeu, E.

et al *% when Paclitaxel (PTX) loaded Soluplus micelles showed lower cytotoxicity than
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free PTX solution. Nevertheless, SF encapsulation into micelles enables the intravenous
administration of Sf where all marketed Sf products are orally administered with low oral
bioavailability (relative bioavailability of 38-49% compared to oral solution)'?>!13,
Besides, Sf encapsulation into nanosized formulations is expected to exhibit passive
preferential accumulation to cancerous tissues due to enhanced permeation and retention

phenomenon (EPR) beside the active targeting of ASGPR mediated endocytosis. This all

is anticipated to lower the side effects of Sf on normal tissues.

Remarkably, blank micelles also exhibited significant cytotoxicity at high concentrations
(> 10 pg/mL). Since Soluplus® is reported to be safe on different cell types*®, the
cytotoxicity of the mixed micelles could be attributed to the cytotoxic and pro-apoptotic
activity of TPGS against cancer cells through the generation of reactive oxygen

SpecieSZGS,328,442,458,461 )

6.3.10.2. Cellular uptake using an inverted fluorescence microscope

To study the impact of the micelles galactosylation on their uptake into HepG?2 cells, the
uptaken Cé6-labeled micelles into the cells after 4 h incubation with cells were inspected
using a fluorescence microscope. The results are depicted in Figure 6.13 and 6.14.
Comparing to their non-galactosylated counterparts, C6-Gal-MM (middle row) showed a
notably higher fluorescence, suggesting that the galactosylation of micelles increased
their cellular uptake into HepG2 cells through receptor-mediated endocytosis. To further
clarify the effect of galactose ligand on the receptor-mediated cellular uptake, the uptake
of C6-Gal-MM was compared in the presence and absence of free galactose as a
competitive inhibitor for ASGPR. As shown in Figure 6.13 and 6.14 (lower row), the
fluorescence intensity was noticeably reduced in the presence of free galactose compared
to the same formula in the absence of free galactose, indicating that galactosylated TPGS

plays a significant role in ASGPR recognition and the uptake by HepG2 cells*!*.
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Brightfield C6 DAPI Merge

C6-Gal-MM

C6-Gal-MM + free
Galactose

Figure 6.13: Fluorescence microscope images using 10X objective lens of HepG2 cells
after incubation for 4 h with different C6-loaded mixed micelles at 37°C.

C6 DAPI Merge

C6-Gal-MM Cc6-MM

C6-Gal-MM + free
Galactose

Figure 6.14: Fluorescence microscope images using 40X objective lens of HepG2 cells
after incubation for 4 h with different C6-loaded mixed micelles at 37° C.
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6.3.10.3. Cellular uptake study using flow cytometer

For further quantitative investigation of the effect of galactosylation on the cellular uptake
of micelles by HepG2 cells via ASGPR-mediated endocytosis, a flow cytometer was used
to measure the fluorescence intensity of uptaken micelles. The green fluorescence
intensity was measured from 10,000 events (HepG2 cells) in gate (P2) using the FTIC-A
channel. As depicted in Figure 6.15, HepG2 cells treated with C6-Gal-MM have shown
1.43 times higher cellular uptake than their non-galactosylated counterpart, suggesting
that galactosylation has contributed to a receptor-mediated cellular uptake. Furthermore,
the presence of free galactose has significantly (p< 0.05) reduced the cellular uptake,
which confirms that the cellular uptake of Gal-MM was enhanced through ASGP
receptor-mediated endocytosis. This data agrees with the cytotoxicity study findings in
the previous section, confirming that the enhancement of the cytotoxicity of Gal-S{-MM
is ascribed to the enhancement of cellular uptake due to ASGP receptors mediated
endocytosis!?7#174% The same cellular uptake pattern was noticed by Feng, L. et al.**
when tested galactosylated micelles composed of pH-responsive methoxyl poly(ethylene
glycol)-b-poly(B-amino ester) (MPEG-PBAE) for the targeted delivery of doxorubicin
(DOX) to hepatoma cells (HepG2 cells). It was found that galactosylated micelles showed
higher cellular uptake after incubation with HepG2 cells for 4 h compared to non
galactosylated counterpart. Moreover, the preincubation of cells with galactose resulted
in a lower cellular uptake while preincubation with glucose has almost no effect on the

endocytosis of the targeted micelles**.
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Figure 6.15: Histogram of the green fluorescent events using Fluorescein isothiocyanate
channel (FITC-A) detecting cells that have uptaken C6-loaded micelles (a), and
GeoMean fluorescence intensities of HepG2 cells after incubation for 4 h at 37° C with
different C6-loaded micelles formulations at a concentration of 0.5 pg/mL (b). ** (P <
0.01), and ns (P > 0.05). Error bars represent the standard deviation and n=3.

6.4. Conclusion

Galactosylated TPGS/Soluplus polymeric mixed micelles were successfully synthesised
by solvent evaporation method producing nanoparticles within 100 nm particle size and
narrow size distribution (> 0.2). Moreover, mixed micelles showed very good loading
capacity (15.85 + 0.13% and 15.52 £ 0.52% for Sf-MM and Gal-Sf-MM, respectively),
enabling the easy intravenous administration of Sf that is commercially available only in
the form of oral tablets (NEXAVAR®). Thus, nanoformulation of Sf into micelles is
expected to lower the required dose lessening the side effects and the cost of

manufacturing.

By characterising the produced micellar systems, both systems (Sf-MM and Gal-Sf-MM)
showed a spherical shape under TEM and with no significant change in FTIR spectra of
micelles compared to pure ingredients with a complete encapsulation of Sf into the
micellar core at a molecular level as demonstrated in both DSC and PXRD. Both MM
systems also showed remarkable colloidal stability under administration conditions (with

10-time dilution in 0.9% NaCl and 5% Dextrose). Moreover, they retained their nanosize
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when incubated at 5.4% BSA in PBS (mimicking serum biological condition after IV

administration).

Both micellar systems (Sf-MM and Gal-Sf-MM) showed a sustained drug release pattern
compared to the drug solution, which may allow reducing the dosing rate of the drug.
Although the lectin agglutination assay exhibited some agglutination with Gal-Sf-MM
confirming the surface exposure of galactose moieties on the surface of micelles, the
magnitude of the increase in the turbidity was limited. This limitation may be attributed
to the nanosize of the micelles that are not large enough to induce a detectable increase

in turbidity and the use of relatively low concentrations of the micellar system.

At the cellular level, Gal-Sf-MM showed enhanced cytotoxicity on HepG2 cells
compared to S-MM. While Gal-Sf-MM cytotoxicity was undermined in the presence of
free galactose, suggesting the involvement of the surface galactose moieties in the active
cellular uptake process. Likewise, C6-Gal-MM showed enhanced cellular uptake

compared to C6-MM determined by both fluorescence microscope and flow cytometer.

Conclusively, Gal-TPGS/Soluplus mixed micelle has shown to be a promising strategy

for liver-targeted delivery of sorafenib through intravenous administration.
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Chapter 7

Conclusion and future outlook



7.1.General conclusions

The presented study investigates the influence of the development of different
galactosylated nanoformulations on the solubility, anticancer efficiency and liver
targeting of Sorafenib (Sf) for treating hepatocellular carcinoma (HCC). Different
nanodelivery systems were successfully developed, including SLN, NLC, LNC, and PMs.
They showed promising results in enhancing drug solubility and anticancer activity with

improved cellular tumour targeting due to the employed targeting strategy.

7.1.1. Impact of formulation parameters on the properties of SLN and NLC

As discussed in Chapter 3, SLN and NLC comprise promising platforms for delivering
hydrophobic anticancer agents such as sorafenib. During the preliminary screening, it was
found that using high solid lipid concentrations (5% w/v) and insufficient surfactant may
lead to the gelation of the lipid dispersion. Moreover, the type and concentration of the
surfactant were shown to have a substantial effect not only on the particle size and size
distribution of the lipid nanoparticles but also on the drug loading. It was observed that
an increase in Tween 80 concentration led to an increase in drug loading up to a certain
limit, after which increasing surfactant concentration appears to promote drug
partitioning into the aqueous medium, resulting in a decrease in drug loading. In addition,

1™ oil into the

due to the limited solubility of Sf in liquid oils, the incorporation of Peceo
lipid matrix has shown a limited impact on drug loading compared to the incorporation
of lipid miscible solubilisers such as Transcutol® P and Gelucire® 48/16 that exhibited

good drug entrapment efficiencies (86.2%, and 93.4%, respectively)

Furthermore, to examine the impact of drug encapsulation into the lipid matrix on
sustaining the drug release, drug solution should be considered as a control in the
experiment design. Due to low drug solubility in an aqueous buffer, different solvent
systems were screened, from which PEG 400 allowed 100% drug release after 20 h. In
contrast, other tested solvents did not reach that level due to solvent diffusion and
subsequent drug precipitation. Both SLN and NLC showed a prolonged drug release

compared to the drug solution.
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The in-vitro assessment of formulation cytotoxicity on HepG2 cells revealed that the
blank SLN and LNC had remarkable cytotoxicity that could be ascribed to the solid
lipid, suggesting the presence of impurities. Thus, further investigations are needed to

eliminate the source of cytotoxicity.

7.1.2. Formulation of Gal-Sf-LNC using lipiodol® oil core

In Chapter 4, an investigational study was carried out to develop liver-targeted LNC with
lipiodol oil core to function as a theranostic agent for HCC. This study found that
Solutol® HS content had a profound impact on particle size and drug loading of the LNC.
In contrast, replacing MCT (Labrafac® WL 1349) with lipiodol® oil showed a minimal
effect on the particle size of LNC with no significant (p> 0.05) impact on Sf loading. In
addition, the galactosylation of TPGS was successfully synthesised and post-inserted into
the preformulated LNC to function as a liver-targeting ligand. Furthermore, the
encapsulation of Sfinto LNC has demonstrated a means to sustain drug release compared
to the free drug solution. From the in-vitro cellular studies on HepG2 cells, galactosylated
LNC revealed a superior cytotoxic and cellular uptake efficiency compared to untargeted
LNC suggesting a key role of ASGPR receptor-mediated endocytosis in the cellular
uptake process. Conclusively, this chapter offers a novel galactosylated LNC platform
that can efficiently deliver both Sf and Lipiodol oil to liver cancer cells acting as a

theranostic agent.

7.1.3. Development of single and mixed polymeric micelles to oral delivery of Sf

Chapter 5 focused on developing sf-loaded polymeric micelles to enhance Sf solubility
and dissolution rate for oral administration. In this chapter, the impact of using both single
(Soluplus®) and mixed micellar systems (based on Soluplus® and TPGS) on the
physicochemical properties of the micellar dispersion and the influence on Sf dissolution
and intestinal permeation was investigated. It was found that Soluplus® single micelles
had a highly effective Sf solubilisation capacity (1.949 + 0.009 mg/mL), while increasing
the TPGS ratio in the mixed micelles led to an incremental reduction in Sf solubilisation
capacity with no significant effect (p> 0.05) on particle size and size distribution of

micelles. In addition, both single (SM) and mixed (MM) micelles demonstrated good
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stability in SGF and SIF, while both micellar systems showed a significantly (p< 0.05)

higher dissolution efficiency than Sf suspension.

The in-vitro cellular studies on Caco-2 cells showed that blank SM has a good safety
profile on Caco-2 cells, while MM displayed a concentration and time-dependent
cytotoxicity due to the presence of TPGS. Furthermore, Sf-SM and Sf-MM demonstrated
a significantly (p< 0.05) higher apparent permeability across the Caco-2 monolayer than
Sf suspension. At the same time, Sf-MM had a modest efflux inhibition property due to
the presence of TPGS. Decisively, Soluplus-based single and mixed micelles offer a
potential approach to enhance Sf solubility, dissolution rate and intestinal permeation,

which is anticipated to be translated into improved oral bioavailability.

7.1.4. Preparation of Galactosylated mixed micelles for liver-targeted delivery of

Sf (Gal-Sf-MM)

As discussed in Chapter 6, Gal-Sf-MM was successfully prepared by a solvent
evaporation method using the previously synthesised Gal-TPGS as a targeting ligand and
producing nanoparticles with particle sizes around 100 nm and narrow size of distribution
(> 0.2), having a very high Sf loading capacity (> 15.5%). Gal-Sf-MM displayed a
sustained drug release pattern compared to the drug solution. Furthermore, the micellar
system showed excellent colloidal stability in both administration (in 0.9% NaCl and 5%
dextrose) and physiological conditions (5.4% BSA in PBS at 7.4 ), confirming its
suitability for its application. At the cellular level, Gal-Sf-MM displayed enhanced
cytotoxicity (ICso = 3.57 £ 0.5 pg/mL) on HepG2 cells compared to its untargeted
counterpart (ICso =5.07 £ 0.56 pg/mL). While Gal-S{-MM cytotoxicity was undermined
in the presence of free galactose (ICso =4.87 + 0.56 ng/mL), suggesting the involvement
of the surface galactose moieties in the active cellular uptake process. Similarly, C6-Gal-
MM showed enhanced cellular uptake (1.43 times) compared to C6-MM examined by

both fluorescence microscope and flow cytometer.

Overall, the overall study provides insights into the potential of employing different

nanodelivery systems for addressing the Sf low solubility issue, offering potential
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candidate nanodelivery systems for enhancing the therapeutic outcomes and clinical

application of Sf.

7.2.Future outlook

The presented studies presented different nanodrug delivery systems candidates for Sf,
showing promising in-vitro results. However, the cellular studies of the galactosylated
Sf-loaded SLN and NLC were interrupted due to the COVID-19 lockdown that limited
the lab capacities and the transportation between universities to conduct different
characterisation techniques. Thus, the following experiments could be needed to evaluate
further the biological efficiency of the targeted nanodelivery systems and the contrasting

potency of the lipiodol® oil loaded LNC.

7.2.1. In-vitro cell cellular cytotoxicity studies for SLN and NLC

As described in chapter 3, blank Precirol® ATO 5-based SLN showed considerable
cytotoxicity of HepG2 cells that was most probably attributed to impurities in Precirol®
solid lipid since Precirol was reported to be safe on HepG2 cells up to 3.1 mg/mL.
Therefore, further cytotoxicity cellular studies using different solid lipid batches could be

needed to determine and eliminate the source of cytotoxicity.

7.2.2. Further in-vitro cellular studies

Further in-vitro cellular studies on HepG2 cells, such as apoptosis assay using annexin
V-FITC/propidium iodide method**’, cycle analysis**>, and western blot, could be
conducted to confirm the efficiency of nanoformulation to induce apoptosis and inhibit

the cell growth tumour cells.
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7.2.3. In-vitro and In-vivo assessment of the contrasting potency of Gal-Sf-LNC

containing lipiodol® oil core

These experiments could provide proof of concept data about the applicability of the
lipiodol oil containing LNC (in Chapter 4) as a contrasting agent. For in-vitro
investigation, HepG2 cells could be incubated with the Gal-Sf-LNC containing lipiodol®
oil for a certain time, followed by the fixation of the cells with 4% formaldehyde.
Afterwards, cells could be suspended in 1% agarose gel and visualised using a micro-CT
machine®®. On the other hand, the in-vivo assessment using model animals, mostly male
BALB/c nude mice, could be carried out by injecting LNC into the model animals, and
serial CT 1images could be taken over different time intervals to monitor the

biodistribution and accumulation of the administered dose over the time®4%°,

7.2.4. Ex-vivo intestinal permeation study of oral polymeric single and mixed

micelles (Sf-SM and Sf-MM)

From Chapter 5, both Sf-SM and Sf-MM demonstrated a remarkable enhancement in St
solubility and dissolution efficiency that was reflected on its cellular transport using an
in-vitro Caco-2 cell model. The investigation of the micellar systems efficiency to
enhance the intestinal permeation using ex-vivo non-everted sac technique could be a
reasonable step. The micellar dispersions could be injected into excised rat intestines via
a blunt syringe and tied from both sides, forming a sac. Then, a drug permeation study in

ringer solution under sink conditions could be conducted*’’.

7.2.5. In-vivo animal studies

As a final preclinical testing stage, successful nanoformulations could be tested for their
in-vivo efficiency on animal models, such as HepG2 xenograft BALB/c nude mice model,
studying the pharmacokinetics, biodistribution, antitumour activity and
immunohistochemical analysis to detect the nuclear proliferative markers and apoptosis-

related proteins®®®,
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