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Chapter 1

1.1 Introduction

One-in-fifteen men in South Africa has a high chance of developing prostate cancer in their lifetimes.
Globally, prostate cancer occurrence rates differ geographically, in regions and race groups. Prostate
cancer is projected to grow exponentially to 1.7 million new cases, with approximately 499,000
fatalities, by 2030, owing to the rapidly increasing population of aged men who are above 65 years of
age (Rawla, 2019).

Prostate cancer ensues when cells of the prostate gland grow uncontrollably. It can arise from epithelial
cells in the secretory glands that line the prostatic ducts (Sekhoacha et al., 2022). Treatments suchas
chemotherapy, surgery, hormone therapy, and radiation therapy have been successful over the years in
treating different cancers, including prostate cancer. The significant challenge facing various prostate
cancer treatments is the side-effects on prostate cancer patients, which include the killing of normal
cells and causing erectile dysfunction (Abbas et al., 2020). The use of nanotechnology in the treatment
of cancer appears to be a promising alternative, with reduced subsequent side-effects (Garcia-Pinel et
al., 2019). Much interest in the use of nanotechnology has been in drug delivery, where its unique
properties lead to increased drug efficacy, selectivity, drug retention time, and reduction of cytotoxicity
(ALMOTAIRY etal., 2023). Various types of nanoparticles are designed to improve the efficiency and
specificity of chemo-delivery nanosystems. Liposomal nanoparticles have added advantages as drug
delivery systems, as they are known to increase drug delivery; protect the drug from degradation;
stabilize therapeutic compounds; and improve drug performance in solid tumours (Guimaraes et al.,
2021).

Liposomes can be sensitive and responsive to stimuli such as pH, light, redox, matrixmetalloproteinase,
and temperature (Kansiz and Elgin, 2023). The current study has explored the use of liposomes that are
sensitive to temperature. Lipids have a specific temperature range at which their phases change from
the gel phase to the liquid phase. This temperature range is commonly known as the transition
temperature (TC) (Okotrub et al., 2018). The transition temperature has an impact on the encapsulation

efficiency and the stability of the liposomes. Phosphatidylcholine (PC) is the most crucial phospholipid
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in L-a-phosphatidylcholine, hydrogenated (soybean) (HSPC). The PC acyl chain degree of saturation
and chain length primarily affect the phase of the liposomal membrane. When hyperthermia is applied
above the TC, PCs change from a solid gel to a liquid phase, as the number of gauche conformations in
the acyl chains increases from the trans-state of the solid gel phase. This change in the membrane from
gel to liquid allows drugs which were encapsulated to be released from the liposomes. When 10% of
DSPE-PEG2000 is added to the liposomal formulation, thermosensitive liposomes with steric stability
can be obtained (Fahmy et al., 2022). Thermo-sensitive liposomes release the encapsulated drug when
exposedto hyperthermia at 39-40°C (Mazzotta et al., 2018). DSPE-PEG (2000)-amine is used with
different functional molecules, such as the DSPE-2000-maleimide, to prepare target-specific antibody-
conjugated nanoparticles for improved cellular and receptor targeting (Bi et al., 2019). In this study, an
anti-PSMA antibody was conjugated onto heat-sensitive liposomes to achieve specific binding to
prostate cancer cells. Prostate-specific membrane antigen (PSMA) is highly expressed in prostate cells.
The expression of PSMA is stimulated in malignant tissue with the highest level detected in metastatic
androgen-independent prostate cancer (Czerwinska et al., 2020). PSMA targeting and binding to PSMA
antigen increases the therapeutic specificity of nanoparticles charges with anti-PSMA antibody
(Hyvakka et al., 2021).

Chemotherapeutic drugs are limited by the fact that they are unable to reach the cancerous site in
sufficient quantity to be effective (Sekhoacha et al., 2022). They must be administered in high doses,
ultimately leading to adverse side-effects such as targeting normal cells (Algosaibi, 2022). The
experiments in this study were initiated with doxorubicin and continued with docetaxel, as docetaxel is
the first-line chemotherapeutic standard drug used for prostate cancer in South Africa (Liu et al., 2023).
The study hypothesizes that the targeting and binding of nanoparticles charged with anti-PSMA
antibody to PSMA on the prostate cells increases specificity, delivery and the therapeutic potential of

encapsulated anti-prostate cancer agents.

Medicinal plants were explored as sources of potential, new anti-cancer agents. Previous studies
reported on the therapeutic uses of Euphorbia milii, and indicated that the plant has anticancer,
antidiabetic and antimicrobial properties (Amtaghri et al., 2022). These properties are attributed to the
different phytochemicalspresent in the plant (Salehi et al., 2019).

14
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The current study aimed to overcome the challenges of non-specific and uncontrolled drug delivery
facing chemotherapy by exploring the cancer cell growth inhibitory effect of a selected medicinal plant
and the development of a controlled, target-specific nano-delivery system for prostate cancer. The study
was conducted with liposomes encapsulating Euphorbia milii plant extract and two prostate cancer

standard drugs, doxorubicin and docetaxel, for delivery into selected prostate cancer cell lines.

1.2 Problem statement

Prostate cancer is one of the most prevalent types of cancer among men in more than half of the countries
globally (112 of 185 countries/territories) (Bergengren et al., 2023). Chemotherapeutic drugs, surgery,
hormonal therapy, and radiation therapy have been used to treat cancers, but have unbearable negative
side-effects on cancer patients. Chemotherapy in particular, is further limited by low bioavailability,
uncontrolled drug release, degradation of drugs, and non-specificity, which are the main challenges the
current study aims to address.

To overcome these challenges, the development of a target-specific and controlled drug-release nano-
delivery system is explored. In this research, the heat-sensitive liposomes were conjugated with anti-
PSMA antibodies through the reaction of sulfhydryl residues to ensure liposome specificity to prostate
membrane antigen. This drug delivery system is designed to release only the encapsulated drug upon
heat stimulus when the nanoparticles are attached to the prostate gland. In this way, both specificity and
controlled release of the drug are addressed, ultimately limiting toxicity to normal cells. The
encapsulation of chemo drugs or agents in liposomes serves as protection from possible degradation as
well as a way to increase bioavailability. The current research is an in vitro study that explores a concept
that, when applied in a clinical setting, could reduce mortality and poor treatment outcomes in patients,

as well as the side-effects of toxicity associated with the treatment of prostate cancer.

1.3 Aim

This study aimed to discover potential chemotherapeutic agents from a medicinal plant, Euphorbia milii,
and to incorporate its active constituents into thermosensitive immuno-liposomes for selective, targeted,

and controlled release in prostate cancer cells.
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1.4 The general objective of the study

Develop a drug delivery system that is specific to prostate cancer and has a drug-controlled release

feature that is responsive to heat.

1.4.1 The objectives of the study:

1) Select highly cytotoxic plants with records of anti-cancer properties. Prepare extracts, and screen
extracts for their cell growth inhibitory effects against prostate cancer DU145 and LNCap cell lines.

2) Synthesize heat-responsive liposomes and conjugate them with prostate-specific antibody.

3) Encapsulate active constituents from plant/ standard anti-cancer drugs (used as a positive control)

into the synthesized liposomes.
4) Verify and calculate the drug encapsulation and release.

5) Evaluate the efficacy of the thermos-sensitive immunoliposome drug delivery system on prostate

cancer cells, compared to free standard drug/plant extracts.

16
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Chapter 2

2. Literature review

2.1 Cancer

Cancer is the uncontrolled division of cells in the body, eventually forming a tissue mass known as a
tumour (Brown et al., 2023). Tumours can either be benign and remain in their original location, or
become malignant and move from one place to another (Patel, 2020). In normal cell division, there is
a balance in the genes that promote cell proliferation and suppression. This balance, however, is
distorted in cancerous cells. Several factors, such as damage to DNA and resultant mutations in genes,
contribute to this imbalance. Genetic mutations, for example, can accelerate the rate of cell division via
the dysregulation of growth signals that promote cell division or inhibit cell cycle control or
programmed cell death. DNA repair mechanisms in the body can repair damaged DNA. Damaged DNA
is not repaired in cancer cells as genetic mutations often lead to non-functional DNA repair mechanisms
and consequently uncontrollable cell division (Alhmoud et al., 2021). Cancer can start anywhere in the

body: uncontrollable cell division in the prostate gland can lead to prostate cancer.

2.2 The prostate gland

The anatomy of the prostate gland can be explained as a compound tubular walnut-sized gland situated
in front of the rectum, right between the bladder and the penis. The prostate gland produces semen that
nourishes and transports the sperm cells (Obukohwo et al., 2021). The prostate gland is the source of
three well-known prostate conditions: benign prostatic hyperplasia (BPH), prostatitis, and prostate

cancer (Shah et al., 2021). This study focuses on prostate cancer.
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2.3 Prostate cancer

2.3.1 Epidemiology

Prostate cancer develops mainly in older men, aged 65 or older. Age-specific incidence rates (ASIRS) vary
by 189-fold globally, with an ASIR of 68.0 per 100,000 in 2018 in SA. About 1,2 million new cases of
prostate cancer were registered globally, showing as 7.1% of all cancers in men (Cassim et al., 2021).
Prostate cancer is often seen in western countries, with one-in-six men diagnosed with the disease in the
United States and 1-in-13 men in England (Lee, 2019). The incident rates of prostate cancer in Africa are
lower than those in western countries (GLOBOCAN-WHO, 2018). Prostate tumours usually grow slowly
and with no visible symptoms for years. About 95% of prostate cancers are adenocarcinomas (cancers that
form and develop in the gland and spread to other parts of the body). By 2023, it is predicted that
approximately 28,830 new prostate cancer cases will be diagnosed, and 34,700 men are likely to die from
the disease (Oseni et al., 2023). Delayed detection of the disease until the mature stages is one of the
factors resulting to the increased mortality rate. The detection and diagnosis of prostate cancer comprises

digital rectal examination, prostate-specific antigen (PSA) analysis, and ultrasound biopsies.

2.3.2 Prostate cancer screening and detection

Most men undergo prostate cancer screening when they experience signs of erectile dysfunction, blood
in their urine or semen, or inflammation. Most prostate cancer detections start with a digital rectal
examination (DRE). During a DRE, a medical practitioner evaluates a patient’s lower rectum, assessing
the prostate gland size (Christie et al., 2019). If abnormalities of shape, texture and size are detected, the
patient's blood is collected for PSA screening. PSA is a glycoprotein formed by the prostate. It is located
mainly in semen. However, can be detected in the bloodstream. PSA is a sensitive marker to detect and
monitor prostate cancer progression. Men diagnosed with prostate diseases and adenocarcinoma of the
prostate have higher serum PSA protein levels (Filella et al., 2018). The PSA cut-off point is 4 ng/ml.
Levels higher than 4ng/ml indicate that the patient requires additional tests (Sekhoacha et al., 2022).
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After detecting high PSA levels, tests such as transrectal ultrasound (TRUS) and magnetic resonance

imaging (MRI) are conducted to diagnose patients.

2.3.3 Prostate cancer diagnosis

The prostate gland is viewed with an imaging test such as a TRUS or MRI. During transrectal ultrasound,
a probe is inserted into the rectum, and an ultrasound image of the prostate gland is created by sound
waves. An MRI scan is used to generate clearer images. To verify the presence of cancer cells, an
ultrasound biopsy is performed by collecting tissue samples from the prostate. During a biopsy, small
prostate samples are removed with a thin hallow needle and then examined under a microscope. After a
biopsy report that indicates that the patient is positive for prostate cancer, the cancer will be assigned
a grade using the Gleason grading system to indicate how differentiated the cancer is (Tagai et al., 2019).
The Gleason grading system is the histologic pattern of cancer cells in H&E-stained sections obtained
from a biopsy sample. The grade can range from 2 to 10. An increasing Gleason grade is directly related
to tumour size and pathologic stage. A low Gleason grade indicates a non-aggressive, slow-growing
prostate cancer. For lower Gleason grades, active surveillance is done, where the progression of the
cancer is monitored with rectal examinations and biopsies. If tests indicate that the prostate cancer is
progressing, treatment of the disease will be initiated. The Gleason grade assists with predicting patients'

response to specific therapies, such as surgery and radiotherapy (Wulczyn et al., 2021).

2.4 Treatment

There are four treatment methods that are primarily used for prostate therapy. These are surgery,
radiation, hormonal therapy, and chemotherapy (Debela et al., 2021). The treatment options, their
advantages, and setbacks are discussed below in detail.
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2.4.1 Surgery

Surgery is suggested for localized tumours that pose a high risk to the patients (Hofman et al., 2020).
Radical prostatectomy and pelvic lymphadenectomy are known to be the most applicable surgery
methods used for prostate cancer. Although surgery is known to significantly reduce mortality and the
risk of metastasis, it has side-effects that include substantial sexual and urinary dysfunction
(Guillaumier et al., 2018).

2.4.2 Hormonal Therapy

Hormonal therapy, which is also called hormone manipulation, endocrine therapy, or hormone
withdrawal therapy, includes the use of drugs that affect the hormone secretion to inhibit, stop or slow
down the growth of cancer cells that need specific hormones to grow. Recently developed drugs
(aromatase inhibitors, LHRH analogues) are being used to treat prostate and breast cancer (Aggarwal et
al., 2021). Hormonal therapy may be used to shrink a tumour and make it easier to remove. However,
the use of androgen suppression therapy hormones has numerous side-effects, affecting insulin
resistance fatigue; hypercholesterolemia; anaemia and bone mineral density leading to an increased risk
of cardiac disorders (Edmunds et al., 2020).

2.4.3 Radiation therapy

Many radiation therapies, such as conformal proton beam therapy, stereotactic surgery, and intra-
operative radiation, are being used for cancer treatment. Radiation energy, however, usually damages
the DNA of any cells it comes into contact with, affecting cell division and causing cell death. The main
challenge with radiation therapy is that it does the same damage to healthy cells as it does to cancerous

cells (Gnutzmann et al., 2018).
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2.4.4 Chemotherapy

Chemotherapy is a method to treat cancer in the form of drugs taken intravenously, orally, or injected into
a muscle (Anand et al., 2022) . Chemotherapeutic drugs are limited by the fact that they are unable to
reach the cancerous site in sufficient quantity to be effective. They must be administered in high doses,
ultimately leading to adverse side-effects, such as targeting healthy fast-dividing cells (Mustapha et al.,
2022) . Other disadvantages are the adverse side-effects on the body’s immune system; cells becoming
resistant to chemotherapeutic drugs; the suppression of blood cells and platelets by the bone marrow;
neuropathy; and cardiotoxicity (Liu et al., 2021, Ugwunnaji and Berinyuy). The most commonly used
chemotherapeutic drug for prostate cancer is docetaxel. Other FDA-approved chemotherapy drugs, such
as sipuleucel-T; enzalutamide; cabazitaxel; doxorubicin; and abirateroneand have shown positive results
in prostate cancer clinical trials (Oseni et al., 2023). Doxorubicin and docetaxel are discussed further, as

these were used in the current study as the standard drugs that served as positive controls.

2.4.4.1 Doxorubicin

Doxorubicin is a drug called cytotoxic anthracycline antibiotic, extracted from streptomyces peucetius
var. caesius in the 1970s. Doxorubicin is often used in soft tissue sarcomas, hematological malignancies,
and carcinoma. Doxorubicin has been proven to stop the progression of cancer cells by blocking an
enzyme known as topo isomerase 2 and inducing DNA breaks (Rawat et al., 2021) . The conventional
composition of doxorubicin can be obtained as a solution or freeze-dried product. Even though
doxorubicin is administered to treat prostate cancer, there are increased risks of chemotherapeutic failure
due to drug resistance. To hinder resistance, doxorubicin is usually used with other therapies to
resensitize cancer cells to the drug (Shu et al., 2018). The FDA-approved doxorubicin, encapsulated as
doxil in PEG liposomes in the early 90s, is the first FDA-approved nanodrug. The synergy between
doxorubicin and anthracyclines was seen previously in in vitro studies. Doxorubicin was synergistic
when combined with docetaxel at dose levels equal to their IC50 values in PC3, DU145, and LNCap
cells (Dyshlovoy et al., 2024).
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2.4.4.2 Docetaxel

Docetaxel is an effective drug approved to treat different cancers, such as prostate cancer. The drug is
also used to treat various malignancies. Docetaxel kills cells by interrupting the function of microtubules
vital for cell survival. Docetaxel prevents the formation of new cells, causing existing cells to undergo
apoptosis, stopping cells from maturing and replicating. As with all cytotoxic agents, docetaxel is not
specific to cancerous cells and leads to various acute and long-term side-effects (Singh et al., 2019).
Docetaxel is usually administered 3 - 4 times with lower concentrations. It is reported that 0.5mg/kg is

the lowest effective dose resulting in 87% tumour reduction in mice (Grohmann et al., 2021).

Recently, new approaches such as target-specific nanoscale therapy and new drug combinations using
medicinal plants are being explored to overcome multidrug resistance and side-effects caused by

chemotherapy (More et al., 2021).

2.5 Medicinal plants

Medicinal plants are seen as an alternative to chemotherapeutic drugs as they contain a wide variety of
bioactive compounds that possess anticancer, antibacterial, and antimicrobial properties. Secondary
metabolites derived from medicinal plants have been the primary source of medical drug discoveries.
Drugs such as vinblastine, paclitaxel, vincristine, etoposide, and taxel are examples of anticancer drugs
derived from plants (Shaik et al., 2022).

2.5.1. Euphorbia species

The different species of euphorbia are used in folk medicine (Amtaghri et al., 2022). The plant genus is
characterized by having milky latex which can be highly toxic in some species. According to the
Planetary Biodiversity Inventory (2019: online), euphorbia has about 2000 plant members, ranging from

small plants to huge trees. In this study, the euphorbia species used is the Euphorbia milii plant .
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2.5.1.1 Euphorbia milii

Figure 1: Euphorbia milii plant species

Euphoria milii is commonly known as ‘Christ of Thorns’. It belongs to the euphorbia genus. E. milii is
a woody, spiny succulent plant that can grow up to 1.8m high; the spines can grow up to 3cm. The plant
has green leaves and flowers ranging through colours like red, pink, white, and yellow. E. milii is well-

known for cancer therapy (Kaur and Kumar, 2023).

Distribution:

The euphorbia genus is found in Pakistan, China, and Madagascar. Euphorbia milii, grows in bush and
forest habitats, but usually in rocky areas. The plant is native to southern and western Madagascar and
is found at an elevation of between 20 and 1609m above sea level. The plant is also found in other

countries, like Brazil and Pakistan (Razanajatovo, 2020).
Historical Medicinal uses

Euphorbia milii is used to treat warts, hay fever, digestive problems, and breathing disorders like asthma
and bronchitis (Rahman and Akter, 2013). In Brazil, E. milii’s latex is used to treat warts. In other
countries, it is commonly used in cancer treatment (Chohan et al., 2020). The bulbs are widely used to

treat many illnesses, such as indigestion, stomach aches, constipation, diarrhea, and nausea.
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Pharmacological activity and phytochemical composition

Euphorbia milii is known to have anticancer, antidiabetic, and antimicrobial properties. These
properties are attributed to different phytochemicals present in the plant (Salehi et al., 2019).
Phytochemical studies of Euphorbia milii show that flavonoids, triterpenes, saponins, phenols and
tannins can be found in various parts of the plant (Kaur and Kumar, 2023). The leaves possess good
cytotoxic activity due to the flavonoid-rich compounds. Flavonoids inhibit oxidative cell damage,
indicating anti-inflammatory, anticancer, and antiseptic properties. The latex contains alkaloids such as
B-sitosterol, euphol, euphorbol, and euphorbol hexacosanoa. The crude alcoholic extracts and ethyl
acetate fractions have also shown high cytotoxic activity, suggesting that the potent cytotoxic molecules
of the plant are more polar (Hassan et al., 2023). Medicinal plants’ anticancer activity and efficacy are
tested in vitro against cell lines to discover new drug formulations before being tested in pre-clinical

and clinical trials. This study tested E. milii against prostate cancer cell lines in vitro.
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2.6 Cell lines

2.6.1 Prostate cancer cell lines

Cell culture models are developed to test the cytotoxic activity of potential therapeutic agents, as well
as to study different stages of various cancers. To be classified as a prostatic cell line, the cells have to
express specific proteins, such as intermediate filament proteins IF, cytokeratins CKs 8 and 18. There
are three prostate cell lines commonly used in in vitro research. These are LNCap, PC3, and DU145 cell
lines. Together with the PC3 cells, DU145 cells are androgen receptor-negative and express AR mRNA.
(Kaur and Kumar, 2023). Only the DU145 and LNCap prostate cancer cell lines were used in this study.

2.6.2 The DU145 cell line

DU145 cell line was the first prostate cancer cell line produced from a brain metastatic tumour in 1975.
DU145 cells are haplotriploid human cells that do not secrete PSA and are hormone insensitive. In
xenografts mice models, DU145 cells have a moderate potential to metastasize, especially to bone
(Namekawa et al., 2019). The DU145 cell line is androgen-independent and can express mutated forms
of androgen receptors and cytokeratins (Capone et al., 2020).

2.6.3 The LNCap cell line

LNCaP (lymph node carcinoma of the prostate) are androgen-sensitive prostate cancer cells, derived
from the left supraclavicular lymph node metastasis of a 50-year-old Caucasian male (Saranyutanon et
al., 2020). The malignant properties of LNCaP cells are sustained in nude mice which grow tumours at
the inoculation site. Different cell lines have been derived from LNCaP cells to investigate various
aspects of prostate cancer progression. When inoculated subcutaneously into male athymic nude mice,
LNCaP cells do not metastasize ( Abate-Shen and Nunes de Almeida, 2022). Prostate-specific antigen
(PSA) is expressed by the LNCaP cell line. This is a clinically useful human prostate serum that can be
used as a prostate cancer marker. The LNCaP cell line was used as the primary cell line for this study
because it is the only prostate cancer cell line that is androgen-sensitive and secretes prostate-specific
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antigen (PSA). Studies have indicated that the LNCaP cell line progression model is similar to human

prostate cancer (Saranyutanon et al., 2020).

2.7 Nanotechnology

Nanomedicine uses nanotechnology and knowledge of the human body for medical diagnosis and
treatment. In cancer treatment, nanomedicine is being explored for possible new targeted drug delivery
systems to improve the pharmacodynamic and pharmacokinetic profiles of conventional therapeutics,
therefore optimizing the efficacy of existing anti-cancer compounds and reducing their toxicity (Hafeez
et al., 2021). With current cancer treatment, it is challenging to reach therapeutic levels of drugs at the
tumour site without damaging and killing healthy cells. Nanotechnology offers a wide variety of
solutions, including improved specificity and targeted delivery of chemo drugs to cancer sites (Alrushaid
et al., 2023). Target-specific drug therapy is a priority research area in which nanotechnology plays a
vital part in advancing cancer therapy. However, most efforts to improve cancer treatment through
nanotechnology are still in the research or development stage.

2.7.1 Nanotechnology in drug delivery

Nanotechnology has attracted much interest in drug delivery over the years because of its unique
properties that increase drug efficacy, selectivity, and retention time. Nanoparticles are drug-delivery
vehicles ranging from 1 - 100nm in size. The size of the nanoparticles allows easy penetration into the
tumour and enhances the therapeutic potential of the administered drug (Sahu et al., 2021).
Nanoparticles composed of different biological compounds have been thoroughly studied for drug and
gene delivery in nanomedicine. Nanoparticles used in nanotechnology include ceramic, metal,
polymeric, lipid-based and semiconductor nanoparticles (Khan et al., 2019). The application of
nanotechnology in drug delivery includes binding nanoparticles to the targeted cancer cells, allowing

effective targeted drug delivery, and thereby reducing the destruction of healthy cells.
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2.7.1.1 Advantages of nano particles
Nanoparticles that are surface modified by hydrophilic polymers, such as polyethylene glycol (PEG),

can avoid renal clearance and rapid uptake by cells of the reticuloendothelial system (RES); thereby
maximizing blood circulation time.

Nanoparticles have improved bioavailability by enhancing aqueous solubility.

Nanoparticles can be modified to increase specificity for targeted receptors.

Nanoparticles have controlled release of entrapped active substances when exposed to stimuli.
Minimal doses of chemotherapeutic agents are administered during the targeted therapy (doses are
smaller than those in standard chemotherapy).

Nanoparticles reduce toxicity and increase efficacy.

The current study explores the use of lipid-based nanoparticles, known as liposomes. Between various
gene and drug delivery systems, liposomes provide some advantages, such as low toxicity,
biocompatibility, and the ability to change the pharmacokinetic outline of therapeutic agents (Rommasi
and Esfandiari, 2021).

2.7.2 liposomes

Liposomes are small, closed lipid vesicles comprising a phospholipid bilayer containing the aqueous
centre (Pande, 2023) . The stability and integrity of liposomes rely on their chemical composition. The
ability of liposomes to entrap hydrophilic and lipophilic elements allows the encapsulation of a wide
range of drugs. The hydrophilic molecules are entrapped in the aqueous centre, and hydrophobic
molecules are in the lipid bilayer. Liposomes are delivery vehicles that can transport drugs to the

cancerous site. Liposomes have many advantages as drug carriers, mainly since they are noncovalent
aggregates. Their electric charge, lipid composition and sized can easily be modulated. The
concentration of the drugs encapsulated in liposomes can be determined by using various techniques,

such as UV-vis detection and HPLC, depending on the active compound inside liposomes (Giordani et
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al., 2023). Liposomes are easily metabolized and biodegradable in vivo. They can entrap various solutes
with different characteristics and molecular weights (Sheikholeslami et al., 2022)
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Figure 2: Different types of liposomal drug delivery systems (conventional, Theranostic,

PEGylated and Ligand-targeted liposomes)

https://www.researchgate.net/figure/Schematic-representation-of-the-different-types-of-1ip2014

In Figure 2 (A) shows the conventional liposome. Liposomes consist of a lipid bilayer and an aqueous
core. Both the aqueous space and the lipid bilayer can incorporate hydrophilic and hydrophobic
compounds respectively. Figure 2 (B) shows the PEGylated liposome. This is a hydrophilic polymer
coating that modifies the behaviour and characteristics of the liposome surface in vivo to grant steric
stabilization, Figure 2 (C) shows the ligand-targeted liposome that are utilized for specific targeting by

attaching ligands such a antibodies and peptides to the surface or terminal end of the PEG chains. Figure
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2 (D) shows the theranostic liposome. A single system of theranostic liposomes consists of a targeting

element, a therapeutic component , and a functionalized imaging agent (Mundargi et al., 2022).

2.7.3 Classification of liposomes

The morphology of a liposome can be classified according to the compartments of the aqueous regions
between bilayer shells. The size of vesicles is a crucial aspect in determining the circulation half-life of
liposomes, and the total number of bilayers and the size affect the amount of drug encapsulation in the
liposomes (Guimardes et al., 2021). Three groups of liposomes exist, classified by their structural
morphology, using conventional classification: Multilamellar vesicle (MLV) liposomes have more than
one bilayer around every aqueous compartment. If the aqueous regions are each separated by one
bilayer, the liposomes are called unilamellar vesicles. There are large unilamellar vesicles (LUV) and
small unilamellar vesicles (SUV) with sizes ranging from 25nm to 100nm. These various vesicular
morphologies can be achieved through the self-assembly of a specific amphiphilic. Effective liposomes
used for bioconjugates are the small spherical unilamellar vesicles with layers of hydrophilic head on
their inner and outer surface. The membrane structure is essential for drug encapsulation to protect the

drug from degradation (Sathe and Bangar, 2021).
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Figure 3: A schematic illustration of liposomes of different sizes and with different numbers of

lamellae
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Figure 3 is a schematic illustration of liposomes of different sizes and with different numbers of
lamellae. SUV: small unilamellar vesicles; LUV: large unilamellar vesicles; MLV: multilamellar

vesicles; and multivesicular vesicles (Nsairat et al., 2022).

There have been numerous attempts to develop liposomes that can regulate the release of drugs in
response to stimuli, such as light, temperature and pH. Temperature-sensitive liposomes are the subject
of this research. Conventional liposomes can enhance the effectiveness of drugs and treatment outcomes
through temperature-controlled drug release at the cancer site. To achieve this, the carrier/drug
relationship must be changed from a stable phase to gross instability at the target site (Chaudhry et al.,
2022)
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2.7.4 Temperature-sensitive liposomes

All lipids have a temperature at which their fluidity changes. This temperature is called the transition
temperature (TC). The transition temperature can affect the stability of the liposome, the encapsulation
efficiency, and the interaction between the liposomes and other lipids (Maritim et al., 2021). When the
environmental temperature is higher than the phospholipid transition temperature, phospholipids present
in a liquid state. The leaky lipid bilayer will then result in early drug release. It is thus, always safe to
use phospholipids with a transition temperature higher than the body temperature when preparing
liposomes (Bi et al., 2019). Thermo-sensitive liposomes can release drugs when exposed to heat at 39-
to-42°C, due to thermosensitive polymers added to their formulation (Hossen et al., 2019, Maritim et
al., 2021, Bi et al., 2019).

Heat-sensitive liposomes enable effective drug delivery to a targeted site because hyperthermia
increases vascular permeability, interstitial transport, and the precision of the time the drug is released
from the liposome into the tumour. Temperature-sensitive liposomes have an extended circulation time,
enabling them to passively release the drug to accumulate at the desired site (Amin et al., 2020). Tumour
cells usually have highly compact and disorganized vascular structures. Heat dissipation in these cells
is often more complex than in normal cells, which provides a possible avenue for selectively targeting
cells that contain heat (Raj et al., 2021). Temperature-sensitive liposomes have been triggered with
different heating techniques, but there is no specification for ideal timing or duration when applying

heat. A water bath can be used as a heat source in preclinical studies, such as animal studies.
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Figure 4: Thermosensitive liposomes passed through the tumour via enhanced permeability and
retention where the external heating locates promoting drug release.

https://www.sciencedirect.com/science/article/pii/S1818087617307419

Temperature-sensitive liposomes are more dependent on the preparation method. Preparation includes
using thermos-sensitive polymers such as poly (N_ isopropylacrylamide) PNIPA with a critical solution
temperature near 31°C for coating liposomes (Yang et al., 2020). Adding either hydrogenated soy
phosphocholine (HSPC) or distearoyl phosphocholine (DSPC) to the temperature-sensitive liposomes
increases load incompatibility, bilayer permeability, and the amount and rate of drug released (Heidarli
et al., 2017). DSPE-PEG2000 1,2-distearoyl-sn-glycero-3-phosphoethnolamine-N-
[amino(polyethyleneglycol)-2000] (ammonium salt) chloroform is a compound lipid with a PEG chain
in the terminal end on the hydrophobic tail. Pegylated liposomes, also known as stealth liposomes, have
an extended circulation half-life that can last days because of the PEG-lipid technology which enhances
circulation at the tumour site. DSPE-PEG2000 is used as a PEGylated preparation for polymer micelles,
liposomes, and microemulsions (Takayama et al., 2020). DSPE-PEG (2000)-amine has been used to
synthesize solid lipid and thermosensitive liposomes, mainly for the delivery of anticancer drugs and
the synthesis of fluorescein isothiocyanate-loaded mesoporous silica nanoparticles for imaging
applications. DSPE-PEG (2000)-amine is used with different functional molecules, such as the DSPE-
2000-maleimide, to prepare target-specific, antibody-conjugated nanoparticles for improved cellular
and receptor targeting (Bi et al., 2019).
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2.8 Targeted therapy

2.8.1 Enhanced permeability and retention effect

The inter-endothelial gap enhances the tumour’s permeability, enabling nanoparticles to leak passively
into the tumours (Duan et al., 2020). The use of targeted nanoparticles can improve the enhanced
permeability and retention effect (EPR) for better delivery of anticancer drugs to the tumour site. Adding
a polyethylene glycol (PEG) coating on the outer layer of liposomes aids localization of the liposomes

at the desired target tissue through the EPR and increases blood circulation (Gawali et al., 2023).
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Figure 5: The chemistry of bioconjugation in a nanoparticles-based drug delivery system.
https://www.hindawi.com/journals/acmp/2015/198175/

Figure 5 illustrates the chemistry of bioconjugation in a nanoparticles-based drug delivery system: (A),
passive drug targeting by EPR effect; (B), active drug targeting. Long-circulating liposomes that rely
passively on the EPR effect have poor clinical efficacy. Active targeting relies on modifying the surface

of liposomes with targeting ligands that bind to specific receptors at their target site (Sharifi et al., 2022).
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2.8.2 Targeted thermosensitive liposomes

The overexpression of cell receptors on the outer surface of cancer cells in tumours facilitates cancer
cell recognition by targeting moieties conjugated on drug delivery systems. Anticancer therapy targeting
ligands can recognize tumours, such as antibody nucleic acids; peptides; oligosaccharides;
carbohydrates; and vitamins, which can be conjugated on the surface of liposomes (Tiwari et al., 2023).
After targeted liposomes off-load into the tumour interstitial space, ligand-receptor interactions increase
cellular internalization (For example, interaction between antigens and antibodies). Compared to other
ligands, antibody-conjugated liposomes, also termed immunoliposomes, have attracted considerable

attention as a targeted therapy (Eroglu and Ibrahim, 2020).
2.8.3 Immunoliposomes

Immunoliposomes aim to increase the accumulation of the drugs in the diseased tissue using antibodies
on the surface of liposomes. Scientific research conducted on antibody-conjugated liposomes was first
reported by Sullivan and Huang in 1985. They used antiH2KK antibodies to make heat-sensitive
immunoliposomes (Motamarry et al., 2017). Antibodies targeting specific receptors found on cancer
cells are usually conjugated onto liposomes for targeted drug delivery. Once these antibodies are
attached to antigens on tumour cells, temperature sensitive liposomes can then release their content upon
heat stimulus. Conjugating antibodies to the liposome outer surfaces mainly involves covalent antibody
bonding to the liposome surface. Temperature-sensitive immunoliposomes combine the advantages of
triggered and controlled release. A study by Al-Ahmady et al. indicated that heat-sensitive liposomes
conjugated with an IgG antibody resulted in a higher liposome accumulation on the tumour, compared
to heat-sensitive liposomes not conjugated with an antibody. Successful targeting and long blood
circulation times of immunoliposomes in vivo were demonstrated with PEG-coated liposomes.
Liposome conjugation can be achieved through the N or C terminus. DSPE-PEG-Maleimide (DSPE-
PEG-MAL) is a PEGylation reagent containing DSPE hydrophobic saturated phospholipids as well as
maleimide, which has good reactivity to sulfhydryl (thiol, -SH) groups. DSPE-PEG(2000) maleimide is
used to prepare conjugated polymer nanoparticles. DSPE-PEG(2000) maleimide provides a self-
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assembling reagent to prepare PEGylated nanoparticles while supplying a thiol maleimide group.
Maleimide PEG DSPE can bind antibodies and other ligands to the surface of lipid PEG nanoparticles

(Zhang and Zhang, 2020).

Type A Type B Type C

= Antibody or antibody fragment
= Liposome
= PEG chain

Figure 6: Different types of immunoliposomes

Figure 6 provides a diagrammatical representation of different kinds of immunoliposome: Type A:
liposomes show the direct conjugation of antibodies to the head group of the lipid, to generate
immunoliposomes with binding specificity, but having reduced blood circulation time; Type B:
liposomes with constituents that consist of antibodies and PEGylated lipids (lipids conjugated to
polyethylene glycol [PEG]); Type C: liposomes containing cell-targeting antibodies attached to the
PEGylated lipids free termini.

35

© Central University of Technology, Free State



&

Central University of
Technology, Free State

Chapter 3

3. Research techniques

3.1 Plant extraction

Generally, plant extraction is the process of obtaining the constituents of the plant materials. In
preparation for the plant material extraction, the plant materials are usually washed to remove debris,
cut into small pieces, and dried. It is crucial to ensure that the grinder used is not too hot, to avoid the
degradation of compounds. The powdered plant material measurement, depending on the amount
needed for the extraction, is then weighed and the process of extraction is carried out using organic
solvents (such as ethyl acetate, hexane, DCM, and methanol), or water, depending on the compounds of
interest, in relation to polarity. Before filtering using filter paper, the plant-solvent mixtures are usually
placed on a shaker or a stirrer for about 48 hours, for the purpose of extracting the pharmacological
content of the plant material. The filtrates of organic extracts are concentrated under decreased pressure
at a temperature of 45 °C, with 150 rotations per minute, using a rotatory evaporator, while the water
extracts are concentrated with the help of a freeze dryer. Finally, the extracts are transferred into a pre-

weighed vial and dried in a dark room at room temperature (Direko et al., 2019).

3.2 Phytochemistry screening

Phytochemicals are secondary metabolites detected in plants. Phytochemical screening is an easy,
inexpensive experiment that provides answers to the phytochemical constituents in any phytochemical-
containing mixture, and it remains a vital tool in the analysis of bioactive compounds. Some of these
bioactive substances obtained from parts of a plant include flavonoids; alkaloids; carotenoids; tannins;
antioxidants; proteins; amino acids and phenolic compounds. Usually, the powdered material of the
plant is subjected to diverse phytochemical evaluation methods, to establish the presence of these
bioactive compounds, such as saponins; flavonoids; pentose; glycosides; triterpenoids; tannins;

anthraquinones; alkaloids, and phytosterols (Inayat et al., 2020).
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3.3 Cell viability test

A cell viability test is conducted, based on the ratio of dead and live cells. This assay is based on
analysing the viability of cells in a cell culture when testing in vitro drug effects in cell-mediated
cytotoxicity assays to monitor cell proliferation. Cell viability and assays relies on different cell
functions, such as cell adherence; enzyme activity; cell membrane permeability; nucleotide uptake
activity; ATP production; and co-enzyme production (Zhang et al., 2023). Various assay methods can

be utilized to assess the number of viable cells, such as the MTT assay.

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay is a quantitative
colorimetric assay commonly used for the measurement of metabolic activity and the cytotoxicity of
cells tested in various culture conditions. The MTT substrate is developed in a physiologically balanced
mixture which is added to cells. The viable cells then reduce the yellow colored water-soluble
tetrazolium salt to purple water-insoluble formazan (Nwabuife et al., 2023). The absorbance at 540 nm

using a plate reading spectrophotometer is used to detect the amount of formazan.

3.4 Thin film method

The thin film method is based on mixing the liposome formulation with a solvent, such as chloroform,
to make a thin lipid film at the bottom of a round flask by removing an organic solvent, usually through
a rotary evaporator at 60°C for ~20 minutes to form a solid film. After evaporation, the flask is placed
in a vacuum desiccator overnight to remove organic solvent residue. It is vital to cover the flask's
opening with stretched parafilm with small holes to prevent the entry of contaminants. When the solvent

is successfully evaporated, PBS is added to hydrate the dry lipid (Nwabuife et al., 2023).

3.5 Characterization techniques

3.5.1 Transmission electron microscopy (TEM)

Transmission electron microscopy is atechnique in which a beam of electrons in a microscope is
transmitted through a specimen to create an image. The image is created when the sample interacts with

electrons as the beam is transmitted through the specimen. The imaging system comprises the specimen
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stage; the projector; intermediate lenses; the objective lens, and the image recorder mainly responsible

for converting the electron image to one visible to the human eye (Dhale, 2023).

Transmission electron microscopes can produce images at higher resolution than light microscopes.
This allows the microscope to capture detail as small as nanoparticles and a single column of atoms (Lin
etal., 2021).

3.5.2 Scanning electron microscopy (SEM)

A scanning electron microscopy generates images by scanning the surface with a focused beam of
electrons interacting with atoms in the sample. This produces a variety of signals with details of the
sample’s surface composition and topography. The microscope has an electron column; detectors; a
scanning system; a vacuum system; and electronic controls. The electron column has electromagnetic
lenses running in a vacuum as well as an electron gun. This electron gun produces electrons that
accelerate to energies in the range 1-40 KeV in the SEM. Images are created when the electron beam is
focused into a thin probe. When the accelerated electrons strike areas of the specimen, electromagnetic
radiation signals are emitted. The detector collects a specific portion of radiation, and the image
produced is easy to analyse (usually topographic imaging of objects at low modifications) (Chen et al.,
2020).

3.5.3 Fourier transform infrared (FTIR) spectroscopy.

Fourier transform infrared spectroscopy is a common form of infrared spectroscopy. This technique is
used to detect various functional groups and chemical bonds by generating an infrared range absorption
spectrum. FTIR works on the vibrations of the atoms in molecules. It can be used to virtually analyse
organic, inorganic, and polymeric samples in all states (liquids; gases; powders; solutions; pastes;
powders; fibres; gases). The spectrometer comprises of a laser; mirrors; a source; a beam splitter; and a
detector. The instrument transmits infrared radiation ranging from approximately 10,000 to 100cm-
1(Eid, 2022).

3.5.4 High-performance liquid chromatography (HPLC)
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High-performance liquid chromatography (or pressure) liquid chromatography (HPLC) is a
chromatographic technique in analytical chemistry, utilized for the separation of compounds in a
solution, as well as to quantify, purify, and detect different compositions within a chemical mixture
(Reuhs, 2017). HPLC depends on pumps to drive pressurized liquid solvent containing the sample
mixture through a column packed with stationary phase. The mobile phase moves the sample through
the column to the detector. Compounds then separate due to different degrees of interaction with the

stationary phase or absorbent material (Malhotra, 2023).
3.5.5 Liquid chromatography—mass spectrometry (LCMS)

Liquid chromatography—mass spectrometry is a technique that merges the physical separation
capabilities of HPLC, or liquid chromatography with the mass analysis abilities of mass
spectrometry (MS). Coupled chromatography-mass spectrometry is often used in chemical analysis
because the individual abilities of each technique to work synergistically. While HPLC separates
mixtures with various components, mass spectrometry gives detailed spectral information identifying
or confirming the separated component’s composition. LCMS has an interface responsible for
transferring the maximum amount of the separated analyte from the LC column into the MS ion source.
MS is sensitive and provides selective detection. MS analysers perform in a high vacuum, making it
impossible to directly pump the eluate from the LC column into the MS source (Beccaria and Cabooter,
2020)
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Chapter 4

4. Methodology
4.1 Study location

Plant extraction was carried out at the Central University of Technology, the Faculty of Health Sciences,
in the Department of Biomedical Sciences. All cell culture experiments, synthesis of heat-responsive
liposomes, preparation and conjugation of Euphorbia milii encapsulated heat-sensitive liposomes, were
conducted by the researcher at the University of the Free State’s Pharmacology Department, Health
Sciences. Scientific ethics clearance was obtained from the University of the Free State, ethics number
UFS-AED2020/0065/191.

4.2 Plant collection and extraction

The plant was collected from the Gariep nursery, situated at 309 Cliffendale Drive, Faerie Glen, Pretoria,
South Africa, on 11 November 2020, at 11:00 (SAST), and identifiedby a taxonomist, Dr. Pienaar, of
the Department of Botany, the University of the Free State, in Bloemfontein, South Africa. As the plant
was obtained from a nursery, and not from the wild, the co-ordinates were deemed sufficient, and no

specimen number was issued.

The plant was washed to remove debris, cut into pieces, and left to dry at room temperature; then ground
to a fine powder. Nine grams (9 g) of the powder was suspended in 150 mL of hexane, dichloromethane,

and methanol sequentially. The mixtures were placed in a rotary shaker for 48 h at 25°C at the

solid:solvent ratio of 1:16. Each mixture was filtered using filter paper (whatman® Maidstone). Filtrates
were concentrated under decreased pressure at 45°C and 150 rpm using a rotary vacuum evaporator;
transferred into a pre-weighed, clean vial; shade dried (without direct exposure to sunlight) at room
temperature; and stored at 4°C until required for use.
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4.3 Phytochemical analysis

Standard qualitative screening of the E. milii plant specimen was conducted to detect the presence of
secondary metabolites. The plant materials were ground and subjected to various phytochemical
analysis methods to evaluate the presence of phytosterols, saponins, flavonoids, pentose, tannins,
glycosides, alkaloids triterpenoids, and anthraquinones, based on previously published protocols (Inayat
et al., 2020).

Determination of phytosterols

Chloroform (10 mL) was added to the powdered material (0.05 g), followed by the careful addition of
concentrated H2SO4 (1 mL), down the walls of the test tube. The presence of a reddish-brown colour in
the layer of the chloroform was taken to be an indication that phytosterols were present.

Determination of pentose

Distilled water (40 mL) was added to the powdered plant material (2 g), after which the filtration of the
mixture was carried out. To a portion of 2 mL of the filtrate, 2 mL of a mixture of hydrochloric acid and
phloroglucinol was added. Thereafter, the solution was warmed for a period of five minutes. The

formation of red coloration indicated the presence of pentose.
Determination of tannins

Distilled water (20 mL) was added to the powdered plant material (0.5 g). Thereafter, the mixture was
subjected to a high temperature by boiling, and the mixture was filtered before cooling. The treatment
of the filtrate was carried out by the addition of three drops of ferric chloride (0.1%). The presence of

tannins was confirmed by the formation of blue-black precipitates.
Determination of glycosides

Acetic acid (2 mL) was added to the powdered plant material (0.5 g). This was followed by the treatment
of the mixture with one drop of ferric chloride (0.1%), and the gentle addition of concentrated sulphuric

acid (1 mL). The observation of a brown ring indicated that deoxy sugars were present.

Determination of triterpenoids
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To 2 mg of powdered plant material, 1mL of chloroform was added, then 3 mL of concentrated sulphuric
acid was added to the solution. A reddish-brown coloration interface indicated that triterpenoids were

present.

Determination of anthraquinones

A solution of 10% HCI (12 mL) was added to the powdered plant material (1 g). Thereafter, the solution
was boiled for a period of five minutes. It was filtered, and allowed to cool down, before the addition of
chloroform (10 mL) to the filtrate. A clean test tube was used to collect the chloroform layer and,
thereafter, a solution of 10% ammonia (10 mL) was added to the chloroform mixture. The formation of
a top layered rose-pink coloration while shaking the mixture was taken to be an indication of the

presence of anthraquinones.

Determination of saponins

Distilled water (5 mL) was added to the powdered plant material (0.5 g), boiled, and then filtered.
Distilled water (3 mL) was then poured into the resulting filtrate, and the solution was vortexed for a

period of five minutes. An indication of frosting confirmed the detection of saponins.
Determination of flavonoids

Ethyl acetate (10 mL) was added to the powdered plant material (0.5 g) and heat was applied to the
resultant mixture for about three minutes; and was thereafter cooled. The cooled mixture was filtered:;
and to the filtrate (5 mL), a diluted solution of ammonia (1 mL) was added. The presence of flavonoids

was confirmed by the observation of a yellow precipitate when the mixture was shaken.
Determination of alkaloids

A solution of 1% HCI (2 mL) was added to the powdered plant material (0.2 g), and this was followed
by the addition of 1 mL to both the Meyer’s reagent and the Drangendorff’s reagent. The
greenish/creamy precipitate (for Meyer’s reagent) and reddish-brown appearance (for Drangendorff’s

reagent) observed were taken as indications of alkaloids being present.
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4.4 Cell culture

4.4.1 Cell culture conditions

The humidified culture environment was kept constant at 37°C, with 5% atmospheric CO,. DMEM
media was used to grow the cells, and was supplemented using 10% serum (FBS), and incubated in the

culture environment until 90% confluence was reached.

4.4.2. Cell sub-culturing

When the cells attained an approximately 90% confluence, as confirmed with the use of microscope
analysis equipment, trypsinization was performed. Aliquots of 2ml of 37°C warmed trypsin-EDTA
solution were added for about 2 minutes to detach the cells. Then trypsin-EDTA was neutralized by

adding equal amounts of the complete medium (Direko et al., 2019).

The cell suspensions were then centrifuged for 5 minutes at 700 rpm to obtain the cell pellets. The cell
pellets were then re-suspended in a fresh growing medium (5 mL). A 20 ul aliquot was then removed
and counted with the help of cell-counting equipment to evaluate the viability of the cells. The volume
of suspended cell solution required to obtain cell suspension of 1x10° per mL was calculated, and 10 ml
of complete medium was added to it. Thereafter, cell plating was carried out using a 96-well plate,

followed by an incubation in a humidified atmospheric CO> (5%), at 37°C.

4.4.3 Cell viability count

The viability of the cells was evaluated with the use of a dye-stating solution called trypan blue. Aliquots
of cell suspension and the staining solution of trypan (20 ul each) were mixed inside an Eppendorf tube.
Thereafter, a portion of the suspended cell (20 ul) was measured using a pipette and transferred into a
sealed hemocytometer to obtain the concentrations of both dead and viable cells.
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4.4.4 Cell plating

From the above cell concentrations, dilutions to obtain the desired cell concentrations (1x10° cells/ml)
were made using supplemented media. A 100 pl aliquot of cell suspensions with concentrations of 1 x
10° cells per ml was then plated in different wells of a 96-well plate, and 100pl of the growth media was
also added to each well. Thereafter, the plate was incubated to allow attachment of the cells, in an

incubator, for a period of 24 hours.

4.4.5 Culturing of the assay

After the 24-hour incubation, the medium was removed. The cells were exposed to the drugs at different
concentrations (1 pg/ml, 10 ug/ml, 100 pg/ml) for 72 hours. Complete medium (100 ul) was added up
to a volume of 200 pl. These plates were incubated for a period of 48 hours. The first column of the 96-
well plate only contained 200ul of complete media, without cells, and served as a blank; while the second

column contained cells not exposed to any test sample, which served as the positive control.

4.4.6 Measuring cell viability

The cell growth measurement was carried out using the MTT assay method. On completion of the 48-
hour incubation, the addition of 25 uL of sterile MTT (5 mg/ml in PBS) to the individual wells was
carried out; and thereafter the plates were incubated at 37°C for 4 hours. Thereafter, supernatant
aspiration from the wells was carried out, and 100 pL of dimethylsulphoxide (DMSO) was pipetted into
the individual wells to help in the dissolution of the formazan crystals. This was followed by gently
shaking the plates for 2 minutes, using a microtitre plate shaker. Then the plates were read immediately,
with the help of a microtitre plate reader, at a wavelength of 540 nm. To calculate the values for cell
viability, a dose-response curve was plotted using nonlinear dose-response curve fitting analyses from
Microsoft excel (Ghasemi et al., 2021).
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4.5 Cytotoxic activity of docetaxel-loaded liposomes and Euphorbia milii

liposomes.

To evaluate the cytotoxic activity of temperature-sensitive immunoliposomes encapsulation, the E. milii
DCM root extracts, as well as the prostate cancer standard drug’s (docetaxel), cytotoxicity was evaluated
using the MTT assay in the LNCap cell line. This was done with, and without, exposure to hyperthermia.
To ensure that the drugswere intracellularly bioavailable, mild hyperthermia was used to induce the
release from liposomes, following cellular uptake. A specific heating strategy was followed to evaluate
the effect of the drug release on cell viability above the liposomal transition temperature. The incubation
of cells along with liposomal formulations at 39 - 40°C was carried out for about 15 minutes, followed
by a 48-hour incubation period at 37°C. The control experiment included no application of
hyperthermia. Thereafter, the cells were treated for 4 hours using MTT solution. The formazan crystals
that were formed were then solubilized with DMSO, and their absorbance were measured using a
multimode plate reader at 540 nm (Ghasemi et al., 2021).

4.6 Synthesis of heat-responsive liposomes

Liposomes were prepared and modified using the thin film method. Briefly, in a round-bottom flask,
liposomes consisting of HSPC: DSPE-PEG-2000: DSPE-PEG2000-maleimide in the molar ratio of
4:1:0.2 (2mg:0.5mg:0.1mg) were dissolved in5 ml chloroform, and 2 mg of E milii extract/docetaxel
dissolution in methanol (concentration of 1 mg/mL) was prepared. The solution was mixed out and the
organic solvents were evaporated at 60°C for ~20 minutes with the help of a rotary evaporator to form
the liposome film, which was then covered with a parafilm, and left overnight. This process encapsulated
the drugs inside the liposomes. The dry heat-sensitive nanoparticles were hydrated with 2 mL of PBS
and vortexed three times for 10 secondsaa maximum speed to suspend the lipid materials in the solution.
The solution was left to stand at 4°C overnight to efficiently hydrate the lipid formulation (Ghasemi et
al., 2021).
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Figure 7: Weighed HSPC, DSPE-PEG-2000, and doxorubicin liposomes

4.7 Liposome conjugation

Heat-sensitive liposomes, consisting of HSPC: DSPE-PEG2000 and DSPE- PEG2000-maleimide
(DSPEPEG2000-Mal), 4:1:0.2 ratio, were prepared. The combination of the anti-PSMA antibody and
liposomes through stirring constantly for 4 hours at a temperature of 4°C, with a 1:10 molar ratio
(antibody/DSPE-PEG2000-Mal liposomes), was carried out, and the anti-PSMA antibody conjugation
to liposomes was carried out by sulfhydryl residues reacting on the antibodies with the PEG chains C-
terminal maleimide groups (Mofolo et al., 2020). The removal of the unconjugated antibody from the
solution was carried out using an ultracentrifuge for 2h at a temperature of 4°C and 30,000 rpm. The
amount of residual anti-PSMA antibody in the collected supernatant was determined with the use of a
BCA protein assay Kit.
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Figure 8: Antibody-conjugated heat-sensitive liposomes

4.8 Weighing of liposomes

Heat-sensitive liposomes encapsulating E. milii extract and liposomes encapsulating docetaxel were
measured after they were successfully synthesized and conjugated by centrifuging the PBS-hydrated
liposomes for 30 min at 90,000 g using an ultracentrifuge at 4°C. Following centrifugation, the
supernatant and pellets were separated. The pellets were weighed in milligrams.

4.9 Protein analysis

The BCA protein assay (Pierce) was used to quantify the amount of anti-PSMA antibody conjugation
on the liposomes. The unconjugated antibody removal from the liposomes was made possible by using
an ultracentrifuge for 1 hour. After removing the unconjugated antibody, the supernatant was collected
to evaluate the quantity of anti-PSMA. The dilution scheme for the microplate procedure of the BCA
kit was used. One ampule of 2 mg/mL albumin standard was used to produce a set of diluted standards.
BSA standards were diluted to concentrations of 2000, 1500, 1000, 750, 500,250, 125, and 25 pg/mL.
The protein content of the samples was thereafter determined using a standard curve obtained at 562 nm
(Zhao et al., 2023).

47

© Central University of Technology, Free State



&

Central University of
Technology, Free State

4.10 Characterization of liposomes.

4.10.1 Transmission electron microscopy (TEM)

Liposomes were analyzed using negative stain electron microscopy using a JEM 1200 EXII electron
microscope. A drop of liposome suspension was applied to carbon-coated grids, after 2 minutes, the
surplus was drawn off with filter paper. A saturated uranyl acetate aqueous solution was utilized as a
staining agent. The surplus was removed with distilled water. The morphology of the sample was
analyzed by TEM at 80 kV(Mofolo et al., 2020).

4.10.2 Scanning electron microscopy (SEM)

The SEM was used to analyse the uniformity of particle shape and size and the morphology of the
liposomes. The shape of the heat-sensitive immunoliposomes was analyzed using a scanning electron
microscopy, JEOL JEM 2010 UHR, equipped with a Gatan Imaging Filter, with a 15-eV window and a
794 slow-scan CCD camera, operating at 2.00 kV (Mofolo et al., 2020).

4.10.3 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of E. milii, doxorubicin, and docetaxel-loaded thermosensitive immunoliposomes,
were studied to gain an insight into the occurrence of interaction between drugs and phospholipids
(Marasini et al., 2020). A Perkin Elmer spectrum FTIR spectrophotometer wes used to determine the

chemical composition of the samples. FTIR spectra were reported in the wavelength range of 4000 - 400

cm~—1, at a spectral resolution of 4 cm—1. Data were analyzed using the software FTIR Spectrum (Perkin
Elmer) (Asemani and Rabbani, 2020).

4.10.4 Determination of encapsulation efficiency

The amount of drugs in temperature-sensitive liposomes was determined as follows: Liposomes were

centrifuged for 30 min at 90,000 g, using an ultracentrifuge at 4°C. Following centrifugation, the
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supernatant and vesicles were separated. The pellets were washed 4 times with 0.9% NaCl solution.
Thereafter, 2.75 mL of alcohol was added to 0.25 mL liposome solution, and at 42°C it was incubated for
10 min to break down the heat-sensitive liposomes. When the incubation was completed, temperature-
sensitive liposomes were left to cool down. The free drugs were separated from heat-sensitive
nanoparticles using centrifugation, and the supernatant-containing free drugs were collected and adjusted
with methanol for further analysis. The amount of drug released in the supernatant was determined using
HPLC. For doxorubicin, the HPLCanalysis was conducted using a C18 column with a mobile phase
containing acetonitrile and water (32:68, v/v) at a flow rate of 1.0 mL/min. The column temperature was
kept at 25 °C, and 10 pL of the sample was injected. Fluorescence detection was used to monitor the peaks
at 480 nm excitation wavelength, and 550 nm emission wavelength, using a fluorescence detector. For the
E. milii extract, a C18 column was used for the HPLC analysis, with a mobile phase consisting of
acetonitrile and water (32:68, v/v) at a 0.8 mL/min flow rate. The column temperature was kept at 25 °C,

and 10 pL of the ample was injected. Peaks were monitored.

4.11 Statistics Analysis of data

Results are expressed as means + standard deviation. Data was analyzed using one-way analysis of variance
(ANOVA) to compare experimental groups. GraphPad prism version 8 software, a post hoc test
(Bonferroni) was used to calculate the IC50 values and confirm the level of significance between means (P

values of less than 0.05 were considered significant.

An inhibition percentage of >50% at concentrations of <10ug/mL was considered active. This was the
point of reference determining for activity. Excel software was used for calculating and plotting graphs
(Bar charts) and % inhibition.
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Chapter 5

5. Results
5.1 Phytochemical analysis

Table 1, below, shows the colour changes observed during the phytochemical analysis of E. milii

leaves, stems and roots.

Table 1:Phytochemical analysis of leaves, stems and roots of Euphorbia milii

Phytochemicals Observation Leaves Stems
Phyosterols Reddish
brown layer
Pentose Red  colour
formation
Tannins Formation of
a black
precipitate
Glycosides Brown ring
formation
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Triterpenoids

Reddish
brown colour

formation

Anthraquinones

Rose pink

colour

Saponins

Frosting

formation

Flavonoids

Yellow

precipitate

Alkaloids

Formation of
an  organic
precipitate

The appearance of a reddish-brown colour indicated the presence of phytosterols. The formation of a
red colour indicated the presence of pentose. A blue-black precipitate indicated the presence of tannins.

51

© Central University of Technology, Free State



&

Central University of
Technology, Free State

The appearance of a brown ring indicated the presence of glycosides. A rose-pink colour in the upper
layer showed the presence of anthraquinones. Frosting indicated the presence of saponins, and a yellow
precipitate indicated the presence of flavonoids. A greenish/creamy precipitate (for Meyer’s reagent)
and a reddish-brown appearance (for Drangendorff’s reagent) indicated the presence of alkaloids. The
formation of an interface with reddish brown coloration indicated the presence of triterpenoids. All
phytochemicals were detected in the plant, except saponins, which were absent in the leaves and stems;

and flavonoids, which were absent in the leaves.

Table 2: Summary of phytochemical screening results. Legend: ‘+’ = present, ‘-> = not detected.

Phytochemicals Leaves Stems Roots
Glycosides + + +
Phytosterols + + +
Saponins - - +
Anthraquinones + + +
Pentose + + +
Alkaloids - - +
Tannins + + +
Triterpenoids - + -
Flavonoids - + +
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5.2 Growth inhibition of DU145 cells anti-proliferation assay

The screening of the E. milii root, stem, and leaf extracts for cytotoxic activity against the prostate cancer
DU-145 cell line was carried out. Extracts were tested in three replicates (n=3) at different concentrations
of 100 pg/mL, 10 pg/mL, and 1 ug/mL. An inhibition percentage of >50% at concentrations of

<10ug/mL is considered active.

Euphorbia milii leaf extract % Euphorbia milii stem extract %
growth inhibition of Du145 cells growth inhibition of DU145 cells
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Figure 9: Cell growth inhibition of DU145 cells by different extracts
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Figure 9 shows growth inhibition of DU145 cells by leaf extracts of E. milii. In figure 9 (a), hexane
leaves showed less than 30% growth inhibition at all three concentrations. The DCM leaves showed no
growth inhibition at all three concentrations. A significant difference of (P-value <0.05) was observed
for hexane leaves compared to DCM leaves. In Figure 9 (b), growth inhibition of DU145 cells by stem
extracts of E. milii hexane stem extract showed 114.2 £ 1.5% activity at 100ug/ml, but less than 50%
activity at 1pg/ml and 10pg/ml. The DCM stem extract showed 37.4 + 21.5% activity at 1pug/ml and
49.7 £ 7.9% 10pg/ml, and 78 + 1.8% activity at 100pg/ml. No significant difference was observed for
hexane stems compared to DCM stems (P-value <0.36). Methanol was only tested on stems and not on
leaves and roots, hence the results for methanol are only reported for stems. The Euphorbia milii
methanol extract showed no significant activity at all three concentrations. No significant difference
was observed for methanol stems when compared to both hexane stems (P-value <0.35) and DCM stems
(P-value <0.2). In Figure 9 (c), growth inhibition of DU145 cells by root extracts of E. milii. DCM root
extract showed more than 50% activity at 1pug/ml, 10pg/m and 100pg/ml concentrations, inhibiting
67.51 £ 8.3% of the cells (IC50). This is the only extract that showed desirable activity when screened
against the DU145 prostate cancer cells. A significant difference of (P- value <0.030) was observed for
Hexane roots compared to DCM roots. The DCM root extract was further screened against the LNCap

cell line. Results are presented as mean + SD.
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5.3 Growth inhibition of LNCap cells anti-proliferation assay

The E. milii DCM root extract was tested in three replicates (1=3) at different concentrations of 100

ug/mL, 10 pg/mL, and 1 pg/mL against the LNCap cell line.
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Figure 10: Growth inhibition of LNCap cells by root extracts of E. Milii.

Figure 10 shows the cell growth inhibition of LNCap cells when treated with different concentrations
(100, 10, and 1 pg/mL) of DCM root extract of E. milii. The extract showed activity 91.98 + 10.17% of
growth inhibition at concentrations of 100 ug/mL, and 51.7 £ 6.13% inhibition at 10 ug/mL. More dilutions
of the extract were performed and screened for activity in order to obtain more accurate IC50 values. The results
are shown in Figure 11, below. The extract’s activity was further investigated in cells when encapsulated

into heat-sensitive liposomes. Results are presented as mean + SD.
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Figure 11: Cytotoxic activity of the E. milii DCM root extract on LNCap cells with a
IC50 value of 11.34 pg/mL
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5.4 Percentage inhibition of doxorubicin, docetaxel.

Doxorubicin and docetaxel were added as positive controls and screenedagainst the DU145 and
LNCap prostate cancer cell lines. The results are indicated in Figure, 12 below.
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Figure 12: The cytotoxic activity of doxorubicin and docetaxel against the DU145

cell line

Doxorubicin (Dox) achieved > 62.16 + 2.5%, at concentrations of 5ug/mL and above, with a maximum
of more than 70% inhibition at 100ug/ml. Docetaxel (Doc) was active, showing above 50% activity at
all concentrations. No significant difference was observed for Dox when compared to Doc (P-value

<0.12). Results are presented as mean + SD.
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Figure 13: The cytotoxic activity of doxorubicin and docetaxel.
Figure 13 shows the cytotoxic activity of doxorubicin and docetaxel against the LNCap cell line.
Doxorubicin showed activity of 76.25 + 7.05% at 5 pug/ml, 87.34 + 6.45 at 10 pug/ml, 89.32 + 3.42% at
50 pg/ml, and 92.76 + 3.2% inhibition at 100 pg/ml. Docetaxel showed activity of 55.3 + 3.66%
inhibition at 1pg/mL and more activity at higher concentrations, with 93.69 + 2.41% at 100 pg/ml. No
significant difference was observed for Dox when compared to Doc (P-value <0.89). Results are

presented as mean + SD.
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5.5 Characterization of heat-sensitive immunoliposomes
The heat-sensitive immunoliposomes were characterized using FTIR, TEM, and SEM.

The results are shown in Figure 14, 15 and 16, below.

5.5.1 FTIR results

FTIR spectrometry was used to examine the interaction between drugsand temperature-sensitive

immunoliposomes.
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Figure 14: FTIR spectra of E. milii -loaded heat-sensitive immunoliposomes

Figure 14 is the FTIR spectra of E. milii-loaded heat-sensitive immunoliposomes have shown a C-O peak
at 179265; a C-O stretching peak at 1683.56; a C-H bending peak at 1395.54; CH is usually found in
aromatic compounds of plant extracts. The peak at 1281.52 confirmed the presence of carboxylic acid
group and aromatic amine, CO stretching peak at 1017.88. The peak between 1150-1000 is the C-F
stretch showing aliphatic fluoro compounds. The peak range between 2100 and 2250can be attributed to
the C-C functional group, which possibly indicates the presence of alkynes. Furthermore, the observed
peak at 819.41 of the peak range between 1040 and 732 can be attributed to aromatic compounds.
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Figure 15: FTIR spectrum of doxorubicin-encapsulated heat-sensitive immunoliposomes.

Figure 15 is the FTIR spectrum of doxorubicin heat-sensitive immunoliposomes showing similar peak
ranges to those contained in E. milii-loaded heat-sensitive liposomes. Doxorubicin-loaded heat-sensitive
immunoliposomes have shown a C-O peak at 1774.70. C-Ostretching peak at 1686.37, 1673,69 and
1654.90 found in aromaticcompounds of plant extracts. C-H stretching peak at 1396.62. The peak at
1293.44 and 1260.31 confirmed the presence of carboxylic acid group and aromatic amine. The peak at
1177.65 was attributed to the OH stretching. The peak range at 2191.08 and 2180.55 can be attributed to
the C-C functional group, which possibly indicates the presence of alkynes. The observed CH and Si-C
stretching peak at 832.02 and 821.86 these peaks are in the peak rage attributed to aromatic compounds.
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Figure 16: FTIR spectrum of docetaxel-encapsulated heat-sensitive immunoliposomes.

Figure 16 is the Docetaxel-loaded heat-sensitive liposomes have shown carboxyl acid peak at 3260.27,
which is part of the 2500 - 3300 frequency range. The peaks in this range appear in FTIR analysis of the
lipid DSPE-PEG when conjugated. In the study conducted by (Marasini et al., 2020), the peak range of
3169-3334 was attributed to the presence of methyl and methylene groups in the molecules of the PEG
and amide. (C-O) peak at 1633.53. The alkyl ketone peak at 1241.44; the alkyl amine peak at 1168.89;
and the peak at 1069.98 indicate the presence of polysaccharides, which are part of the 1035-1149
frequency range found the absorption pattern between 1282 and 1020 useful for determining a
phospholipid calibration curve. This peak range is seen in E. milli extract, doxorubicin, and docetaxel

liposomes.
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5.5.2 TEM and SEM results

The transmission electron microscope (TEM) and scanning electron microscope (SEM) images, below,
show the morphological structure of the prepared heat-sensitive immunoliposomes observed at 50nm,100
nm, 500 nm, and 1 micrometer. From the TEM analysis, the shape of the immunoliposomes appear
opaque and spherical at various parts of the grid, showing the nanoparticles’ stability. From the SEM
analysis, the shape of the immunoliposomes appears to be a uniform spherical shape, which correlates
with the observed morphology under the TEM.

Figure 17: TEM images of empty liposomes at 50 nm and 100 nm

Figure 17 shows TEM images of empty liposomes at 50 nm and 100 nm. TEM was used to show the
morphology of the immunoliposomes observed at 100 and 50 nm. The TEM analysis of empty liposomes

was done to confirm the formation of liposomes under experimental conditions.
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Figure 18: TEM images of E. milii-loaded immunoliposomes at 50 nm and 100 nm

At 50, nm the TEM images show that the E. milii loaded immunoliposomes are slightly bigger than the
empty immunoliposomes. In both the empty immunoliposomes and E. milii extract-loaded
immunoliposomes, the TEM images indicate that the shape of the immunoliposomes appear to be
spherical and opaque. This indicates that the liposomes are stable and uniform in size at 100 nm and 50

nm. However, the empty liposomes seen in Figure 15 appear bigger, and are therefore more visible.

Figure 19: TEM images of doxorubicin-loaded liposomes at 100 nm and 50 nm
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In the TEM images of doxorubicin-loaded liposomes at 100 nm and 50 nm (Figure 19), the larger circles

that appear to be transparent are marks caused by air-dried PBS.
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Figure 20: SEM images of empty liposomes at 1 micrometer and 500 nm

Figure 20 shows SEM images of empty liposomes at 1 micrometer and 500 nm. Scanning electron
microscope (SEM) photographs of liposomes show the morphology of the synthesized heat-sensitive
immunoliposomes. The highlighted insert shows a clear distinguishable morphology of the liposome. The
impact the spherical morphology shows that the liposomes are properly formed and are stable as the
phospholipids assembled into bilayer membranes which encloses an aqueous space successfully allowing
encapsulation of drugs. This morphology confirms that the liposomes can be used to successfully deliver

chemotherapeutic agents in the desired concentration and retain their controlled release property.
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Figure 21: SEM images of E. milii-loaded liposomes at 500 nm and 1

As seen in Figure 21, the morphology of the liposomes appears to be spherical at different parts of the
grid. The liposomes were air-dried, and the ‘cloud’ is background noise from the sampling grid. The
empty liposomes appear bigger and more visible. This correlates with the results seen in the TEM

samples. This indicates that the encapsulation of the drugs reduced the size of the liposomes.
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Figure 22: SEM images of doxorubicin-loaded liposomes 1 pum.

Figure 22 shows the SEM images of doxorubicin-loaded liposomes the morphology of the liposomes appears
spherical. The air-dried cloud like appearance is background noise from the sampling grid.
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5.5.3 Protein analysis results

BCA Protein assay
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Figure 23: A calibration curve of the protein content
In the calibration curve of the docetaxel-loaded immunoliposomes and E. milii-loaded

immunoliposomes, a linear relationship was observed as RZ values > 0.984.

Table 3: The total protein content of the E. milii extract and the standard drug-

encapsulated heat-sensitive immunoliposomes.

Samples pug/mi pug/mi

EM 141 Y =817.47(1.41) -~ 990.1527
162.48 = 990.1527
Standard drug

1.774 Y =817.47(1.774) —  12877.12
162.48 = 1287.712

A BCA protein assay (Pierce) was utilized to quantify the amount of anti-PSMA antibody conjugation
onto the liposomes. The absorbance of the E. milii and the standard drug samples at 526 nm is 1.14
and 1.774 respectively. The BCA assay utilizes peptide bonds in proteins, decreasing Cu2t to Cut’ at

a rate corresponding to the total protein. The bicinchoninic acid reagent forms a complex by binding
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with the Cu*. This complex then absorbs light at 562 nm wavelength, which allows a link between

the sample’s protein concentration and absorbance. R2 of the standard curve is 0.984 (The R2 value is
calculated using the y = mx + ¢ equation to describe the best fit of the standard curve and should be above
0.96) The amount of protein found in the E. milii and the standard drug sample was calculated to be

990.1527 pg/ml and 1287.712 ug/ml, respectively, indicating successful conjugation in both samples.
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5.5.4 HPLC/LCMS for drug encapsulation

Table 4: The chromatogram's integrated peak area and peak height values for the selected
masses in the E. milii-extract sample (Sample 1) and the concentration of doxorubicin (Sample
2).

Sample Name Analyte Peak Name Analyte Peak Area (counts)  Analyte Peak Height (cps) LT
Concentration (ppm)
EME mass 271 1,98E +07 1,23E+00 0
EME mass 301 1,66E +07 6,4E+03 0
EME mass 318 262E+07 1,44E +06 0
EME mass 352 473E +06 J1E+03 0
EME mass 637 539E+05 1,57E + (4 0
FE mass 678 1,28E +05 289E+03 0
mass 754 217E+06 1,74E+03 0
EME mass 7% 967E +06 687E +03 0
Doxorubicin Doy 5 78F + 0F £ RAE + 05 0 &07

The E. milii extract is not a pure drug. Therefore, the concentration is seen as 0 ppm in the table above.
The concentration of doxorubicin was calculated as 0.607 ppm and was consequently used as a
reference to calculate the concentration of E. milii. Taking intoaccount the area and height of the peak
of most of the E. milii-extract mass in relation to the area of the peak of the doxorubicin pure drug,
there is more E. milii extract than doxorubicin encapsulated in the liposomes. This confirms the
conjugation of both the extract and the standard drug.
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Table 5: The integrated peak area and peak height values of the chromatograms
for the mass 796 in the E. milii-extract sample and the concentration of docetaxel
in the docetaxel-encapsulated liposomes when the drugs are released, and not

released, from the liposomes.

TABLE SAMPLE Analyte \nalyte Peak Area  Analyte Peak Height Calculated
NAME PeakName (counts) (cps) Concentration
EM RELEASED mass796 4.33E+07 2.24E+06 0
EM ENCAPSULATED mass796 1.69E+07 1.10E+06 0
DOC RELEASED Doc 1.75E+006 1.12E+005 9
DOC ENCAPSULATED Doc 1.1E+006 7.70E+004 5.6

This table shows the thermosensitive liposomes encapsulating drugs when run through LCMS, and
temperature liposomes when drugs were released by exposing the liposomes to hyperthermia at 40°C.
The mass 796 of the E. milii plant was investigated to quantify the amount of drug detected in the
liposomes. The area and height of the E. milii mass 796 peak was more significant than when the E.
milii extract was released. The concentration of docetaxel detected when the drug was released was
found to be 9 ug/ml; and when liposomes were not exposed to 40°C hyperthermia, the concentration
was found to be 5.6 ug/ml.

The weight of liposomes was found to be:

E. milii extract encapsulating liposome sample was 4.3 mg (0.5mg drug added).

The liposome pellet was divided into two (E. milii released and E. milii encapsulated); 2.15mg was

weighed for each pellet.
The doxorubicin encapsulated liposome sample was 4.5 mg (0.5mg drug added).

The liposome pellet was divided into two (Dox released and Dox encapsulated); 2.25mg was weighed
for each pellet.
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Table 6: The concentration of Docetaxel.

Sample name Calculated concentration

Docetaxel | 839 pg/ml

mg/L =1 ppm.

The concentration was found to be 839 pg/mL. in a sample of 2 mg of added drug.
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5.5.5 Cytotoxic activity of E. milii extract and docetaxel-loaded

immunoliposomes.

The results obtained, and shown, in Figures 9 and 10 led to further investigation of the plant extract.
The cytotoxic activity of temperature-sensitive immunoliposomes encapsulating the E. milii extract
and docetaxel was studied by measuring the cellular viability, using the MTT assay in the LNCap cells
with, and without, exposure to hyperthermia. To ensure that the E. milii extract and docetaxel became
bioavailable intracellularly, mild hyperthermia was applied to trigger release from liposomes in one
experiment; and another experiment was conducted without hyperthermia. Figures 22 and 23 show
the 1C50 values of the E. milii extract and docetaxel-encapsulated immunoliposomes on LNCap cells
when exposed to hyperthermia. Figures 24 and 25 show the IC50 value of the E. milii extract and

docetaxel-encapsulated immunoliposomes on LNCap cells without hyperthermia.
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Figure 24: Growth inhibition of LNCap cell line by the E. milii extract-encapsulated heat-sensitive

-20-

immunoliposomes when exposed to heat.

Inhibition of 51.34 + 13.0% was recorded at 10 pg/mL. The IC50 was calculated to be 8.44 pg/mL.
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Figure 25: Growth inhibition of LNCap cells by docetaxel-encapsulated immunoliposomes when

exposed to heat.

An inhibition of 55.4 + 4.8% was recorded at a concentration of 10 pg/mL. The IC50 was calculated

to be 11.74 pg/mL.
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Figure 26: Growth inhibition of LNCap by E. milii extract-encapsulated immunoliposomes

without exposure to heat

As shown in Figure 24, no significant activity was recorded at concentrations of 10, 50, and 100
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ug/mL. The test sample did not achieve an IC50 value, as less than 50% inhibition was observed, even

at the highest concentration of 100 pg/mL.
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Figure 27: Growth inhibition of LNCap cells by docetaxel-encapsulated heat-sensitive

immunoliposomes without exposure to heat.

As shown in Figure 25, no significant activity was recorded at concentrations of 10, 50, and 100 pg/mL.
As shown in Figure 11, the significant cytotoxic activity of the E. milii DCM root extract on LNCap
cells was recorded with an IC50 value of 11.34 ug/mL. When immunoliposomes were exposed to heat
(Figures 22 and 23) cytotoxic activity was recorded at a concentration of 10 pg/mL, with 1C50 values
of 8.44 pg/mL. and 11.74 pg/mL for E. milii and docetaxel, respectively, indicating the effect of
hyperthermia on heat-sensitive liposomes. A significant difference of (P-value <0.0008) was observed
for E.Milii-extract encapsulated heat sensitive immunoliposomes when exposed to heat compared to
E.Milii-extract encapsulated heat sensitive immunoliposomes without heat exposure. A significant
difference of (P-value <0.00013) was observed for Docetaxel encapsulated heat sensitive
immunoliposomes when exposed to heat compared to Docetaxel encapsulated heat sensitive

immunoliposomes without heat exposure.
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Chapter 6
6. Discussion

This research, although still at preliminary in vitro stage, is a significant effort to reduce mortality, poor
treatment outcomes in prostate cancer patients, and the toxic side-effects caused by currently used
treatment options. Due to the side-effects and poor therapeutic outcomes of chemotherapy, targeted and
controlled drug delivery has become a relevant technique for more effectiveand specific cancer treatment,
with reduced toxicity. To address these challenges, the study explored the use of heat-sensitive
immunoliposomes encapsulating either E. milii extract or the standard prostate cancer drugs, doxorubicin

and docetaxel, and assessed their cell growth inhibitory activities on selected prostate cancer cells.

A phytochemical screening experiment was conducted to identify the various types of phytochemicals
present in E. milii. Bioactive constituents obtainable from parts of plants are flavonoids; alkaloids;
carotenoids; tannins; antioxidants; proteins; amino acids; and phenolic compounds (Tyagi and Agarwal,
2017). As reported in Table 4, glycosides; triterpenoids; phytosterols; flavonoids; pentose; tannins;
anthraquinones; saponins; and alkaloid phytochemicals were detected in the various parts of the plant
examined, with exception of the presence of saponins and flavonoids in the leaves and stems, respectively.
The cytotoxic activity results in this study also showed inactivity of leaves and stems which are in
accordance with the findings of the absence in saponins and flavonoids which were present in the roots of
this plant. Saponins are glycosides which poses pharmacological properties , the structural diversity of
saponins have also been linked to anticancer activities (Elekofehinti et al., 2021). Flavonoids play a role
in various anticancer mechanisms such triggering apoptosis (Nugraha et al., 2021). The cytotoxic activity
of the E. milii roots may be attributed to the presence of flavonoids and saponins. The findings from our
study are in agreement with those that were previously reported for the various parts of the plants analyzed
(Saleem et al., 2019, Kaur and Kumar, 2023). Previously conducted research details that phytochemicals
such as tannins, flavonoids, and others, can be biologically active (Shaker et al., 2022, Chohan et al.,
2020). Flavonoids, saponins, and glycosides are known to have cytotoxicity, anti-inflammatory and
antioxidant properties, and thus are responsible for the anticancer activities in most plant extracts (Direko

et al., 2019)The Euphorbia Milii roots, stems, and leave extracts were initially screened for cytotoxic
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activity against the prostate cancer DU145 cell line. The results obtained from the initial screening showed
the DCM root extract to have a more significant cytotoxic effect against the tested cell line. A further
analysis was performed against LNCap cells and IC50 of 11.34 pg/mL was obtained. The results of our
study were comparable to the results obtained by another group of researchers who examined E. milii
against cervical cancer cells, when 1C50 of 22.1 £ 0.8 pg/ml was recorded (Chohan et al., 2020). A study,
conducted by Radi et al., indicated an IC50 of 10.41 pg/mL when E. milii was screened against a breast
cancer cell line (Radi et al., 2023). The results obtained are significantly different from the results obtained
by Ebrahim et al. (2020) against liver cancer cells, which showed IC50 of 87.1 £ 9.4 pug/mL (Ebrahim et
al., 2020). The anticancer activity obtained in our study could be owing to the flavonoids and saponins
detected in the root extract of the plant. The root of E. milii has been reported to contain more flavonoid
and saponins than other parts of the plant (Saleem et al., 2019), and this correlates with the results obtained
from the phytochemical analysis performed in the study (Table 2), where saponins were only present in
the root extract of the plant. Doxorubicin and docetaxel were used as positive controls and screened
against the DU145 and LNCap prostate cancer cell lines. Docetaxel was observed to show above 50%
cytotoxic activity against both LNcap and DU145 cell lines at concentrations as low as 1 pg/mL; while
doxorubicin only achieved more than 50% cytotoxicity at a concentration of 5 pg/mL for both cell lines
(Figures 12 and 13). The growth inhibition activities observed for the positive controls were higher than
the ones obtained by Zhang et al. (2019), which showed docetaxel to have less than 50% cytotoxicity at a
much higher concentration of 10 pg/mL.

Nano delivery systems, such as liposomes, have been proven to improve the bioactivity of
pharmacologically active compounds, and this informed the basis of this study, which was to prepare a
liposomal delivery system encapsulating the plant extract as well as the standard prostate cancer drugs.
Liposomes were prepared using HSPC: DSPE-PEG-2000: DSPE-PEG2000- maleimide in the molar ratio
of 4:1:0.2 and were conjugated with a PSA antibody. DSPE- PEG (2000)-amine has been used previously
for the synthesis of thermosensitive liposomal nanoparticles, mainly for the delivery of anticancer drugs
and the synthesis of fluorescein isothiocyanate-loaded mesoporous silica nanoparticles for imaging
applications (Lu et al., 2018). It can be used with different functional molecules, such as the DSPE- 2000-
malmide to prepare antibody-conjugated nanoparticles for improved cellular and receptor targeting (Bi et
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al., 2019). After the preparation of the liposomes, the bicinchoninic acid (BCA) protein assay (Pierce)

was used to quantify the amount of anti-PSMA antibody conjugated onto the liposomes. The BCA assay
utilizes peptide bonds in proteins, decreasing Cu2+ to Cu™ at a rate corresponding to the total protein in

the sample. The bicinchoninic acid reagent forms a complex by binding with the Cu*. This complex then
absorbs light at 562 nm wavelength, which allows a link between the sample’s protein concentration and
absorbance (Hussain et al., 2019). The absorbance of the E. milii and the docetaxel samples at 526 nm
was 1.14 and 1.774, respectively. Following the equation y = mx + c, the protein concentration of the
liposomes encapsulating E. milii, and the standard drug sample, were calculated to be 990.1527 pg/ml
and 1287.712 ug/ml, respectively. This indicates successful conjugation of anti-PSMA to the heat-

sensitive liposomes for both samples.

To confirm the encapsulation percentage of plant extract and docetaxel drug, HPLC and LCMS
techniques were employed. Different masses of the E. milii extract were identified, as seen in Table 4.
Mass796 eluded as one prominent peak and was therefore used in refence to the standard drug. Other
masses were badly resolved and eluted as multiple peaks. Two 0.5 mg samples were analyzed through
LCMS: sample 1, the E. milii extract, and sample 2, the doxorubicin (used as a control). A calibration
curve was constructed with the doxorubicin standard and was 0.6 x 100 = 60 ppm, taking into account the
area of the peak of the E. milii extract in relation to the doxorubicin pure drug. The E. milii mass at 796
had a peak area of 9,67E + 06 and doxorubicin had an area of 6,78E + 06. Therefore, the area of the E.
milii extract was 2.89 larger than that of the doxorubicin. The height of the E. milii extract peak was 6,87E
+ 05 and the height of the doxorubicin peak was 6,66E + 05. The height of the E. milii extract peak was
0.21 higher than that of doxorubicin. This indicates that more E. milii extract than doxorubicin was
encapsulated in the liposomes. A chromatogram was constructed with the docetaxel standard drug and the
concentration of docetaxel (100 x fold diluted) was determined. The concentration was found to be 839
ug/mL in a sample of 2 mg. The concentration of a plant extract within a sample cannot be quantified
because extracts are not pure compounds. Therefore, in this experiment, it was crucial to compare the

chromatographic peaks of the plant extract to that obtained from a sample of a known drug.

Figure 14,15 and 16 shows that the FTIR results of both E. milii and doxorubicin-loaded heat-sensitive
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immunoliposomes were similar, indicating that the liposomal encapsulation of drugs did not result in the
formation of new linkages. However, this was different for docetaxel, as different peaks were observed
for the docetaxel-loaded heat-sensitive immunoliposomes. The transmission electron microscopy and the
scanning electron microscope were then usedto further investigate the stability and morphology of the
synthesized immunoliposomes. Both TEM and SEM images indicated that the morphology of the
immunoliposomes appeared spherical and opaque, indicating that stable liposomal delivery systems were
formed with uniformity. Also, it is clear from the SEM and TEM images that the empty liposomes (Figures
17 and 20 for TEM and SEM, respectively) appear bigger in shape compared to the E.milii extract-
(Figures 18 and 21 for TEM and SEM, respectively) and drug-loaded liposomes (Figures 19 and 22 for
TEM and SEM, respectively). The encapsulation of the bioactive compounds in the bilayers of the lipids
led to the liposomes’ size reduction as result of osmotic pressure on the liposomes, which led to the loss
of aqueous molecules from the liposomal core (Wolfram et al., 2014). This reduction in size is beneficial,
for the enhancement of bioavailability as well as improved drug delivery (Ong et al., 2016, Wolfram et
al., 2014).

After successful characterization of the liposomes, cell viability studies were performed. No significant
cytotoxic inhibitory activity was recorded for the liposomes encapsulating both the extract and docetaxel,
individually, without the presence of heat for all concentrations evaluated (activity less than 50% was
termed insignificant). However, upon the addition of heat at a temperature ranging from 39 — 40°C, 51.34
+ 13.0% and 55.40 + 4.8% cell inhibition was recorded at 10 pg/mL for the liposomes encapsulating the
plant extract (Figure 24), and docetaxel drug (Figure 25), respectively. The 1C50 were calculated to be
8.44 ng/mL and 11.74 pg/mL for liposomes encapsulating the plant extract and docetaxel drug,
respectively.

We believe that the presence of HSPC in the constituents of the liposomal delivery systems may have
been responsible for the significant activity recorded upon heat exposure. According to previous studies,
HSPC has been used to give temperature-sensitive liposomes their stability without the presence of heat;
and on heating to a temperature of 40°C, the structure of the liposomes is denatured. This then leads to
the release of the bioactive compounds encapsulated in the liposomes, thus exhibiting their cytotoxic
activity (Du et al., 2024).
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Chapter 7

7. Conclusion

7.1 General Conclusion
Conventional forms of chemotherapeutic agents continue to experience drawbacks in the treatment of

prostate cancer. There are various alternatives considered to remedy the present situation, among
which is the use of alternative sources of pharmacologically active agents of plant origin, as well as
the use of nanoparticles for the delivery of these chemotherapeutic agents. Liposomes are the most
widely studied nano delivery systems, which have been shown to be a promising treatment alternative
to the conventional delivery systems against cancer. This study focused on the development of a
heat-sensitive immunoliposome nano drug delivery system, for the effective delivery of
chemotherapeutic agents and E. milii plant extract against prostate cancer cells. E. milii DCM root
extract showed to have a more significant cytotoxic effect against the tested prostate cancer cell lines
(DU145 and LNCap). The results obtained in this study confirmed that the developed heat-sensitive
immunoliposomes, used for the delivery of both E. milii plant extract and chemotherapeutic agents
was able to successfully release the entrapped contents upon heat exposure above the phase transition
temperature of the liposome membrane. The prepared, heat-sensitive immunoliposomes conjugated
the active extract and showed better anticancer efficacy against the prostate cancer cell lines in the
presence of heat, than in the absence of heat in vitro. This heat-sensitive delivery system has controlled
and targeted release properties that addresses the challenges faced by current prostate cancer treatment
and has the potential for further analysis which could potentiate it’s use as a delivery system for
anticancer drugs against prostate cancer. The challenges faced during the in vivo pilot study could be
due to the number of cells inoculated in the mice (1x1076) and the low viability of cells inoculated.
The strain used was the NU/J nude mice strain, despite these mice being immunodeficient due to the
absence of a thymus and T lymphocytes, B lymphocytes are present in these mice even though their
development is partially defective. The presence of B lymphocytes can affect tumour growth. Using
an immunodeficient mice strain which lacks both T and B lymphocytes could result in successful
tumour growth. Various other ways of increasing the chances of tumour growth can be investigated

such as designing a pre pilot study to test various concentrations to initiate tumour growth, inoculating
79

© Central University of Technology, Free State



O

Central University of
Technology, Free State

cells with viability of more than 98% and inoculating the cells with Matrigel instead of PBS. The
exploitation of hyperthermia as an external trigger of thermosensitive liposomes demonstrated
superior efficacy in various conducted preclinical studies. The use of heat sensitive immune liposomes
in the clinical setting will ensure that a greater population of prostate cancer patients can benefit from
controlled and target specific nano therapy. Prostate cancer is often treated with a combination of
androgen deprivation therapy and docetaxel-based chemotherapy. However, many patients eventually
develop resistance to these treatments. Application of this delivery system could also help overcome
this resistance by delivering chemotherapeutic drugs directly to the tumour site. This delivery system
has the potential for further development for application as a safe and efficient drug delivery system
for prostate cancer. It also provides revolutionary research alternatives for treatment of various
cancers as well as the possible use in other disciplines such as gene therapy which has the potential to
develop specific and controlled personalized treatment of cancer. The use target specific nano delivery
systems in personalized medicine will enable personalized treatment tailored to the unique cancer
addressing currently faced treatment challenges such as low bioavailability, uncontrolled drug release,

degradation of drugs, and non-specificity.

The major conclusions that were generated from this research project are summarized below:

1) A highly cytotoxic plant with proven records of anti-cancer properties was selected. The extracts
were prepared and screened for cell growth inhibitory efficacy against prostate cancer DU145 and
LNCap cell lines in vitro; and good anticancer efficacy was obtained.

2) The synthesis of the heat-responsive prostate-specific antibody-conjugated liposomes was
successfully carried out and was used to encapsulate the active constituents of the plant extracts as
well as of standard anti-cancer drugs.

3) The verification of the plant extract and drug encapsulation was successful through the use of HPLC
and LCMS.

4) The evaluation of the anti-cancer efficacy of the prepared thermo-sensitive immunoliposome

delivery system on prostate cancer cells, compared to the free standard conventional drug and the
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plant extract, was successfully conducted with the use of an MTT assay and good results were

obtained.

7.2 Limitations of the study

The study was intended to proceed to the in vivo stage, employing a male balb/c immunocompromised
mice model for the evaluation of the prepared liposomes. However, despite our efforts to accomplish
this, we were unsuccessful, owing to the inability to grow the tumors in the mice. Balb/c nude mice
were inoculated with 100ul consisting of 1x1076 prostate cancer cells with no tumor growth observed,
despite this same concentration being reported to cause the growth of tumors in previous studies by
(Liu et al., 2022, Zhang et al., 2021) increasing the number of cells can increase the possibility of
tumor growth. Trouble shooting this increase in number of cells will reduce various factors which
previously contributed to tumour growth failure, this may thus translate to reduced chances of in-vivo

studies repetition, and ultimately saving costs.

% As a result of several unsuccessful trials for the in vivo studies, it was financially challenging to
explore other research techniques, such as 3D cell culture or microfluidics, to compare with the
results obtained from the 2D cell culture, due to financial constraints and study timelines. To
mitigate the financial issues, | propose a continuation of this research at PhD level. Usually, the
funding of PhD research is more than that of a Masters degree, and thus | recommend that a bigger
portion of the PhD research funds be allocated to animal studies to further test the efficacy of the
drug delivery system in vivo. A collaboration has been established with the North West University
and thus, the animal studies will be conducted at North West University Animal facility, this
facility also specializes in breeding animals which will eliminate the animal transportation costs,
breading cost, and costs for labour. A collaboration and co-supervision of students is another way

to reduce cost of research.

7.3 Future studies

¢ The in vitro results obtained in this study provide motivation for further studies. Therefore, | would

recommend that more in-depth studies, such as the development of an in vivo prostate cancer mice
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model using male balb/c immunodeficient nude mice (with absent T and B lymphocytes) between
the ages of 6-8 weeks to be used for future animal studies , 3D cell culture, or microfluidics, be
carried out in order to confirm the potential of the prepared liposomes as an alternative delivery
system to conventional delivery systems for pharmacologically active agents against prostate
cancer. Results from these studies could then be compared to the results obtained from the 2D cell
culture.

The plant root extract has exhibited considerable cell growth inhibition of both the DU145 and
LNCap prostate cancer cells. This provides a rationale to fractionate the extract, and to isolate and
purify the active constituents through bio-guided fractionation. Thin-layer chromatography (TLC),
and Liquid chromatography-mass spectrometry (LC-MS) will be used in the isolation and
characterization of the active constituents. Bio-guided fractionation and isolation of the active
extract are important as they determine the quantity and quality of bioactive compounds. These
isolated compounds are then used for the determination of structure of the active compound. The
chemical structure can provide vital information for further studies including bioactivities,
structural modifications, and synthesis of active compounds which are then further developed for
chemotherapeutic testing and possible application in clinical trials. The information on active

constituent is also useful for standardization of herbal products.
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Chapter 9

9.1 Appendix A HPLC and LCMS chromatograms

The determination of the NP’s entrapment efficiency of the drug was done using
LCMS.

Figure 28: LCMS run on the E. milii sample.

The most intense peak of the EM extract was observed at 67 min and this shows the spectrum of all the

masses in that peak (at 67 min) between 200-1000 Da (in positive ionization mode).

96

© Central University of Technology, Free State



Central University of
Technology, Free State

€0 08

The most intense peak of the E milii extract was observed at 67 min and this shows the spectrum of

all the masses in that peak (at 67 min) between 200-1000 Da (in positive ionization mode).
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Figure 30: Several masses that were identified in the E. milii plant extract

The masses, and the peak at 67 min were chosen as a marker for HPLC. Several masses were identified
in the most intense (peak at 67 min) chromatographic peaks. The masses selected were 271, 301, 318,
352,637,678, 754, and 796 and were used as marker masses. There are only two masses that are separated
as well-structured peaks: 754 and796. The other masses were badly resolved and eluted as multiple peaks

and were then integrated as one to give the values above 111.
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Figure 31: The chromatogram of Mass 754 of the E. milii extract
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Figure 32: The chromatogram of Mass 769 of the E. milii extract.
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Figure 33: The chromatogram of docetaxel.
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Figure 34: The chromatogram of mass 754 of the euphorbia released.
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Figure 35: The chromatogram of mass 796 of the E. milii released.
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Figure 36: The chromatogram of mass 754 of the euphorbia unreleased
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Figure 37: The chromatogram of mass 796 of unreleased euphorbia
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Figure 38: The chromatogram of released docetaxel.
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Simple Summary: Prostate cancer affects men of all racial and ethnic groups and leads to higher
rates of bel g to a lower ic status due to late detection of the
disease. Thene is growing evidence that suggests the contribution of an individual's genetic profile to
prostate cancer. Currently used prostate cancer treatments have serious adverse effects; therefore,
new research is focusing on altemative trestment options such as the use of genetic biomarkers
for targeted gene therapy, logy for led targeted and further exg
medicinal plants for new anticancer agents. In this review, we describe the recent advances in prostate
cancer research.

ity in those

Abstract: Prostate cancer & one of the malignancies that affects men and significantly contributes to
increased martality rates in men globally. Patients affected with prostate cancer present with cither
a localized or advanced disease. In this review, we aim to provide a holistic overview of prostate
cancer, including the disgnosis of the disease, mutations leading to the onset and progression of
the disease, and treatment options. Prostate cancer diagnoses include a digital rectal examination,
prostate-specific antigen analysis, and prostate biopsies. Mutations in certain genes are linked to the
anset, p ion, and is of the cancer. for localized prostate cancer encompasses
a:u\e surveillance, ablative raduyﬂlﬁnp) .md udml prostatectomy. Men who relapse or present

“t: receive privation therapy (ADT), salvage radiotherapy, and
:hemmhemp; Cuizenily, Available tstuient dptions ate mise eficctive whin 18 af combination

therapy; however, despite available options, p remains to be incurable. There
his been ongoin rescarch on finding and identifying other F hes such as the use
of the app of ogics, and gene therapy t combat prostate

cancer, drug resistance, as well as to reduce the adverse effects that come with current treatment
options. In this article, we summarize the genes involved in prostate cancer, available treatment
options, and current research on alternative treatment options.

Keywords: prostate cancer; prostate cancer diagnosis; genetics of prostate cancer; prostate-specific
antigen (PSA); gene therapy; traditional medicine

1. Introduction
Prostate cancer affects mxddle-abed men between the ages of 45 and 60 and is the
highest cause of cancer. ities in Western ies [1]. Many men with
cancer are diag) d by f biopsv and analysis, p pecific antigen
(PSA) testing, dlgllal rectal g (MRI), or health
screening. The risk factors related to proiule cancer include famllv nsk ethnicity, age,
obesity, and other environmental factors. Prostate cancer is a betemgeneous disease both
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on the basis of epidemiology and genetics. The interplay among genetics, environmental
influences, and social influences causes race-specific prostate cancer survival rate estimates
to decrease, and thus, results in differences observed in the epidemiology of prostate cancer
in different ies [2]. There is d. d proof of a genetic comnbuunn to prostate
cancer. Hereditary prostate cancer and a genetic P to p!

cancer have been studied for years. One of the most pmdlsposlng genenc risk factors for
prostate cancer is family inheritance. Twin studies and epidemiological studies have both
proven the role of hereditary pmslale cancer [?l Manv resmn:hers ha\'e looked into the

possible role of genetic variati Y ism, as well as the

role of androgens [4,5]. G i mearchhas dentified molecular p that result in
certain cancer Js such as ch 1 2 2}

In general, gene mutations are a prevalent cause of cancer. Candndale genes for pmsmhe

cancer pmdlsposmm are genes that partake in the androgen p y and of

of prostate epithelium and prostate can@r cells relies on

the and! receptor ignali th and [6]. The identification of cancer

biomarkers and lan;eung of speclﬁc genetic mutations can be used for targeted treatment
o( proslale cancer. Biomarkers that can be used for targeted treatment are DNA tumor

DNA bi kers, and general bi kers [7).
Pms!nlecam:eranenherbechselﬁedas drog; itive or androg,
which is an indi of ion and the possibl option [8].
Try options available for p: cancer are active surveillance, chemotherapy,

radiation therapy, hormonal therapy, surgery, and cryotherapy. Treatment options delivered
to a patient depend on the nature of the tumor, PSA level, grade and stage, and possible

For ple, radical p a surgical option that involves the removal

of the prostate and nearby tissues, is used in conjunction with radiation therapy for the
of low-risk prostats (&8 For treating cancers that have spread beyond the

pmsme and have d, androg p ion therapy, also called hormonal therapy,
ded [1]. Each is iated with severe side effects such as toxicity

and reduced white and red bloed cell counts, which lead to fatigue, hair loss, penpheral
hy, erectile i i and dysfuncti is, and lastly, ping

e to the initial Availabl options are expensive and pose

severe side effects. The discovery of new cost-effective chemotherapeutic agents with little
or no side effects and higher efficacy is necessary [3]. In this review, we provide a holistic
overview of prostate cancer, including the diagnosis of the disease, genes and mutations
leading to the onset and progression of the disease, options, and al i
treatment options.

2. Materials and Methods
In order to carry out the current review, in 2020, our team began to collect informa-
tion and carry out a comprehensive search from different databases, i.e., Google Scholar,
Pubmed, Springer, Elsevier ScienceDirect, and Web of Science, for studies published from
2010 to 2022, and older studies published as early as 2000 were included in this paper due
to relevancy. The articles selected only utilized English texts, and searches were carried out
for the following loeywon:ls and headmgs. prosmle cancer”, "prostate cancer geneuis s
“prostate cancer d and , ' cancer statistics”, "the p "medici-
nal plants in proslale cancer ", “traditional medici ", “al i I.herapy for
prostate cancer”, "nanomedicine in pmstale cancer”, "next generation sequencing”, “bicac-
tive compounds in prostate cancer”, and "dmg repurposing in cancer”. Duplu.‘ale papers
were eliminated, the data were works were {; d out, and then
full-text di were d. The inclusion criteria included several factors which
m\ olved original amdes or m iew papers. The criteria for exclusion included articles with

deq and i ion and those without access to full text articles.
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2.1. Epidemiology of Prostate Cancer
2.1.1. Global Scale

Prostate cancer is one of the most common malignancies in men worldwide [10]. In
2018, GLOBOCAN reported approximately 1,276,106 new cases of pmshhe cancer resul!mb

in about 358,989 deaths worldwide, with a higher p in
On average, 190,000 new prostate cancer cases arise each year, with abou( 80,000 deaths
occurring annually around the world [11]. The worldwide incid of p cancer

differs among various geographical regions and ethnic groups. Black men have the most
reported incidence rates of prostate cancer in the world [12]. The incidence rates of Black
Americans are approximately 60% higher than those of white men in America. The highest
recorded incidence rates of prostate cancer are seen in developed countries where there is
Pprostate cancer awareness and where prostate-specific antigen (PSA) testing is a prevalent
screening practice [13]. The GLOBOCAN reports of PSA tests indicated high incidence
rates in Australasia (111.6 per 100,000) and the USA (97.2 per 100,000) in the year 2012 [14].
Globally, prostate cancer is predicted to increase to approximately 1.7 million new cases
and 499,000 deaths by the year 2030 because of the ially growing pop and
the large population of men who will be 65 years and older (15}

2.12. Local Scale
Little is known about prostate cancer in African ies. Prostate cancer
using the PSA test or digital rectal ination is not a well blished practice in Africa.

There is a higher incidence rate of prostate cancer among men in Southern Africa as
compared with Northem Africa [16]. In South Africa, prostate cancer is one of the most
diagnosed cancers in men across the country. As recorded by the South African National
Cancer Registry, the incidence rate of prostate cancer in 2007 was 29.4 per 100,000 men. In
2012, the incidence increased to 67.9 per 100,000 men [15].

2.2. Screening and Diagnosis of Prostate Cancer

Prostate cancer diagnoses at mature stages of the disease and failure of therapy are
the main factors leadmg to an increased mor!ahly rate. There is no single, specific test

for pi cancer; , it has been diag) d by a digital rectal
examination (DRE), where a gloved finger is mserted mlo the patient’s rectum to assm
the size of the prostate gland and any ab , the p t

antigen (PSA) test remains to be the keystone for pms!ale cancer scleenins [17]. PSAisa
glycoprotein secreted by the epithelial cells of the prostate gland. It is usually found in
semen, but can also be found in the bloodstream [15]. During PSA testing, blood samples
are taken to test the level of PSA. Then, the blood samples are analyzed at a PSA cut-off point
of 4 ng/mL. PSA levels above 4 ng/mL suggest that the patient needs further testing [19].
Patients with PSA levels between 4 ng/mL and 10 ng/mL have an approximately one in
four chance of having prostate cancer. If the PSA is more than 10 ng/mL the possibility
of having prostate cancer is over 50% [20]. PSA is prostate gland specific and not prostate
cancer specific; therefore, prostate-specific antigen levels can indicate benign pathologies
such as benign prostatic hyperplasia (BPH) and prostatitis and not prostate cancer, and
men who do not have prostate cancer have also been reported to have elevated PSA levels.
A prostate tissue biopsy is usually performed to confirm the presence of cancer [21].

A biopsy is a medical procedure in which a thin hollow needle is used to collect small
tissue samples from the prostate gland to be observed under a microscope. The biopsy can
be performed through the skin between the anus and scrotum or through the rectal wall
(known as a transrectal biopsy) [22]. During a biopsy, the prostate gland is usually located
with devices such as magnetic resonance imaging (MRI) and transrectal ultrasound (TRUS).
An MRI scanner creates detailed images of body tissue using a strong magnetic field and
radio waves [23]. MRI positive results can be used for speifically targeting abnormal areas
of the prostate gland during a biopsy [24]. A multiparametric MRI can also be a triage test
performed without a biopsy if the results were negative for DRE, PSA test, and MRI. A
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TRUS is 2 small probe that is deposited into the rectum of a patient. The probe emits sound
waves that go through the prostate gland and produce echoes. The probe then recognizes
and reads the echoes, and a computer system turns them into a black and white image of
the organ [25].

Biopsy analysis is one of the most reliable methods of prostate cancer dugx\csls Tissue
samples of a biopsy are studied and analyzed in the | v using a The
cells can also be analyzed to determine how quickly cancer will spread. The hmpsy results

are usually reported as follows:

1. Negative for prostate cancer, there were no cancer cells detected in the biopsy samples.
2. Positive for prostate cancer, there were cancer cells detected in the biopsy samples.
3. Suspicious, abnormal cells present, but may not be cancer cells [26].

However, arhﬁcul lntelhgmce (AI) and madune learning algorithms have recently ad-

vanced,

Iti 1 for p: In recent years, the availability of

mvel molecular markas as well as the introduction of ad d imaging such
imaging (mpMRI) and prostate-specific membrane

anngen pomron emission lomography (PSMA-] PEI') scans have shifted lhe parad:gm of
to a more individuali; h [27].

prostate cancer

According to the most recent gmdelmes any man at risk of prostate cancer should have

an MRI of the p: 1

d before ob

minimize mmphcanons such as lower urinary tract

1 a prostate bmpﬁy |_b| Thls serves o

erectile dysfunction. Furthermore, the number of biopsy cores nbmmed is Iinlmd to a

higher risk of

such as rectal bleeding, h di

and acute urine retention [29]. Therefore, radiomics can l\elp with pmsme v olume selection

and segmen!auon prostate cancer (PCA)
and p (Table 1).

Table 1. Benefits and drawbacks of radiog

d and classifi and risk

B

stratification management [30].

d with actual prostate cancer peril

Radiogenomics

Advantages

Limitati

Could provide precise imaging indicators that are
less expensive than genetic testing,

Lack of prospective studies

Al and deep learning are used to produce
(anpu'zmnded huols for clinical practice

Image acquisition for defining and contouring the

loying large public datab regions of interests need expert radiologists
containing grnum and i imaging information.
Computer-designed software, both ic and
e isulised to cmitan cowd Significant time wsed for proper
(s ok imaging, an manual delineation
protocols which differ sgmﬁanllv
amuns uahtuhuns)

utilized to tailor treatment options and prednd n:sk
and outcomes.

Reading and segmenting regions of interest have a
lot of inter-observer variability

Biopsies are required to provide insight into the
tumor genome, which is an intrusive technique
that may increase patient morbidity. Tumor genetic
changes can be predicted using radiogenomics.

Different acquisition techniques, scanners, and
radiomic investigations, as well as a lack of
repeatability and reproducibility due to a lack
of standardization

Whole-tumor data are available with a
radiomics-based approsch that can provide
predictive and prognostic i i

Because of th in patient ch i
and imaging techniques, matching wm.lw

55 data with imaging data is problematic

q
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2.3. Prostate Cancer and Genetics
Genetic Inheritance

Close family lineage is the primary risk factor for prostate cancer. Men with close
relatives diagnosed with prostate cancer are at a 50% risk of developing cancer as compared
with men with no family history of prostate cancer [26]. First-degree relatives with succes-
sive generations of diagnosed prostate cancer usually have early onset prostate cancer [31].
Epidemiologic studies have shown the inheritance of prostate cancer susceptibility genes.
Analyses of case-control, twin, and family studies have concluded that prostate cancer
risk may be a result of heritable factors. Research has shown specific gene mutations in
hereditary prostate cancer and has reported that patients with these mutations have an
increased risk of the disease [4]. In the genetic evaluation of inheritance, scientists use
multigene sequencing of men diagnosed with prostate cancer, as well as men at high risk
of developing cancer. About 5.5% of these men had detectable mutations in DN A repair
genes such as ATM, BRCAT, and BRCA? genes. African men have certain genetic mutations
that predispose them to prostate 3 th race and envi 1 conditions such
as migration and food diets are considered to be contributing factors [21].

Cancer occurs because of changes in the DNA sequence due to mutations such as point
mutations, single nucleotide polymorphisms (SNPs), and somatic copy number alterations
(SCMAS) [31]. Mutations can cause prostate cells to become cancerous by turning off
tumor suppressor genes and tuming on oncogenes |32]. This often leads to uncontrolled
cell division. Mutations in genes can be passed on from generation to generation or be
acquired by an individual. Acquired mutations usually occur during DNA replication in
the nucleus [33]. The common genes used as biomarkers for prostate cancer are BRCA
genes, HOX genes, the ATM gene, RNase L (HPCL, 1922}, MSR1 (8p), and ELAC2/HPC2
{17p11). Table 2 shows most of the genes used as biomarkers for prostate cancer.

Table 2. Prostate cancer genes used as biomarkers for the disease.

Gene Gene Description Diagnostic/Prognostic or Predictive

The comparative risk of p at 65 years is
— 1.8-45-fold For BRCAT carriers and 2.5-8 6-fold for BRCA2 Diagrustic
s gene carriers [31,4]. Mutations in BRCA genes inhibit DNA FPredictive [36]
repair leading o prostate cancer [35].

Mutations in the ribonuclease L (RNise L) gene have been
assinciated with prostate cancer [17]. The mutations found
«can inactivate the RN L gene and make unsusceptible to
prostate cancer [3]. Riase L is an endoribonuclease that
plays a role in i action pathways | ing against
viral infections [35,39].

RNASEL Predictive [40]

HOXEBI3 reduces prostate cancer growth and

hormone-mediated androgen receptor activity [41,42]. The

HOXEIS (r339331) polymorphism increases HOXBL3 binding to a

¥ resulting in up Most

HOXE13 mutati labe: tor the risk of ive and

earlier-onset prostate cancer [43].

The ATM protein controls cell division and growth It also
Ieads o the development of certain body systems and helps
ATM gene: cells recognize damaged DMA. Germline ATM mutations Progrostic [47]

are linked to early is and a lower
survival rate [15,46].

Predictive [4]

F
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Table 2. Cont.

Gene Description

Diagnostic/Prognostic or Predictive

HPC2 or ELAC2 gene

HPC2 (hereditary prostate cancer gene 2) and ELAC2 (elaC
homolog 2) are a candidate genes for hereditary prostate
cancer. As with HPCI, mutations associated with prostate
cancer are missense mutations [45).

Predictive [40]

MSR1 gene

MSRI (macrophage scavenger receptor 1) at 8p22-23 of the
hereditary prostate cancer (HPC) locus, and mutations
linked to this gene have been associated with prostate

cancer [49,50).

Predictive [40]

ANXA7

ANXAT7 is a prostate cancer prognosis factor that shows a
bimodal correlation to tumor progression [51,52]. Analyses
dh,\z\vammpmmmmmmmyshaw
showni ductions in ANX7 expression in
and is of h prostate
mﬁasmpuzdmmprmurytummhw

Prognosis [51]

(ATBFI}A

The AT-motif binding factor 1 (ATBF1)-A is a candidate for
prostate cancer tumor suppression due to its function in cell
inhibition and high mutation rate. A decrease in ATBF1-A
mRNA levels is associated with a poor diagnosis. ATBF1
inhibits cell proliferation; therefore, the loss of ATBF1 leads
to uncontrolled cell growth [54,55).

Predictive [41]

CDKNIB

‘The CDKN1B’s main function is cell cycle gatekeeping.
Research indicates that the CDKN1B gene is a vital tumor
suppranur gene in prostate cancer. There & a comrelation
between the location of the CDKNIB gene (12p13) and
susceptibility to prostate cancer in different
populations [56,57].

Prognostic [558]

(KLF6) gene

Kruppelike factor 6 (KLF6) is a tumar suppressor gene and
a zinc finger transcription factor. In a study by Narlaetal,
2008, an allele in the KLF6 gene was deleted in 77% of
prostate tumors, and the normal KLE gene upregulated p21
(WAF1/CIP1) and decreased cell proliferation. The
KLF6-5V1 mutation overexpression elevated
metastasis [59,60).

Predictive [60]

MYC gene

MYC prote BHLH iption factor encodes

ion factors, p igenesis in prostate

cancer. Studies show that pmsm..- cancer tumor foci show

overexpression of MYC and protein, which is associated

with the severity of the cancer. TMPRSS2-ERG gene fusion
caused by a mutation of the MYC is linked to the
aggressiveness of prostate cancer and seen in 60%

patients [61-67).

Predictive [63]

NK3 k box 1 (Nkx3.1) gy pression is usually lost

during the process of prostate cancer initiation and

mhunumm\dmu:mndtls 1t was found that the loss of

Nkx3.1 exp des at the iptional stage via
the 11 kb region [64,63).

Diagnostic [64]

PON1

Paraoxcnase 1 (PONT) & a protein coding gene. The gene
reduces oxidative stress, which leads to cancer development
[66]. A study by Stevens et al,, 2008, investigated the
relationship between SNPs (Q192R and L55M) and prostate
cancer. The results showed that the presence of a variant
allele found in the Q192R and L55M SNPs was finked to an
increased risk of aggressive prostate cancer [67).

Prognostic [66]
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Table 2. Cont.
Gene Gene Description Diagnostic/Prognostic or Predictive
Loss of phosphatase and tensin homolog PTEN is common
in androgen-independent prostate cancer [65,69). The loss
) of function in the PTEN gene is linked to irregular cellular e
PTEN proliferation. Studies have shown that mutations in the lsTl‘]
PTEN gene play a role in te carcinogenesis [70]. The S
PTEN gene is mutated in the prostate cell lines LNCaP, PC3,
and DU145, and prostate cancer xenografts [71].
Mitochondrial DNA has 16,569 bases that encode 37 genes.
Mutations found in mitochondrial DNA genes have been
mtDNA found to cause prostate cancer [72]. In a study on mtDNA Prognostic [73]
jemes, approximately 12% of patients had mutations in
cytochrome oxidase subunit 1 (COI) [73].
Rat sarcoma virus (RAS) is part of a family of genes
consisting of the N-RAS H-RAS and K-RAS, which are Dia: tic
RAS important in cell signaling. Point mutations that happen at '5‘7;“]'
codons 12, 13, or 61 of the family genes allow the
p gene to be lated to a RAS (74).
Bmmarkets show the advantages of bemg used lor diagnostic procedures, smgmg.
%, the aggressi f the di , l.heL peutic process. N p
d have been l.hmugh filing luding novel bi k
that guide diagnosis and p dici Modem logical k such as the
prostate health index (PHI) the TMPRSS2-ERG fusion gene, 4K tests, and PCA3, have
proven to increase PSA specificity and sensitivity, resulting in patients avoiding biopsies
and reducing over diagnosis [76]. Table 3 below shows different diagnostic biomarkers and
their different tests and categories.
Table 3. Examples of other di biomarkers classified as based, urine-based, and tissue-
based biomarkers used furpmhb cancer [77).
Biomarker Test Category
A PSA count >4 ng/ml has a specificity
P PSR of 94%, but only 20% sensitivity in PCa Serum-based biomarker
08 e ApeinG antigesl detection; only 1in 4 men with clevated  Standard prostate cancer screening method
PSA will be diagnosed with PCa.
The 4K test includes a PCa diagnostic
algorithm that includes four kallikreins in Serum-based biomarker
4K score kallikrein markers blood plasma. The analysis includes a 4K Detection of high-grade PCa in previously

panel = total PSA (tPSA), free PSA (fPSA),
intact PSA, and human kallikrein 2 (hK2).

unscreened men with elevated PSA

Prostate health index (PHI)

PHI result = (—2) (proPSA/fPSA) x /
PSA). First, the PHI test was developed
to predict the probability of PCa. The use
of the PHI with a cut-off >25 could avoid
40% of biopsies.

Serum-based biomarker
Detection of any PCa
PHI test also makes it possible to examine the
possibility of PCa progression during
active surveillance

SelectMDx
HOXC6, KLK3, DLX1 mRNA,
and PSAd

SeclectMDx test analyzes urine samples
obtained after strokes of
DRE. The presence of the HOXC6 and
DLX1 genes is assessed to assess the risk
of any PCa during biopsy, and the risk of
high-grade PCa.

Urine-based biomarker
mpMRI outcomes indicate that SelectMDx
score is a promising tool in PCa detection
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Table 3. Cont.

Biomarker

Test Category

TMPRSS2-ERG Fusion

TMPRSS2-ERG levels are linked to
castration-resistant PCa. Fusion
trans-membrane serine protease 2
(TMPRSS2) and ERG gene can be
detected in 50% of PCa patients.

Urine-based
TMPRSS2-ERG Jow sensitivity

PCA3 Progensa Prostate Cancer specific non-coding mRNA which is

Antigen 3

Prostate cancer gene 3 (PCA3 or DD3) is a e i o s
PCA3 score over PSA, in terms of predictive

overexpressed in more than 95% of value and specificity, has lower itivity

primary prostate tumors.

ConfirmMDx Hypermethylation of | STEETing patients at risk of HG PCa after

GSTP1, APC and RASSF1
genes, PSA

an initial negative biopsy. It is clinically Tissue-based biomarker
validated for detection of PCa in tissue Tissue from prostate biopsy
from PCa-negative biopsies.

Figure | depicts the developmental stages of prostate cancer [75].

© @ O

Prostac
e Imnapithelial —»wu— —bm—»m
"'" meopliaia (PIN) (Oatent) {etinicar)

— T -

anmatian Cosmation-
Orsdorive DA darage Senmcence " OO "m"""""" nr
Tefvevere shevtenng

A2 o resuioisn RAUASY octrvation

l MIC overeprestioe PIENincctiasion 22 ovevesprensize
TRPRSS-INT s
Flgml.A h ic depicting th lop of prostate cancer. The stages of the cancer onset
ypression are indicated by the molecular p genes, and signaling path which are

unpoft;mmdxﬁmtmyuu‘m The first sign of prostate cancer is an inflammation of the
prostate gland as a result of llable cell division. This ble: cell division is caused by
mutations that arise due to damaged DNA. At a chromosomal level, Ih:wuluh(mn(pnmhm
begins with the sh ing of tel t the end of the ch i from prostate

glﬂldlnﬂ:mmhmunshuﬂpnnhh:klmlﬂ&[Rﬂalﬂm&ukaJJlmmhmgﬂuhn
shown the impact of the gene on the prostate cancer initiation phase in mice. No tumor suppressor
gene has been solely given a role in prostate cancer initiation or progression. However, several genes
such as MYC, PTEN, NKX3.1., and TMPRSS2-ERG gene fusions are implicated in prostate cancer
initistion. TMPRSS2-ERG gene fusions are responsible for the main molecular subtype of prostate
cancer. Thegpu-ﬁncnachvuame ERG oncogenic pathway, which cmtﬂbu!ala&rdaelupmmt
of the disease. of pi d by th i of pathways involved in
cell division, which muh:mwmkolled cell division and cell proliferation, badmgbmeﬂshsuol
the cancer [79]. Gene expression profiling results have indicated an overexpression in EZH2 mRNA
and proteins present in metastatic prostate cancer. Due to the functions of EZH2 involving apoptosis
and proliferstion, EZH2 is a novel target for prostate cancer [50].
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2.4. Precision Medicine for Prostate Cancer

Precision medicine is an ing field that rep an al ive method, for
some men with advanced cancer, lo ﬁnd gene-speclﬁc uea!menl fnt prostate cancer. It
uses genetics as well as env
therapeutic options for patients, and accurate dosing. l’mcmon medicine dasslﬁes dlseases
using genome sequenang to ldenhfy patients who have tumors exhibiting actionable

targets and p g more i d and decisi [81). M
in prostate cancer relaled genes BRCAI and BRCA2 render men with mCRPC suitable for
with either parib or olaparib, and other p; cancer genes that have
ded well to ol. ib Whld\ include ATM, CDK12, CHECK’ CHECK)
PALB’ PP2R2A, and RADS-IL [52). The i of BRCA
outcomes in a study of 1302 patients with 67 BRCA ion carriers was i
The results showed that patients who i or radiotherapy dmeluped

metastasis and had shorter survival as mmpared with patients who did not have mutations
of the BRCA gene. This study also found that the BRCA1 gene was 12% more common
than the BRCA2 gene, which was only 2% common. In a recent study, conducted in 2019,
the mutation in the BRCA gene (¢.4211C > G) was identified in a Chinese patient treated
with radiotherapy and ADT for prostate cancer. The study indicated that prostate cancer
patients with this specific mutation were sensitive to ADT as well as radiotherapy, making
the more effective [83). Mutations that make it difficult to treat or design effective
CRPC include the F§76L mutation, which changes the binding ligand pocket in the AR.
Similarly, the W741L/C mu!anon stimulates specific AR binding that is able to move
AR into its active conf Such ions create obstacles to designing effective
treatment for CRPC [84].

2.5. Treatment and Management of Prostate Cancer

The prognostic factors consisting of initial PSA level, clinical TNM stage, and Gleason's
score have been considered together with other factors such as baseline urinary funcnon,

comorbidities, and ageasa choice of for p cancer [85]. Ad

prostate cancer diag and have enh. d clinicians’ capacities to classily
patients by risk and propose !herapy based on cancer prognosls and patient preference [86].
Surveillance, y y are as the standard treatments

for stage 111 pmsla!e cancer pahents Andmsen ablation by surgical or pharmacological
castration can bring abnu! las!mg remission in all slagg IV and high-risk stage III patients.
In this case, first-g drogens such as fl and bi can aldA
However, in stage IV, i which is ch d by g

in the androgen receptor, inv. anably occurs, and the prognosis is poor [87]. Table 4 below
summarizes prostate cancer treatment options and their adverse effects.

Table 4. Comman prostate cancer treatment options and potential adverse effects [55).

Treatment Option Disease Progression Potential Adverse Effects
‘Active surveillance Localized lliness uncertainty
Radical prostatectomy Localized l?::rl; Sysiumcion,
Urinary urgency and froquency, dysucia, s,
External beam radiation Localized and advanced disease Beidd ;‘:“'ﬁ:ﬁm
Urinary incontinence
Urinary urgency and froquency, dyeuca, s,
Beichytherapy Lnallzed Bl dysfunction

Urinary incontinence
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Table 4. Cont.

Treatment Option

Disease Progression Potential Adverse Effects

Cryotherapy

Erectile dysfunction
Localized Urinary incontinence and retention
Rectal pain and fistula

Hormone therapy

Fatigue
Hot flashes and flare effect
Hyperlipidemia
Insulin resistance
Advanced Cardiovascular disease
Anemia

Osteoporosis
Erectile dysfunction
Cognitive deficits

Chemotherapy

Myelosuppression
. Hypensensitivity reaction
Advanced cintestio ioaet
Peripheral neuropathy

2.5.1. Active Surveillance

Active surveillance is a d that employ itoring and d
intervention as the main techniques in ll\e mamgemenl of prostate cancer [‘WI For pahems
who have low-risk cancers or those who have a short life expectancy, active surveillance
has been recognized as the best option. The criteria for active surveillance have recom-
mendations that are usually based on the following factors: disease characteristics, health
mnd.mons, life expecuncy, side effects, and patient preference [90]. The PSA level, clinical
¥ or gression are used as prostate cancer trigger points [91].

“The advantages of active surveillance are the P ion of erectile function, de-
creased costs of treatment, avoidance of needless treatment of inactive cancers, and sustain-
ing life quality and normal activities. Its disadvantages include the likelihood of cancer

is before missed opp ity for a remedy, need for a complex therapy

with side effects for larger and aggressive cancers, reduced chances of potency preserva-
tion mostly after surgery, chances of increased anxiety by patients, and frequent medical
checks [92].

2.5.2. Radical Prnsralecwmy

Radical p isthe p dure of medicall: 1 the prostate gland by
openand/or hparoscop\c surgery Iﬂl The procedure requires malung small incisions on
the abdomen or via the perineum.

Salvage radical p is usually ded to patients with local recur-
rence in the absence of after undergoing I beam radiation therapy,
brachytherapy, or cryotherapy. This may, h , lead to d morbidity. Patients

younger than age 70 with organ-confined prostate cancer, with a life expectancy higher
than 10 years who have little to no comorbidities, are best suited for radical prostatectomy.
However, there are a few complications associated with its use. These complications in-

clude i i and erectile dysfunction arising from surgical damage to the urinary
sphincter and erectile nerves [94].
2.53. Cryotherapy

This method involves the use of surgical i ion of cryop into the p
under ul d guid. Iti freezing of the prostate gland to a temperature
from —100 °C to —200 °C for about 10 min. However, there are reports of oomphcanm\sas‘
sociated with the use of this method, including urinary i i and urinary

erectile dysfunction, fistula, and rectal pain ['h)
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2.54. Radiation

Radiation therapy is regarded as one of the most effective therapies that kills prostate

cancer cells using high radiati Radiations are sent & cells through various

techniques such as brachytherapy (the use of seeds placed in the body) and external beam
(where the energy is projected through the skin) to the cancerous sites. Radiation therapy
aims at specifically transferring high-energy rays or particle doses directly to the prostate
without affecting the normal tissues. These doses are based on the level of prostate cancer.
This is idered to be an therapy for patients who are not suited for

surgical p d [96]. Various techni of radiation therapy are discussed below.

1

Brachytherapy

Brachytherapy includes the direct pl. of radioactive sources into the pnslale
gland with the aid of seeds, injections, orwuvsunderlhe of I ull
This often mvolves two techniques: low dose and high dose rates. The low dose rate refers
to the p ion of seeds in the p: tissue, which loses radioactivity
graduallv 197, and the latter refers to the supply of a dose of radiation to the prostate tissues.
with significant risk of leakage to other ding organs. The advantag, iated with
brachytherapy is that it can be completed within a day or less. There is a minimal risk of
incontinence in patients without a previous transurethral resection of the prostate (TURP).

Erectile function is also not affected. Its disad ges are usually a req for general
hesia, acute urinary ion risks, and persi: irritative voiding symptoms [98].
External Beam Radiation Therapy
External beam radiation therapy (EBRT) is a ly used hni

that involves emitting strong X-ray beams specifically targeting the prostate hsm It
radiates higher prostate radiation doses, with less emission to the surrounding tissues.
Radiation therapy is considered to be an effective i diate-risk and high-risk prostate
cancer treatment when used together with androgen deprivation therapy (ADT) [80]. It
is a suitable therapy for attenuating metastasizing cancer cells. This technique is more
advantageous than surglcal therapy. It can ln-al early stages nf cancer, and it is associated
with fewer risks such as bleedi 'y embolus, urinary
incontinence, and erectile dysiunctwn It can also relieve svmpmms such as bone and
joint pain [93]. Side effects of radiation include urinary urgency and frequency, erectile
dysfunction, dysuria, diarrhea, and proctitis [97].

2.5.5. Radium-223 Therapy

The radium-223 dichloride (Xofigo) technique makes use of a substance used for
therapy in patients with metastatic prostate cancer that is resistant to hormone therapy. Its
ability to mimic calcium makes radium-223 dichloride be selectively absorbed by the cancer
cells in bone tissue. This ique has been reported to have a iderable impact on the
survival and recovery of metastatic prostate cancer patients, leading to delayed onset of
bone fracture and pain [85].

2.5.6. Hormonal Therapy
Hormonal therapy is also known as androgen deprivation therapy (ADT). This tech-

nique is applied in the of adv, d and/or ized prostate cancer. Its
therapeutic mechanism is based on the block of duction and other male
hormones, preventing them from fueling pmsm!e cancer cells. Therefore, significantly
decreased male h 1 levels are ible for inhibition of the action of androgen on
the andrugm reaepwr [‘)‘)] This xsolhen achxeved usmg bllaleral orchiectomy or medical
of h (LHRH) analogs

or mugumsu LHRH analog pnmanly elevates lhe lulelmzmg hormone (LH) and follicle-
g h (FSH) oy g hypop P thus, g the drug to

d gulate the hy P with i duction of LH and FSH levels,
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leading to suppressed testosterone production. Leuprolide, goserelin, triptorelin, and
histrelin are among the common LHRH agonists. The antagonists cause action by block-
ing the hypophysis receptors, thereby triggering the immediate inhibition of testosterone
synthesis [100]. ADT has, however, been associated with acute and long-term side effects,
such as hyperlipidemia, fatigue, hot flashes, flare effect, osteopaorosis, insulin resistance,
cardiovascular disease, anemia, and sexual dysfunction [101]-

Flutamide is a type of drugnthat is nonstercidal and pure antiandrogenic lacking
hormonal agenist activity, Flutamide is antiamdrogen at the androgen-dependent accessory
genitals. Its biclogical activity is based on 2-hydroxyflutamide. Treating prostate cancer
with flutamide and an (LHRH) agonist has produced promising results. In vivo studies of
flutamide have shown certain antagonist at the ventral prostate and androgen-dependent
seminal vesicles [ 102,103]. Flutamide is known to result in hepatic dysfunction; however,
a study on antiandrogen therapy (AAT) in combination with flutamide indicated that
flutamide could be successiul when performing regular hepatic function testing during
treatment periods | 104]. Maximum androgen blockade (MAB) using flutamide as a second-
line harmonal therapy can give a prostate-specific antigen response without side effects,
making this a possible treatment option for patients with HRPC with no bone metastases
or whose cancer has progressed more than a year following first-line therapy [105].

Chlormadinone acetate (CMA) is an oral steroidal antiandrogen. D‘Llntrmadln(me has
proven to have anticancer activity. Similar to prog used in
blockade (MAB) therapy as well as mcmolherapy for prostate cancer in Japan [106]- To
determine the success of the antiandrogen chlormadinone acetate in treating stage A
prostate cancer, a study of 111 patients who received chlormadinone acetate was conducted.
The progression rates linked to antiandrogen therapy for stage Al and A2 patients were
lesser in non-treatment receiving groups, concluding that antiandrogen treatment with
cllkmnad.mme anetahe mh'bﬂzed the progression [107]. Chlormadinone is also used to treat
benign p: perpl it di level, prostate-specific antigen (PSA)
level, and prostate volume in benign prostatic hyperplasia slowing the progression of
Prostate cancer [ 108].

2.57. Abiraterone

Abi is a second tion therapy targeted at adrenal and tumor androgen
production. It is associated with the irreversible inhibition of the hydroxylase and lyase
activities of CYPL7A, AR pathways, and 3f-hydroxysteroid dehydrogenase activity, and
is used to treal prostate cancer that has metastasized to other parts of the body [109].
Abiraterone has also been proven o be a potent inhibitor of other microsomal drug-
metabolizing enzymes, including CYPLAZ and CYP2D6 [109]. Clinical data of abiraterone
have indicated remarkable results, but there are reports of variable responses and con-
mmllam mn:leasmg PSA levels. Abiraterone is correlated with high CYPI7A upstream

1! ticoids, with i side effects including edema, hypertension, fatigue,
and hypokalemia [110].

Immunotherapy or biological therapy is based on stimulating or suppressing the
immune system. The treatment uses vaccines designed to work with the patient’s immune
system to fight cancer cells. Sipuleucel-T (Provenge) is one of such vaccines, designed for
advanced and metastatic prostate cancer cells that have developed to b
therapy. It is developed from the immune cells by collecting the white blood cells and
activating them with prostatic acid phosphatase [109]. This is then associated with a
protein that can trigger the immune system before infusing into the blood [99]. Sipuleucel-
T (Provenge, Dend is an autologous dendritic cell-based i herapy used in
treating asymp ic patients by assisting a patient’s i system in fighting back
cancer cells. It is intravenously administered in three doses over one month. [is lesser side
effects make it more favorable compared to other chemotherapies. Its side effects include
fever, nausea, chills, and muscle aches [111].
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2.5.8. Chemotherapy
Chemotherapy uses anticancer drugs to kill or inhibit the growth of cancerous cells.
Them has been progress m treatment of prostate cancer after decade_f- of leammg and
ding genetics, diagnosis, and The most drug

for prostate cancer is docetaxel (Taxotere) [112].

Docetaxel
Dy 1 is regarded as the first-li dard therapy for prostate cancer cells that
are i it l!isan imi ibule agent which attaches to f-tubulin to inhibit
i ibule depol ion, thereby suppressing mitotic cell division and initiating
npoploﬂslll'&l CYPSA is a major requi for the activation of D 1. The
P has been iated with relapse. Docetaxel resistance
has been attributed to i d gulation of the multidrug resi (MDR) 1 gene
that encodes P-glycoprotein [114 l]
Cabazitaxel
G itaxel is a novel anti lasti i hetic derived from the needles of vari-

ous species of yew trees (Taxus). Il is usually sold under the name Jevtana. Cabazitaxel is
a second-generation therapy aimed at supp [99]. It has a low
affinity for Pglycoprotein owing to its additi melhylgmups It is metabolized in the
hepatic tissues by CYP3A4/5 and CYP2C8 (10-20%). Hypotension, bronchospasm, renal
failure, neurotoxicity fatigue, alopecia, and generalized rash/erythema are among the com-
mon side effects associated with its use. There have also been reports of diarrheal deaths

related to Cabazitaxel therapy lting in electrolyte imbal. and dehy ion [114].
Enzalutamide
ideisa d ion AR inhibitor that was gnized as one of the

chemotherapeutic drugs for pmslahe cancer m 2012 Thls drug focuses on the androgen

h and has fi i suc.h as(1) p I il lheblndmg of androgen to
the andmgen m:epbot (2) ing nuclear location and of col: and
(3) inhibiting the of the activated androg, T ide targets an-
drogens such as and dihyd Its therapeuti hanism includes:
1. Competitive inhibition of androgen binding to the androg
71 ition of nuclear location and co-factor recruitment;

3. Inhibition of the binding of DNA with activated androgen receptor.
The side effects of enzalutamide include fatigue, asthenia, diarrhea, and vomiting [115].

2.6. Combination Therapy

Combination therapy has been demonstrated as an effective strategy for prostate
cancer treatment. Combination therapy is a strategy that was developed to treat castration-
resistant prostate cancer and other forms of prostate cancer. There are no drugs to date
that treat castration-resistant prostate cancer (CRPC), and currently approved treatment
options either used alone or in combination therapy are useful in extending a patient’s
lifespan by a few months [116]. Current treatment options used for lhe treatment of prostate

cancer are not curative, and disease prog to the p ype over a
period of time. Combinati Iherapy with used options for prostate
cancer could successfully i increase a pahenl s lifespan and suppress tumors. Amongst
all the avail for prostate cancer, androgen
depnvanon therapy (ADT) has more ial binati pared to other

for pi canner. and approved and currently ongoing clinical

trials wnlh ADT tmatmen! lnclude ADT with radiation therapy, which often treats high-
risk patients to delay or prevent the disease from progressing to CRPC; (i) ADT and
chemotherapy, which in several dlinical studies has shown to increase patient survival
but results in adverse side effects and sometimes death; and (iii) immunotherapy and
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ADT, which has been reported to increase patient survival by 8.5 months [117]. Clinical
trials are ongoing to analyze the effects of survival in ADT and the PSA-targeted poxviral
vaccine, PROSTVAC-IF; a combination of radiation therapy with immunotherapy under
ADT:a bination of ch h vy with i therapy under ADT; and a combination
of docetaxel under ADT [115]. There are a number of completed and ongoing clinical

studies,/trials for combination therapy of prostate cancer. Some of the clinical trials are
listed in Tables 5 and 6.

Table 5. Combination therapies for prostate pleted clinical trials [116].
Primary Anticancer Agent Secomdary Anticancer Agent Clinical Trial
Sipulencel T Docetaxel
ADT Radistion
Docetaxel Thalidamide and Bevacizumal ISRCTNOISH7ET
ADT Radiation
NCTO0091364
Bevacizumab -
Du‘:eLl;erJ Zhuaricy NCTO0002633/ ISRCTNZ 4991 896
- NCTO0110214
Ipilimumab &‘i";_‘hﬁ GETUG-AFU 15 (NCTOD4715)
ADT mxmml_?u
CHAARTED {NCTOO309985)
ADT Diocatacnel STAMPEDE (NCTDI268475)
- NCT 1
ADT Radistion NCTMI72217
Abiraterone “part ERA 223 (NCTO2M367E)
iraterone Radium 223
Abiraterone Enzalutamide
Table 6. Combination therapies for prostate ngoing clinical trials [116]).
Primary Anti Agent  Second, Agent Clinical Trial Phase and Current Status
Phase 2, recruaiting
Phase 3, active and not
Abisaterone Apalutamide LACOG-0415 (NCTO2867020) recruiting
Abiraterone ADT LATITUDE Phase 3, recruiting
Phase 2, no compiled results
Abiraterane Olaparib NCTO3732820 but completed
ADT PROSTVAC NCTOM50463 Phase 1, recruiting
Apalutamide Decetaxel, NCTO2913196 Phase 1, active and not
Abiraterane recruiting
Cabazitaxel ADT, radiation NCTO1420250 Phase 2, active and not
recruiting
Docetaxel PROSTVAC-F NCTO2649855 Phase 2, recruiting
Olaparib Durvalumab NCTO3810105 Phase 2, active and not

recruiting
Phase 2, recruiting

2.7. Drug Repurposing

Drug repurposing, also known as drug repositioning, reprofiling, or retasking, is a
way of identifying new uses for approved drugs [119]. The advantage of drug repurposing
over de novo drug development (developing new drugs) is that repurpesed drug candi-
dates have undergone extensive research in animal models and dlinical trials, testing the
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saletv ophmnahon and in most cases, formulanon development of the drug, as well as.

and p d! This ad ge usually speeds up
lhe research and dwelopmem for new use ul Ihe drug and reduces the failure rate in later
efficacy testing clinical trials [120]. These previously tested drugs can rapidly progress
into phase II and phase IIl human clinical s(udmes whld\ implies that the associated drug
development cost could be drastically d hers show great interest in this
phenomenon because drug repurposing alleviates the dilemma of some challenges cur-
rently faced in clinical research for finding new cancer therapies, such as drug shortage. It
can take a period of 10-17 years for a devel of a new drug compared to 3-12 years

for repurposed drugs. Technology ad play a ma)or role in scanning large databases
and d ing key molecular si ities in di to identify drugs that can be
d. And ivation therapy (ADT) is used to treat advanced-stage prostate

cancer patients. Meunrmu\ is a drug commonly used to treat type II diabetes, repurposed
to treat prostate cancer. It can be utilized to sensitize prostate cancer to the currently used
standard prostate cancer therapies and improve the efficacy of treatment. It is reported
that Metformin is able to increase the effectiveness of ADT for the treatment of prostate
cancer [121]. Here, we discuss three main mlegcnes of drug repurposing studies for PCa,

lassified by di di y and valid such as the knowledge and
ab:hlyo(lhedmglobe hed. For ) Joxifene, a select receptor
modulator, is known for its anncamr pmperns in several cancer. such as breasl and
ovarian cancers, but ! is rep d to have mediated the i ion of
B-cat ling and EMT progression in prostate cancer by significantly iuppressms
B-catenin/ TCF—! iptional activity, N-cadherin, MMPs, and triggering pGSK3p ex-

pression. The other category is drugs Ohal hA\e been les!ed in assays and dasslﬁed in

accordance wnh theu' acuvuy For an antifungal drug resp

forp and the i ion of the Hedgehog s:gnalmg pathway, was
expenmemzd in phase I clinical lna.ls and established to be eﬂecu\'e in patients with
metastatic CRPC [122]. Table 7 shows d drugs rep w candidates in prostate

cancer clinical trial studies.

Other anticancer drugs that are currently being researched in vitro and in vivo for
lreatmem of pmsule cancer include naftopidil, an alpha blocker; niclosamide, an anti-
loxifene, an B reoepmrnmduhmr,nelhnavu an antiretroviral
agent; ghpmde, an antidiabetic agent; clofoctol, an antib. ial agent; and an
antibacterial agent [32]. Drug repurposing for prostate cancer presents an opportunity
to addmss cunent treatment challenges. This strategy should be implemented using
and ic tools to assist and guide researchers in their decision

mahng legardmg patient treatment [122].

2.8. Treatment Challenges
Despite the various treatment options, mCRPC remains to be an mmra.ble disease.

Over time, the disease i to develop resi to diffe
ophom[l"i] This has led to il research on und ding the growth, metast.
sis, is, tumor mi i and tumor envi 18 ions that

promote disease progression.
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Table 7. Anticancer drug repositioni idates under clinical investigation for the of
[prostate cancer [32].
Drugs Original Use Prupomed Aklcaces Phase Identifier * Recrultment
b patbway  Clinical trial
Acid . ideall i NCTO219271 Completed
D A ¥ agent of ERG activity Qimical il NCTOHES27 Completed
CON inhibitor suppressianaf the
Aspirin Antiinflammataory agent nenplastic prostaglandins e ‘{“ NCTONH 6927 Campleted
Inhibition of NF-<B Phase:
Inbibition of proinfammatory
cytokines Clinical trial ’
Minocyeli Antibacterial agent A icallid NCTI2028692 Recruiting
ml]npnmmaﬂs
Inbiion of N 4B et Clinical prial
. . i Gl -xl activity lirical trial
Celecaxib Antiinflammatary agent i o P Ak Pealtria NCTO01 36487 Completed
signaling, pathway
Immunomodulato Potent inhibitor of Clinical frial
Leflunoeide e ‘ot st finical tria NCTIO0MHOTL Campleted
Statins HMCCon reductass  popibition of mevalonate pathway  Cliical tial NCTO1992042 Completed

2.8.1. Drug Resistance

Castration resistance has been reported in prostate cancer that has reached advanced
stages. Castration resistance allows for androgen signaling via amplification of the an-
drogen receptor”s synthesis of the intra-tumoral hormone, while disrupting the androgen
receplor s Coexy s and i [124]. Resi o il ide and abiraterone
acetate, as well as gene mutation in metastatic prostate cancer, has been attributed to the
overexpression of the active androgen receptor (AR) in patients. Prostate cancer often
develops owing to androgens; thus, most treatments are targeted at blocking androgen
hormones. This is beneficial to anticancer drug-resistant patients.

Mutations have also been shown to contribute to drug r&w.lance in cancer cells,

allowing for bypassing of the targeted p A in i thways such
as the AR signaling pathways, MAPK/ ERK palhwav endothelin A mplm (EAR), and
Akl/FI3K pathways as well as by I an of the androgen receptor have been

shown bo contribute to ADT resistance [46].

282 ABC Transporters

These transporters are expressed in the plasma membrane, where they serve as efflux
pumps and are well-known triggers of multidrug resistance. They transport drugs and
xenobiotics in and out of the cells [125]. Multidrug resistance protein (MRP) transporters
MRF2, MRF3, MRP4, and MDR-1 protein (P-glycoprotein) have been reported in prostate
«cancer [110]. The exacerbated expression of these Iranf.pnneﬁ has been implicated in the
increased efflux of drugs, thereby leading to i r Of these
MRF2 has been reported to exhibit the highest potency of resistance to natural Pmdud
agents, MRF3 e:rh'burs the lowest resistance to etoposide, and MREP4 and MRFS are re-

ponsible for o leside analogs and transport cyclic nucleotides. MRP4
also influences resistance o memnlherapeuun: agents such as camplnlbeﬂni cyclophos-
phamide, top n, meth ide analogs [124].

2.83. Cytochrome P450

Cytochromes P450 are a well-known multigene superfamily of heme-containing
monooxygenases that are both constitutive and inducible. They catalyze the metabolism of
a variety of xenobiotics and endocrine disruptors [ 127]. The family inchading CYP2C19,
CYP4BL, CYP3AS, CYP2D6, CYPLAL, and CYPIBI, has been reported in human prostate
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cells [128]. CYP4B1's main functions are the bolism and activation of ary ines via
N-hydroxylation, an activity lha! results in bladder tumor [129). Exacerbated e)q)rrsﬂm of
CYP1BI has been implicated in the ad of dru; i in prostate cancers. This

8
is often achieved by 2-hydroxylation of fl ide [130]. CYP17A speeds up the process
of sequential hydroxylase and the lyase steps in the androgen biosynthetic pathway in
humans, thus, making it a critical therapeutic marker for prostate cancer treatment [131].

2.84. Mutations in Androgen Recep
M in androg; P occur owing to a disorder in androgen sensitivity.
Androgen receptor (AR) signaling plays an important role in the development, activity,

and homeostasis of the pmslale gland It regulates the process of gene transcription via
hing to the androgy on specific genes, as well as allowing nuclear
lrmslncatmn of the andmben receptor [132]. Gene changes in the AR signaling pathway
(Figure 2) have been reported in prostate cancers. AR mutations were first reponed in
an androgen-responsive cell line, LNCap. These ions have been implicated in the
development of AR resistance arising from AR-targeted therapy [133]. This has led to the
use of androgen deprivation therapy (ADT) and antihormone therapy in the treatment
of advanced prostate cancer. The majority of AR mu!anuns rsull in smgle amino an:ld
substitutions, which are mostly found in the AR androg, g domain. The
T877A, which has been found in roughly 30% of metastatic CRPC patients, is the most
common [134]. Other mutations have resulted in enhanced AR binding to coregulators,
resulting in higher AR transcnpnonal activity vis-a-vis H874Y and W435L mutations.
These ions have been implicated in the develog of AR resi: arising from

AR-targeted therapy [124]. F)g’ure 3ill the iption activity of the and
receptor gene [135].
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Figure 2. The function of AR signaling in prostate cancer and P
is maintained in a healthy prostate via reciprocal signaling between the stromal and epithelial layers;

(A) Prostate
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(B) normal prostate cells are converted into cancer initiating cells by unknown mechanisms, histolog-
ical evidence of prostatic intracpithelial neoplasia and early cancer besiors appears, cells at the basal
layer express higher levels of AR in response to this event; (C) cellular and molecular alterations
occur in prostate adenocarcinoma, resulting in luminal cells with the AR transcriptional pathway;
(D) Prostate cancer cells in CRPC maintain AR activity through other mechanisms (including upregu-
lation af AR and its splice variants, intra-fumoral and rogen synthesis, cross communicate with ather
signal pathways, and i 1 /altered expression of AR as the avail, !
from the blood steam becomes limited [134].
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Figure 3. The androgen receptor gene encodes a 110 kD protein composed of 919 amino acids that ans
classifiend by an andreogen-binding domain (ABL), acwncn'nd D\lﬂ-blnd)ns domain (DBD), and an
N-terminal transactivation domain, which has two pol icle repeat These
repuatid seegmmb. c:luuhngnf vatriable szt of prolyglyvine nepests and polyghitansing, highly
infl iption activity. The gene branscript consists of eight exons in
total: exon 1 nsdest for the N-h:mumldnmam exons 2-3 code for the DBD, and exons 4-8 code for
the ABD [135].

2.8.5. Tumor Microenvironment

The tumor microenvironment has a crucial role in the development and progression
of prostate cancer to the advanced stage, as per recent studies. According to experimental
research, the milien and malignant tumor cells have a mutually reinforcing relationship in
which early changes in the microenvironment of normal tissue can foster carcinogenesis
and tumaor cells can iof.ter more pmlumnr modifications in the microenvironment [136].
A umor mic awide i inked niche encompassing the extra-
cellular matrix and r.]:ner:m]lzed uel]s such as neural cells, blood vessels, immune cells, and
mesenchymal/stromal stem cells, all of which secrete factors such as chemokines, cytokines,
and matrix-degrading enzymes. They interact with cancer cells through paracrine and
autocrine mechanisms [137,138].

According to a tumor stage-specific histological investigation, high-grade PC is linked
to enhanced stromal immune cell infiltrates with a variety of cellular types [139]. Chronic
stresses such as direct infection, urine reflux, a }ugh-fal diet, and estrogens affect the
prostate’s ability to become inflamed on a long-term basis | 140]. The stromal compartment
experiences an inflow of several immune cells, including CD3+ T-cells, macrophages, and
mast cells, amid ongoing inflammation [141]. High levels of cytokines and chemokines,
primary tumor necrosis factor, nuclear factor kappa B, to mention a few, are produced by
inflammatory cells. The regulation of angiogenesis, cellular proliferation, and inflamma-
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tion involves these proteins among others. They control the PC’s shift to the malignant
phenotype [136].

The surmunr.lmg slmma] ngems 80 through complex modifications as a result of the
cells and the tumor microenvironment, and these
changes control the se\.mty of lhe disease, its capacity to spread, and its susceptibility to
traditional treatments [142,143].

2.9. Role of Estrogen Receptors (ERs) in Prostate Cancer Etiology and Progression

Prostate cancer is often regarded as hormone dependent, since steroid hormones direct
its initiation and progression. Earlier reports have emphasized the significance of steroid
levels in the etiology of PCa [144,145). Estrogen plays an indispensable role in the i
of male sex hormones, and it also plays cardinal roles in the growth, differentiation, and
homeostasis of prostate tissues. E also ¢ to the d P of prostate
cancer [146]. In a report from Ellem and Risbrid, using knock (KO) mice,
the knockout mice could not boli drogens to gens, and it was ob d that
high levek ol led to the ¥ of prosuhe gland enlargement (prostatic
and d levels gave rise to
mﬂammatory events and lesions [147]. Ep:demxologml studies have also proposed that
the serum level of estradiol and the serum di (E/T) ratio infl
the initiation of PC and its progression [143]. Esnogen activities are carried out by two
receptors, which are estrogen receptor o (ERx) or f (ERB); ERa and Erf are expressed in
prostate tissue [125]. ER« is confined to the prostatic stroma, and has an indirect effect
on the epithelial cells, while ERB is found to be expressed within the epithelial domain
and 1 ithelial and iation [149]. No less than five ERp
homologues (ERﬂ‘l -2, -3 -4, and -5) exist in humans [145]. ERP1 plays a functional
role, while the other isoforms control its activity. The role of ERB may consequently
depend on the ratio of expression of ERB1 and ERB isoforms. It is known that ERx brings
about the adverse effects induced by estrogens, while ERB directs the protective and anti-
apoptotic effects of estrogen in PCa [149). On the one hand, the expression of estradiol
receptor « has been found to be remarkably linked with a high Gleason's score and poor
survlval rate in patients with PCa [150]; on the other hand, ERf expression was found to be

d or lost in the ined PCa samples [151]. Furthermore, the expression of ERf2
and ERf5 together has been shown to constitute a marker for biochemical relapse, post-
surgery spread / metastasis, and the period to spread after radical prostatectomy in PCa
patients. Based on the af ioned, the exy ion of ERB1d d, and that of ER2

and ERB5 i d with the progression of PCa. This expression pattern ded

with the spreading and melasuslsolPCalh’] In PCa, on the one hand, ERa has an
oncogemc role and directs the dele\amus effects of estrogen, which include proliferation,

and pi R Erp, on the other hand, may elicit antitumor
activity F )in PCa P of ERP by ligands. Novel drug candidates
might be useful in the therapeuti 5 PCa, specifically during the earlier
stages of the disease [145].

2.10. Experimental Work Exploring Alternative Treatments
Traditional Medicine in Prostate Cancer Medicine in Prostate Cancer Treatment

Traditional medic 1th il

plays a signifi role in h in
and such countries also have a long history of treating different diseases and mlmems. The
use of medicinal plants in cancer has gained substantial attention, and recently, research is
going, with the National Cancer Institute (NCI) playing a pivotal role in the research
of traditional medicine to treat cancer [153]. Traditional medicine is used significantly
by patients with cancer to minimize side effects or used entirely as a single treatment
rather than conventional therapy. This is because plants are easily accessible, effective, and
aﬂordahle Plant-derived aompolmds and planl mm-acts have been widely used due to
their anti Y and perties [154]. Various

P
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agents used in therapy today are derived from plants, for example, paclitaxel and taxol are
derived from Tixus brevifolia, docetaxel (Taxotere) from Taxws baccata, and vincristine and
vinblastine from Catheranthus rosews |

There is considerable proof sup porting the utilization of a plant-based diet for the
prohibition of acute disorders. Consumption of plant-based food provides necessary
nutritional supplements and phytochemicals that aid in growth and shield against the oc-
currence of various acute illnesses [156]. They also offer protection against oxidative stress
related to chronic disorders such as cancer. Phenolic compounds serve protective roles
including antibacterial, anti-inflammatory, and anticancer roles [157]. Plants containing
organosulfur compounds have chemoprotective activity. Carotencids and polyphenols
have anti-inflammatory and anticeidant activity [158]. Consequently, medicinal plants are
commonly used for the treatment of cancers [159]. Several flavonoids have shown anti-
cancer activity in the treatment of prostate cancer. Flavonoids are polyphenolic compounds
«ch ized by a benzene ring cond d with a si b phenylring hed to the
carbon 2 and carbon 3 (C2 and C3) carbon positi Among £l fl 15 which
«can be identified by a distinctive hydroxyl gmup at the carbon 3 carbon pmmnn have been
Mpncrned in a number of studies, both preclinical and clinical, for their anticancer activity in

Lal «cell lines. Fl 1s, myricetin, fisetin, and kaempﬂemlmmmmly iou'nd
in several fruits and vegetables and display anti-infl . antiviral, ant L
antibacterial, and antioxidant activity, among many others, in different cells | ld]l

Several specific plants have been analyzed for their activity as anticancer agents for
cancer treatment. Plant anticancer activity is linked to phytochemical constituents present
in extracts. Table 5 summarizes various medicinal plants used in cancer treatment [161]

Table 8. Summary of various medicinal plants used against different bypes of cancers [161].

Plant Mame

Phytochemical/Anticancer Agent Type of Cancer Suppressed, Clinical and Research

Moriga oliefera

Niaxinine A Bleod cancer (in vitro)

Catharanthus roseus

“Testis, breast, rectum, ovary, lung, and cervical cancer

Vincristine and vinblastine {in vitro), in clinical use

Panas ghseng

Pansxadicl, panasateiol Prostate, breast, colon, ovary, hung, and colon cancer
(im witrn)

Salansum Lycopersicine

Lycopens Colon cancer as well as prostate {in viva)

Colorectal cances, lung, prostate, pancreas, and breast

Cannabis sativa Cannabineid cancer (in vitro and in vive)
Tasus brewifolia nab-Paclitasel Ovaran concer s well as breast cane (i vitr and
Vitis vinifera Cyanidin Colan cancer (in vitro)
Pyries malus Procyanidin, quercetin Colon cances (in vive, in vitm)
Curcuma lorgn Curcumin Stemach cancer, prostate cancer (in vitro)
Camellia sinensis Bpigalloadechin gallate fesin ""iﬁ?:“’;m'ﬁﬁ{"m -
Taxus baceata Cabasitaxel Prostate cancer {in vivo), in clinical use
Taxus baceatn Duocetaxel Prostate, breast, and stomach cancer, in dlinical use
Taxus baceatn Larotaxel Pancreatic, bladder, and breast cancer (in vivo)
Tixus brevifolia Paclitaxel Breast cancer and ovarian cancer (in vive)
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Table 8. Cont.
Plant Name Phytochemical/Anticancer Agent Type of Cancer Suppressed, Clinical and Research
Berberis vulgaris Cannabisin, berberine Liver, prostate, and breast cancer (in vivo)
Charian cancer [in vitro)
Eingiber ufficimale p She . Ovarian, colon, and breast cancer (both in animal
e peri and in vitro i
Aloe tera Alexin B, emodin Stomach cancer and leukemia (in vivo)
o Hyd i L ursolic acid Prostate and cervical cancer (in vitro)
Hibiscirs mutabilis Lectin Breast and liver cancer (in vitm)
Mamardica chivditia Cucurbitane-triterpene, charantin Breast and colon cancer (in vitro)
Etopeside Lung, testicular, keukemia, lymphoma
Podoplyllum peltate Teniposide Hodgkin's lymphama
Seomach cancer {in vitro)
Lung, prostate, skin, colon breast, lung, colon,
Curcuma largn Curcumin prostate, liver
esophagus
(i vitro)

Cicer ariehinum Crocus

Bowman—Birk-type profease Prostate as well as breast cancer (in vitro)

2.11. Gene Therapy

The developments achieved in genetics, biotechnology, tumor biclogy, and immunol-
ogy have facilitated new advancements in gene therapy. Gene therapy is a therapy that
includes inserting or deleting a DMA sequence or base pair to rectify a genetic defect in a
specific protein or to targel a certain molecular pathway. A few gene editing technologies
are currently being developed for gene therapy. Gene therapies usually involve the en-
capsulation of DN A nucleotides into viral and non-viral vectors that deliver the gene to a
specific site, then, inserting the gene into the human genome to edit the DNA sequence and
regulate cellular processes [162]. The main idea of gene therapy is to deliver exogenous
nucleotides to specific DNA parts in the cells of various tissues. Viruses are well known
for being efficient in transferring their genome into a host to infect it The viral vector can
be administered intravenously by injecting it directly into the targeted tissue. Non-viral
wvectors such as nanoparticles and polymers have also been studied for their use in gene
therapy for the treatment of prostate cancer. These non-viral vectors usually condense DNA
through electrostatic interactions, which also protects the genetic material from degrading.
Gene therapies also explore the use of apoptosis. Failure of cells to undergo apoptosis can.
lead to uncontrolled cell division, which then leads to the development of cancer [163]. The
suppression of apoptosis usually occurs as a result of the genelic mutations in cancerous
cells. Gene therapy for prostate cancer targets apoptosis cellular pathways by introducing a
gene that encodes a mediator or inducer of apoptosis in defective cells encoding an inducer,
mediator, or executioner of apoptosis. Apoptosis-inducing genes, such as caspases, induce
cell death in cancer cells [164]. N chall such as enh ing DNA transfer
efficiency to cells, as well as immune responses that interfere with gene expression lie
ahead for gene therapy. However, irrespective of the difficulties, it is definite that gene
therapy will be the next up-and-coming medical technique used against prostate cancer
in the future. Some clinical trial studies investigating prostate cancer therapy using gene
therapy include various transgenes such as p53 and herpes simplex tk | 165]. Recently used
prostate cancer gene therapy procedures involve rectifying abnormal gene expression, uti-
lizing programmed cell death mechanisms and biological pathways, specifically targeting
important cell functions, initiating mutant or cell lytic suicide gemes, strengthening the
immune system anticancer response, and connecting treatment with radiation therapy
or chemotherapy [166]. Animal studies in prostate cancer gene therapy have made use
of intraprostatic administration of gene therapy delivery systems. This route of admin-
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istration has been found to be more effective, as most of the dose was delivered directly
to the prostate. Thxs largeled delivery allov\ed the admxmstered dose to reach prostate
cancer i and are ins that can bind
to iron-binding pmtems that are usually overexpressed on pmsule cancer cells [167]. The
proteins are responsible for regulating hee iron levels. High iron IEWIS have negative side
effects such as increasing the risk of b i i as well g g free radicals and
P g the ion of oxidation states ferrous ion (Fe2+) m ferric i mn (Fe:k) Various
studies in ammak have used ferrin and L in for active largeti
cancer mlb Prostate stem cell anugen (PSCA) is a cell surface antigen that is exprssed in
d dent and and d dent prostate cancer cells; therefore, it can be
used as a marker for prostate cancef Human epidermal growth factor receptor 2 (HER2)
is another ligand that can be used as a marker for targeted treatment of prostate cancer
due to ions causing pression of tumor cells [168]. A study conducted on
prostate cancer-induced xenograft mice models indicated that lhe mhxbmm ot HE!Z and
epidermal growth factor receptor (EGFR) by specifically targs g cells
could highly improve the efficacy of the ch h lor i
prostate cancer with activated STAT3, and could pre\. ent metastasis EGF-induced STAT3
phosphorylation, which is responsible for enablmg pms!me cancer metastasis [169,170].
Various gene targeting systems have exp with
a DAB-Lf dendriplex encoding IL12, which has demonstrated drastic tumor reduction in
the PC3 and DU 45 prostate tumors. MiRNA (miR)-205, miR-455-3p, miR-23b, miR-221,
miR-222, miR-30c, miR-224, and miR-505 are downregulated in patients with prostate

cancer And are Imow‘n lo be iated with !umm' pp in pi cancer cells,
e ion, and aerobic glycolysis. MiR-663a and miR-1225-5p are
linked to the lop of prostate cancer, ‘showi 8P ial to be used as candid.

markers. The specific functions of miR-663a and miR-1225-5p in stimulating prostate cancer
growth and tumor progression are unclear [171-173].

2.12. CRISPR Cas9
The cl d larly d short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) 1s a natural defense mechaanm found in archaea and bacteria.
This system is being 1 hed because of its simplicity and effective-
ness |l-h) The ability to larhel mlrapmslauc inoculation of specific gene therapyv.edors is
an ge of i based and cy gene therapy app Because
changes in DNA sequences rsull in mulalmns that cause cancer, scientists have been
mlems(ed in new appmacheﬁ to correct such changes by manipulating DNA [174]. The
d short palindromic repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) system useﬁ smgl&gulde RNA (sgRNA) to identify and bind to certain
DNA sequences through Watson-Crick base pairing [175]. CRISPR and the CRISPR-Cas9
(CRISPR-associated 9) system have been extensively studied and have changed the study
of biological systems. CRISPR allows the precise altering, inserting, or deleting of DNA
nucleotides in the target DNA sequence by initiating double-strand breaks. A guide RNA

binds to Cas9, leading it to a compk ry DNA target seq where a double-strand
break is inserted to repair or edit DNA nucleotides. CRISPR can also be used for detecting
DNA from RNA from cells and ing viruses. CRISPR/Cas9 delivery

in nanoparticle lipid-based vectors is safer to use and effective [176]. Liposomal vectors
o‘fer a wn:le range of advantages and modifications, giving direct control over the physico-
perties of the lij | surface, and can accommodate the conjugation of

B hgands An antibx ‘, targeted delivery system of lipid nanoparticles (LNPs) was
initially dmelcped and slandan:lized for the targeted treatment with small interfering RNA
(siRNA). Recently, LNPs were used in a proof-of-concept study to target disseminated
ovarian cancer in mice with CRISPR/Cas9 [177]. A study by Ye et al,, 2017, analyzed
the function of GPRC6A in the progression of prostate cancer progression in vitro and in
animal studies. The study indicated that GPRG6A was expressed in human prostate cancer
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«cell lines, and also showed polymorphism that improved mTOR signaling. Clustered
regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein @
nuclease {Cas9) (CRISPR./Cas¥) were used to interrupt the GPRC6A gene in the PC-3 cell
line. The results indicated that editing the GPFRCSA gene using CRISPR/Cas® stopped cell
proliferation and migration in vitro, and also that osteocalcin activated the ERK, AKT, and
mTOR signaling pathways. It was found that the GPRC6A gene mediated the progression
of prostate cancer in animal studies mainly through assessing the response to osteocalcin
in human prostate cancer xenograft models with cells expressing GPRC6A gene or the
CRISPR/CasS-mediated deletion of the gene. The findings of the study supported the use
of CRISPR as a potential therapeutic target [175]. The first genome-scale CRISPRi screen in.

tastatic PCa models i d that kinesin family member 4A (KIF4A) and WD repeat
domain 62 (WDR62) initiate aggressive PCa. Nowvel targets for prostate cancer are also
provided by CRISPR screen in prostate-specific cell lines, also suggesting the importance of
assessing the resulls in other cancer cells, which may lead to the discovery of biomarkers
for prostate cancer therapy [179].

2.13. Nanstechnology

Nanotechnology is an integrative field that combines pharmacology, biomedical sci-
ence, and nanotechnology. Nanoparticles have characteristics that allow drug efficacy,
can easily penetrate tumors, prevent drug degradation, and can be modified to target

specific tissues [ 170]. Nanoparticles such as lip ., poly mml nanomaterials, and
porous silicon particles h been highly hed for a}:r inp

treatment and p is. Active targeti particles have modified surfaces with at-
tached am:lbnd.lef., affibodies, peptides, or olj harides. These targeting ligands target

receptor cells on cancerous cells, such as the prnr.uleapen.ﬁn: membrane antigen (PSMA)
receplors on prostate cancer <ells [ 180]. There is interest in developing nanoparticles for
prostate cancer therapy due to challenges faced by currently used treatments. A study con-
ducted at Mount Sinai New York on 16 patients used gold silica nanoparticles for localized
prostate cancer. The gold silica nanoparticles absorbed infrared light at a wavelength that
could penetrate biological tissues. The gold nanoparticles possessed plasmon resonance
that could drastically decrease side effects related to the therapy. Patients were injected
intravenously with gold nanoparticles with laser ablation. The growth of the tumor was an-
alyzed using magnetic resonance imaging after 48 and 72 h of therapy. The results showed
a decrease in tumor size with no side effects. While only a few studies have progressed to
clinical trials, a study on targeted and controlled release for prostate cancer therapy has
recently started clinical trials, which has led to the development of the BIND-014 docetaxel
encapsulated nanoprototype [ 155]. The resullts of preclinical and clinical improvements.
linked to liposomal drug delivery in cancer treatment suggest that liposomal encapsulation
signals a positive future for the treatment of prostate cancer. Nanocarriers have been
demonstrated as useful in combination therapy, as they are able to overcome differences.
in pharman:n'kjnetlcs in menmlherapeum: agenlﬁ [172]. Combining nanotechnobogy and
other th can and imp the effectiveness of drugs.
In pmf.lale cancer, nanmeﬂm]nsy is nf.ed in diagnostics and therapeutic treatment. Not
only are nanoparticles effective delivery systems, but they also improve the solubility
of poorly soluble drugs, and multifunctional nanoparticles display adequate specificity
toward urological cancers, bladder, renal, and prostate cancer. In a study conducted by
Zhang et al,, the emapiulaum of docetaxel and doxorubicin in nannparuclﬁ increased
the obs dcy in prostate cells [180]. Another study, conducted to assess
the codelivery of d.nxm'ubmn (DOX) and docetaxel (DOC) by nanocarriers for synergistic
activity, suggested that both anticancer agents DOX and DOC in the nanoparticles acted
synergistically and promoted the curative effect of Dox and Doc in a xenograft mouse
model, which acted on androgen-dependent and and rogen-independent prostate cancer
cell lines [181]. A multicenter phase Il open-label clinical trial consisting of 42 patients
with progressing mCRPC who received abiraterone acetate and/or enzalutamide treat-
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ment studied the safety and efficacy of a docetaxel-containing nanoparticle (BIND-014)
targeting prostate-specific membrane antigen (PSMA) in metastatic castration-resistant
prostate cancer. Targeted delivery of docetaxel by prostate-specific membrane antigen
(PSMA}-conjugated nanoparticles was found to be clinically effective, drastically reducing
circulating tumaor cells [132]. A mndem method of heating tumors after inoculation of
magnetic icles has been 1y hed in prostate cancer clinical trials.
The Ee&r.:bihrv a.mi tolerability were evaluated with the first prototype of an alternating
ﬁeld L in a study experi ling with ic nanoparticle thermother-
apyalune orin combmatmn with permanent seed brachytherapy. The results reported that
herapy had been shown to be hyperthermic and effective to

Ihermﬂeblalwe temperatures and could be achieved in the prostate at low magnetic field
strengths of 4-5 kA/m [183,184].

2.14. Next-Generation Sequencing

Recently, the development of next-generation sequencing (NGS) technologies has
proven to be a substantial advancement in the documentation of unique genetic alterations
that have improved our understanding of cancer cell biology [185]. Precision medicine,
also known as personalized medicine, strives to produce individualized treatment plans
and do away with "one-size-fits-all” approaches to therapy [136]. The development of per-

ized treatment was supported by NG5, which not only increased our understanding
of cancer but also gave oncologists a strong tool for understanding each patient's disease
and its distinct genetic char, istics and whole-g; ional status [187,188]). NGS
«can identify tumor-specific alterations with single-nucleotide resolution [189). The NGS5
technologies are whol&genoma. whnlemme RNA, reduced representation bisulfite, and
chromatin immunoy The th ial phases in NGS are library
preparation and amphﬂcatmn_ f.equencmg, and data analysis [190]. Even though the Sanger
sequencing and PCR methods have long been used Lo examine tumor biomarkers, the
development of NGS has made it possible to screen more genes in a single test. Predictive
biomarkers have subsequently been developed bo assist in selecting the right patient pop-
ulations for clinical investigations. Additionally, NGS enables researchers to identify the
most prevalent known variants as well as the long tail of uncommon mutations that occur
in less than 1% of patients and can offer helpful data on treatment sensitivity [187].

The application of NGS in PC genomics has significantly advanced the systematic cata-
loging of all DNA alterations occurring in cancer [ 185]. The identification and production of
novel long non-coding RNAs and novel gene fusions in PC have been greatly aided by the
use of RN A sequencing. This has resulted in the discovery of new recurrent alterations that
have been identified, which are TMPRSS2-ERG translocation, SPOP and CHD1 mutations,
and chromoplexy, and also the pathways that have been previously well-established have
been validated (e.g., androgen receptor overexpression and mutations; FTEN, RB1, and
TP53 loss /mutations) [1539,190]. DNA sequencing is now far more sensitive and wﬂeable
due bo NGS [191]. PC i o present a signif ‘hallenge in termns of di and
prognosis due o its highly diverse nature [192]. To more accurately determine the cancer's
aggressiveness, clinicopathological and radiclogical data should be combined with the
knowledge gathered from NGS investigations [193,194]. Despite having great hopes for
NGS benefits, there are a number of limitations to the method that should be taken into con-
sideration [194]. Firstly, there are valid s against NGS replacing established and
thoroughly supported histopathological diagnoses. Although NGS can often be utilized o
identify and subtype various cancer entities, an accurate pathological examination should
always come first | 195]. Second, NGS from tumor biopsies only provides limited temporal
and geographical resolution of the entire tumor since it can only evaluate DNA and RNA
changes in a small group of tumor cells at a particular timepoint [196]. This issue can be
approached from a variety of angles, including improving spatial resolution through novel
techniques, single-cell sequencing, serial analysis of circulating cell-free nucleic acids or
tumor cells, or pragmatically focusing on the actionability of specific targets via functional
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studies [197]. Third, the creation of the software tools required for the analysis and clinical
interpretation of the “big data” pmduced by NGS to support clinical decision making is

still lagging behind the thal is in place for its calmlahon,
management, and storage [195]. Additionally iok ical work is i
lo dlrec{lv compare data obtained on various NGS platforms and evaluated by various
f lines and algorithms. Therefore, the success of NGS and precision on-
cology depends gmatlv on efficient communication and constructive teamwork among all
parties [199].
3. Conclusions
Pmslahe cancer ls one of the leadmg canses of death in men glnbally aﬁer lung disease.
C d genes, p and p d with an i d risk of

prostate cancer development can be used as biomarkers for the disease, which provide
information on the stage and cause of cancer. Biomarkers can also give specifications on
the type of treatment required for cancer. There is an urgent need for effective and targeted
specific treatment for prostate cancer. The current treatments available for prostate cancer
are beneficial to only a few patients, and present numerous side effects that eventually
affect the quality of life of most patients. Ch h dioth vy, and h 1
treatment have adverse side effects, mn:ludms drug retsunce which r remams a setback
to Many medicinal plants, gene therapy, and the application of
nanotechnology currently in research have proven to reduce side effects as well as restore
chemosensitivity in resistant tumor cells. Medicinal plant fractions and compounds, genetic
material encapsulated in target-specific nanocarriers with controlled release, and targeted

therapies based on cellular pathways appear to be p g al for p
cancer treatment.
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Abstract: The delivery of anticancer drugs using hnology isa p 5
ppmach aimed at improving therapeutic efficacy and reducing the mmly of
herapeutic agents. Li were prepared using HSPC: DSPE-PEG-2000:

DSPE-PEG2000- mlnmndeln the ratio of 4: H)Zand conjugated with a PSA
antibody. The Eupimrbm Milii extract (EME) and Docetaxel encapsulated

ei L were i i d for their activity against
the pnntate cancer LNCap and DUMS cell lines. Euplrwﬁn Milii keaves, roots and
stems were screened against the DUS cells, Euphoriia mili Dichloromethane
(DCM) root extract was found to be potent against the DU145 cells. This active
extract was further screened against the LNCap cells mhxbmng more than 50% of
cells at 10 pg/ml. The EME and d 1 inc werne
active against the INCap cells when exposed to h)']xrihcrmin at 39-4!) °C. The
liposomes not exposed to heat wens inactive against the LNCap cells. The liposomes
will further be investigated in-vivo.

Keywords: Dy §; Lip Prostate-specific b Targeted drug
delivery; Th itive; | ati
1. Introduction
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One in fifteen men in South Africa has a high chance of developing prostate
cancer in their lifetime. Globally prostate cancer rate of occurrence is different in a
large number of geographical regions and races. African men have the most reported
incidence rates of prostate cancer in the world [1]. Prostate cancer is projected to
exponentially grow globally to 1.7 million new cases and approximately 499,000
lethalities by 2030 because of the rapidly increasing population and the large
population of men who will be older than 65 years [2]. Prostate cancer ensues when
cells of the prostate gland grow uncontrollably. Prostate cancer can asise from
epithelial cells in the secretory glands which line the prostatic ducts [3]. The incidence
of the disease has exponentially increased over the past 10 years [4]. Treatments such
as chemotherapy, surgery, hormone therapy, and radiation therapy have been
successful over the years for treatment of cancers, including prostate cancer. The big
Mwuh%rﬁ«umpmhhmp&mhﬂmmdh and

causing erectile d, ion |5} has attracted much interest over the
years in drug delivery, b«am of its unique prqurhn that increase drug efficacy,
selectivity, retention  time, reduction of cytotoxicity [6]. The use of

mnmﬂmmmemmtnrmwmnmhnpnmugdmnwmm
reduced consequential side effects (7). | li are lipid-hased
nanosized vehicles that have targeting mnkcu.la that help u.m bind o surface
markers that are found on dif [8). Li es b

added advantages a5 drugdels ;yatems hymnedmg delivery, protect the

drug from F . and increase drug
wmmmdmmpp be sensitive and ive to stimuli
such as pH, light; redox, inase, and temp e [10]. Lipids have

a certain temperature range at which their phases exchange commonly known as
transition temperature (TC) [11]. The transition temperature has an unpun on lh:
encapsulation efficency, md!h-stzbd-tyohhe‘ The Phosp
(PC) is the most imp i (HSPC). I 1
cm:atdl’(‘halanmlh'ph! Thel’(‘m:)ldmndcpvedshxnbmuwwﬂu
chain length largely affects the phase of the lip When
napplxdabuwﬂ\ebml-mtanpmlum(mxmsdmgahmawhdgdma
liquid phase as th ber of gat in the acyl chains increases from
wm-dakd‘hesohdgdplwe This results in a change in the membrane from
gel to liquid phaseallowing drugs to be mk-a-:d fmm the hpusumus. When 10% of
DSPE-PEG2000 is added to the lip itive, sterically
stabilized liposomes can be obtained [12] Therefore temperature-sensitive liposomes
can enhance the effectiveness of drugs and treatment outcomes, through the
temperature-controlled release of the drug at the cancer site. This is achieved when
the lipid is triggered tod-mgeﬁm:mbkphumgxmnmdnhkyakﬂwhrgauk
[13). The i the drugs i d by
various techniques suchas UV-vmbledem:hmmvd HPLC, drpendmguntheamw
compound which is inside the liposomes [14]. Thermo-sensitive liposomes release the
drug when exposed to hyperthermia at 39-40°C [15]. Hypesthermia plays & m,
important role in cancer because it i vascular

port and allows li to release s amuunbu(lhgdmg
within a very short periodof being exposed to heat [15). Anticancer constituents are
usually encapsulated in liposames. The encapsulation of the active drug into the lipid
bilayer protects it from enzymatic degradation and chemical and immunalogic
inactivation [17]. Prostate cancer has prostate-specific membrane antigen (PSMA)

pes of prostatic tissue. PSMA increases the therapeutic

chances of nanoparticles in prostate cancer treatment [18]. Chemotherapeutic drugs
are limited by the fact that they are unable to reach the cancerous site in sufficient
quantity to be effective. They need to be administered in high doses which ultimately
lead to adverse side effects such as targeting normal cells [19]. To overcome these
challenges the development of target-specific and controlled drug-release nano-
delivery systems was explored,
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[13]. The concentrationof the drugs i can be di d by
various techniques suchas UV-visible d i andHPlC,‘ i .,unlheadive
compound which is inside the li [14). Therm, i 1
drug when exposed to hypcnhg-rmla at 39~4(FC 1151 Hypeﬂhcxnua play: a \-er)
mpottan! role in cancer ility, and
F and allows lip to tvlaase significant amounts of the drug

mlhxna very shnﬂ pnodnl hang exposed to heat [15]. Anticancer constituents are
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btlayvr P it fruun ic degradation and chemi
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quantity to be effective. They need to be administered in high doses which ultimately
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chall the d lop of target-specific and led drug-rel nano-
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The EM plant, commonly known as Christ of thorns is a woody, spiny succulent plant
!hatcangmwuptoll!mhxghlzo] The plant belongs to the order Malpighiales, the
family Euphorbiaceae the Genus species Euphorbia Mili. The family
Euphorbiaceae is one of lhe largest Genus of medicinal plants distributed in tropical
countries in Asia and Africa[21]. The EM plant has green leaves, and flowers ranging
in colors like red, pink, white, and yellow. This plant is well-known for cancer
therapy [22]. The plant is known for the presence of milky latex which is toxic. The
stems, leaves, flowers, and roots are used in the treatment of cancer [23]. EM grows
in bush and forest habitats, but usually in rocky areas (usually granite formations).
The plant is native to southern and western Madagascar. The plant is also found in
other countries like Brazil and Pakistan [24). EM is widely cultivated in Africa and it
is used for various medicinal uses as well as research in the field of

hnoph logy [25]. Regardless of the number of research articles reporting the
!hanpeuhc uses of EM, data regarding its bicactivity studies related to cancer
mumuumyhmmnupl-num,hum\mh.wmmmm

are to different p

prﬂtnhnllrphnk (26}, m)mnlmlam ENGhave shown the presence of
, and f-amyrin acetate (27). This

P

study was wlﬂ: P P EME and two prostate cancer
ﬂ:nduddmy and d 1. Dy and d are used for
the te i ding the of various other cancers. The

combined rffedufﬂ\r two drugs on prostate cancer cells has been largely studied
[20]. The experiments in this study were initiated with doxorubicin and continued
with docetaxel because docetaxel is the first-line standard drug used for prostate
cancer in South Africa. PSMA was used to address target specificity. The Liposomes
used were conjugated with a specific monoclonal antibody, which binds to the
extracellular surface of the extracellular domain of the PSMA to ensure that the
liposomes bind only to prostate-specific cells. Bound liposomes were then prompted
to release sufficient amounts of their contents when exposed to heat stimuli.

2. Materials and Methods

Plant collection and extraction

The plant was collected from Gariep nursery situated at 309 Cliffendale Dr, Faerie
Glen, Pretoria, 0081, South Africa on 11 November 2020 at 11:00 (SAST) and identified
by a ist Dr. Pienaar, Deg of Botany, University of the Free state,
Bloemfontein, South Africa.

The plant was washed to remove debris, cut into small pieces, and left to dry at room
hnpenh.\ml}mgm\md(naﬁnepuwder Nmegrams(‘)g)ulﬂzpowdrr was
suspended in 150 mL hexane, dichl . The
uux!utvswerepht!dmamrysdukn(of&lhalﬁ@ﬂhwhd-mhm ratio of
1:16. Each mixture was then filtered using filter paper (whatman® Maidstone).
Filtrates were concentrated under decreased pressure at 45 °C at 150 rpm using a
rotary vacuum evaporator and transferred into a pre-weighed clean vial and shade
dried (withoat direct exposure to sunlight) at room temperature, it was thereafter
stored at 4 9C until required for use.

2.1 Cellculture

Human prostate carcinoma cells LNCAP and DU145 cells were cultured in
DMEM: F12 and DMEM medium respectively, supplemented with 10% fetal bovine
serum (FBS), incubated at 37 °C, and 5% carbon dioxide (CO;) until 80% confluence is
reached. Following the methods by [28] [24], cull viability was determined by trypan
blue staining using the automated cell counter (Cell countess TM) to obtain a cell

3
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concentration of 1 x 107 cells per well, in a 96-well plate which was used in all
experiments. The cells were plated and incubated for 24 h to adhere. After 24 h
incubation, the media was removed and cells were treated with 100 pL of 100, 10, and
1 ug/ml of extracts in triplicates.

2.2 Cytotoxic activity of docetaxel-loaded liposomes and EM lrpxswnn
To evaluate the cytotoxic activity of temp iti
mpuuhhun the EM DOM roots extract as well as the prostate cancer standard drug
was, d using the MTT assay in the LNCap cell line.
ﬂmwmd&mmlhandwnﬁxml P toh hermia. T that the drugs
lularly, mild } perthermia was applied to trigger
relu! from hposumus after ndlu.lar uphke. To study the effect of drug release
beyond the an cell viability, a specific heating
strategy was followed. Cells along w:lh the formulations were incubsted at 3940 °C
for 15 min followed by incubation at 37 °C for 48 h. The control experiment included
no application of hyperthermia. The cells were then treated with MTT solution for 4
h The formazan erystals formed were solubilized using DMSO and absorbance was.
measured using a multimode plate reader at 540 nm [29].

2.3. Synthesis of heat-sensitioe liposomes
anuswneﬁmmpn-pumdusdmoddmdmgtheuumhhnmeuwd Briefly, in

a flask, 1 of HSPC: DSPE-PEG2000; DSPE-
rzcmmk.m.aemnemmnuoduu(zmgosmgﬂnm,;)wma.-dud.n
5 ml chi d (2 mg) EM extract /d tved in 2 ml methanol, the

solutions were mixed and the organic solvents were evaporated using a rotary
evaporator at 60 °C for ~20 min to form a solid film and left ovemight covered with
parafilm. This process encapsulated the drugs inside the liposomes. The dry heat-
sensitive nanoparticles were hydrated with 2 mL of PBS and vortexed for 10 seconds
at maximum speed three times to suspend the lipid materials in the solution. The
solution was allowed to stand at & °C ovemnight to efficiently hydrate the lipid
materials [29].

24 L:p(umrnm/ngnhm
of HSPC: DSPE-PEG2000, and DSPE-
mmknmdr(DSPEPEﬁzﬂm Mal) at a ratio of 4:1:0.2 were prepared. The anti-
PSMA antibody and liposomes were combined at a molar ratio of 1:10
(antibody/DSPE-PEG2000-Mal liposomes) for 4 h at 4 °C with constant stirring, and
the anti-PSMA antibody was then conjugated to liposomes by the neaction of
sulfhydryl residues on the antibodies with the C-terminal maleimide groups of the
VEG chains (29.30). The solution was lrscentrifugied i 3,000 rpm and 4 °C for 2 b
to remove the d antibody. Th was collected to determi
amount of residual anti-PSMA antibody using the BCA protein assay kit

25 wﬂ'gms of liposomes
Heat. 1 lating EM emad and hpununs mpwhhng
Docdzxel were mnsumd after ﬂry weee by

i the PB! d furmmmmwﬂx!gusmgm

uhnu—nmlnge atd°C. Follmvmg mnlnfugabun. the supernatant and pellets were
separated. The pellets were weighed in milligrams.

2.6 Protein Analysis
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The BCA protein assay (Pierce) was used to quantify the amount of anti-PSMA
antibody conjugation onto the liposomes. The liposome solution was ultra-
centrifuged for 1 h to remove the unconjugated antibody. After removing the
unconjugated antibody, the supematant was collected to determine the amount of
anti-PSMA. The dilution scheme for the microplate procedure of the BCA kit was
used. 1 ampule of 2 mg/mL albumin standard was used to prepare a set of diluted
standards. BSA standards were diluted to a concentration of 2000, 1500, 1000, 750, 500,
250, 125, 25 pg/mL. The protein content of the samples was thereafter determined
using a standard curve obtained at 562 nm [31).

2.7. Characterization of Liposomes
27.1. Transmission electron microscopy (TEM)

Liposomes were analyzed on negative stain electron micrmrpy using a JEM
1200 EXII electron mi 5 pmol/mL of li as applied to
carbon-coated grids and, after 2 min, the mrplusmdnvm off w:ﬁl ﬁltupapa a
saturated uranyl acetate aqueous solution was used as a staining agent. The surplus
was removed with distilled water. The morphology of the sample was analyzed by
TEM at 80 kV [31).

272, Scanning Electron microscopy (SEM)

The SEM was used for uniformity of particle shape and size and morphological
analysis of the liposomes. The shape of the heat-sensitive immunoliposomes was
analyzed by scanning electron microscopy, JEOL JEM 2010 UHR :qmpptd with a
Gotan Imaging Filter, with a 15V window and a 794 slow-scan camera,
operating at 200 kV [32].

273. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of EM, d bicin and d 1Hoaded th
immunoliposomes were studied to get insights into the occurrence of interaction
between drugs and phospholipids [30,33].

A Perkin Elmer Spectrum Fourier-transform infrared (FTIR) spectrophotometer
was used to d ine the chemical positi oﬂheumpln.ﬂ‘lksp«'nwm

ded in thy £ 4000400 cm™) fdeml.

Data was analyzed using &eﬂ)fmmmksmm(&rhnﬂmﬂ)

28, Determination of encapsulation effi
The amount of drugs in itis was

follows. pr-umswrmnenmluwedfnrwmmakm Owgunngmulh'w:nmfuge
st 4 °C. Following centrifugation, the supernatant and vesicles were separated. The
pellets were washed 4 times with 0.9% NaCl solution. 2.75 mL of alcohol was added
0 0.25 mL liposome solution and at 42 °C incubated for 10 min to break down the

heat-sensitive li When the incub sensitive
hp‘mwmltﬁmnnldm\m The free drugs were separated from heat-sensitive
jon and the ining free drugs was

mlledzd. and .:d]ushd with methanol for further analysis. The amount of drug
seleased in the supernatant was determined using HPLC. For Doxorubicin, the HPLC
analysis was performed using a CI8 column with a mobile phase containing
acetonitrile and water (32: 68, o) at a flow rate of 1.0 ml/min. The column
temperature was kept at 25 °C and the Sample (10 L) was injected. Peaks were

il using fl detection at th of 480 nm and an
emission wavelength of 550 nm using the {1 detector. For EME the HPLC
analysis was performed using a CI8 column with a mobile phase containing
acetonitrile and water (32: 68, o) at a flow rate of 0.8 mU/min. The column
temperature was kept at 25 °C and (10 pl) sample was injected. Peaks were monitored

5
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wsing (it 1 ion at an i th of 230 nm and an emission

wavelength of 260 nm using the fuorescence detector HPLC run for 45 min.

29 Statistionl Analysis
Cytotoxic activity results were analyzed with Microsoft Excel and 1050 was

calculated using GraphPad Prism version 8.0 software for Windows.
3. Results
Ceell growth inhibition of DUL45 cells
3.1 EM rooks, stems, and leaves extracts were screened for cytoloic activity

against theprostate cancer DU-145 cell line.
Extracts were tested in triplicate ot concentrations of 100 pgimlL, 10 pg/ml, and 1 pgfml.

Euphorbia milii leaves extract 5% Eupharbio milii stem extract %
growth inhibition of Du145 cells growth ihibition of DU145 cells
150
e
=5
=
= 100
£
=
I TR AT T [
1 1' 100 S w0
= 1 10 100
concerntration plfmi concerntration plfml
Whex W dem Whex Bdem B meDH
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Euphorbia mili root extract % growth ihibition of
DU145 cells

% Growth inhibition
B
8

5 - . i I .
0
1 10 100

concerntration pl/mi

mhex mdcm

©)
Figure 1: a) Cell growth inhibition of DU145 cells by leaves extracts of EM. Hexane
leaves showed growth inhibition of less than 30% at all three concentrations. The
DCM leaves showed no growth at all three concentrations b) Cell growth inhibition
of DUI4S5 cells by stem extracts of EM. hexane stem extract showed activity less
than 50% at 1ug/ml and 10ug/ml and more than 100% activity at 100ug/ml. The
DOCM stem extract showed no activity at Tpg/ml and 10pg/ml and 78% activity at
100pY/ml. EM methanol extract showedno activity at all three concentrations. C)
Cell growth inhibition of DUL45 cells by root extracts of EM. EM DCM root extract
showed more than 50% activity with concentrations of 10pg/ml and 100pY/ml
inhibiting more than 65% of the cells (IC50). This is the only extract that showed the
desirable activity when screened against the DU145 prostate cancer cells. This
extract was further screened against the LNCap cell line.

32 Call anti-proliferation assay
The EM was investigated for its cytotoxic activities against the LNCap cell line

using an MTT cell viability assay. EM DCM root extract was tested in triplicateat
concentrations of 100 pg/mL, 10 pg/mL, and 1 pg/ml..

" i

1 10 100

WGrowth inhibition

Concentraticn j/mi

W 00M roots et
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Figure 2 Cell growth inhibition of LNCap cells by roat extracss of EM. The cells
were treated with different concentrations (100, 10, and 1 pgfmL) of DCM root
extract. EM DOM root extract showed more activity with concentrations of 10
ppimL and 100 pg/mL inhibiting more than 51.7% of the cells (1C50). The extract’s
activity was further imvestigated in cells when encapsulated into heat-sensitive
lipuomes.

180

100

Himhibitien

Figure 3. Cytotoxic activity of the EM DCM root extract on LNCap cells with 1850
value of 1134 pg/ml.

33  Percentage inhibition of Doxorubicin, Docetaxel.

Dioxarubicin and Docetaxel were added as positive controls and screened
apainst the DU145 and LNCap prostate cancer cell lines
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Figure #a) The cytoboxic activity of Doxorubicin and Docetaxel was scnsened against the DU14S cell
line. Doxorubicin showed 62%,65%,70%, and 73% inhibition at 5,10,50,100ug/ml respectively,
Docetaxel was active showing above 50% activity for all concentrations.

% inhibition of LNCAP
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4b) The cytotaxic activity of Doxorubicin and Docetaxel. Doxorubicin
showed activity of 76.25 % at 5 pg/ml and higher activity at 10,50,100 pg/ml.
Docetaxel showed activity of 55.3%, 55.9 %, 68.23%, 73.43% and 93.69% at 1,
5,10, 55, and 100 pg/ml respectively.

3.4 Characterization of heat-sensitive liposomes

The heat-sensiti i wene ch ized using FTIR, TEM, and
SEM

vwmw =

i . . . .
4000 3300 2000 1500 1000 00
Wavecumnber cm-1
Figure 5. FTIR sp v was used b ine the i ion between drugs
and temg sensitive @ A is the FTIR spectrum of EME
loaded heat-sensitive i Bis the FTIR sp of Doxorubici
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lated heat itive i "' Cuﬂwﬂ'lkqxﬂmmu’

Docetaxel lated  heat EM  loaded
xmum\lnpn:mws were similar bo that of doxorubicin losded heat-sensitive

immunoliposomes.

The FTIR spectra of EME loaded heat-sensitive immunoliposomes have shown a
C-O peak at 179265, C-O stretching peak at 168356 and C-H bending peak at
139554 CH found in aromatic compounds of plant extracts, CN stretching, The
peak at 1281.52 d the presence of carboxylic acid group and aromatic
amine, CO stretching peak at 101788, The peak between 1150-1000 is the C-F
stretch showing aliphatic fluoro compounds. The peak range between 2100-2250
can be attributed to the C-C functional group which possibly indicates the
presence of alkynes. Furthermare, the observed peak at 819.41 of the peak range
between 1040-732 can be ambm:d ln nmlluhc compounds. B is the FTIR
of Dy bicin heat-sensiti ¥ howi mh,‘,mk
nngx to those ined in EM loaded heat it Dy
loaded heat-sensitive immunoliposomes have shown a C-O peak at 179256, C-O
stretching peak at 1683.56 and C-H bending peak at 1395.54 CH found in aromatic
compounds of plant extracts, CN stretching. The peak at 128152 confirmed the
presence of carboxylic acid group and aromatic amine, CO stretching peak at
1017.88. The peak between 1150-1000 is the C-F stretch showing aliphatic fluoro
compounds. The peak range between 2100-2250 can be attributed to the C-C
functional group which possibly indicates the presence of alkynes. The observed
peak at 819.41 of the peak range befween 1040-732 can be atiributed to aromatic
compounds. C. The FTIR spectza of 1 loaded h i
Do I-doaded by have shown carboxyl acid peak at
Szw.ﬂwiud:mpannlﬂw(ﬁai-mnmqumcymgr,lhepmbm&usmm
appear in FTIR analysis of the lipid DSPE-PEG when conjugated. In the study
conducted by Marasini et al [33] these peak ranges were attributed to the
presence of methylene and methyl groups in the PEG molecules and Amide (C-
O) peak at 163353, alkyl ketone peak at 1241.44, alkyl amine peak at 1168.59 and
the peak at 1069.98 indicate the presence of polyssccharides which are part of the
(1035-1149) frequency range. Ville et al |3l] lound Ilvc abmrplwn palkm
between 1282 and 1020 useful for d
This peak range is seen in EME, d

35 TEM and SEM results

Transmission electron microscopy (TEM) and scaning electron microscope
(SEM) images below show the hology of the

immunoliposomes observed at :Onm,lﬂl)nm. 500 nm, and 1 micrometer. For
TEM analysis, the shape of the immunoliposomes appeared spherical and
opaque at various parts of the grid showing stability of the nanoparticles. For
SEM analysis the shape of the immunoliposomes appears to be a uniform
spherical shape which correlates with the observed morphology under the
transmission electron microscopy.

1
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Figure 6. TEM images of empty liposomes at 50 nm and 100 nm. Transmission
electron microscopy (TEM) was used to show the morphology of the
immunoliposomes observed at 100 and 50 nm. TEM analysis of empty lipasomes
was done b firm the ion of lip under i | conditi

P

Figure 7. TEM images of EM-loaded immunoliposomes at 50 nm and 100 nm. At
50 nm the TEM images show that the EM-Joaded immunoliposomes are slightly
bigger than the empty immunoliposomes. In both the empty immunoliposomes
and EME-loaded immunaliposomes the TEM images indicate that the shape of
the immunoliposomes appeared spherical and opaque therefore this indicates
that the liposomes are stable and uniform in size at 100 nm and 50 nm.
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Figure 8. TEM images of doxorubicin-loaded liposomes at 100 nm and 50 nm.
The larger circles that appear see through are marks caused by air-dried PBS.

Figure 9. SEM images of empty lip at1ms and 500 nm.
clectron mi pe (SEM) photographs of lip showing the morphology
of the synthesized heat-sensitive & Figure 11 below shows the

SEM images of empty liposomes.

13
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Figure 10. SEM images of EM-oaded liposomes at 500 nm and 1 pm. The

phology of the li ppeared to be spherical at different parts of the
grid. The liposomes were air-dried therefore the cloudy substance observed is
airdried PBS.

Figure 11. SEM images of doxorubicin-loaded liposomes 1 pm.
36. Protein Conjugation

Table 1. illustrates the total protein content of the EME and the standard drug
Lated he et ™

P F
Samples pg/ml ug/ml ug/ul 100 ug
lhtdl Y = B17.47(1.41) - 162.48 = 990.1527 9901.527 9901527 1009945

* 1 ;/d'ldrug Y = 817.47(1.774) - 16248 = 1287.712 12877.12 1287712 7.765713

BCA protein assay (Pierce) was used to quantify the amount of anti-PSMA

14
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antibody conjugation onto the lip - A Calibration curve was plotted o
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determine the protein content of the Docetaxel-Jnaded immunoliposomes and
EME-loaded immunoliposomes and a linear relationship were observed as (82
values > 0.984).

The absorbance of the EM and the standard r.lmE at 526 nm is 1.14 and 1.774
respectively. R squared of the standard curve is 0.984.

37, HPLC/LCMS for drug encapsulation
Table 2. Hustrates the integrated peak arca and peak height values of the

chromatograms for the selected masses in the EM extract sample: (sample 1) and
the concentration of dovarubicin (sample 2).

Sannple Nime Analyte Peak Name Analyte Peak Area (counts) Analybe Peak Height (cps) H
Comeentration (ppus)

EME mass 271 1,98E +07 1,23+ 06 o
EME mass 301 166E +07 654E 405 i
EME | miass 318 262E +07 144E + 06 ]
EME mass 352 473E + 08 212E+05 i
EME | mass 637 539E +05 1,57E + 04 i
EME mass 678 12BE + 05 289E + 03 i
| mass 754 217E+06 L74E + 05 i

EME mass 796 9ATE + 06 BETE +05 o

Dosorubicn | D 6755 .06 BG5S sz

The EME i not a pure drug therefone the concentration is seen as ) ppm in the
table abeve. The ion of doxorubicin was caleulabed as D607 ppm and
was theeref d as Jeulate th ion of EM taking into
acoiunt the area of the peak of the EME in relation bo the area of the peak of the
domorubicin pure drug,

Tablle 3. Ulustrates the integrated peak area and peak height vabes of the
chromatograms for the masses 796 in the EM extract sample and concentration ef
docetaxel in the Docetaxel mcapsulated liposomes when the drugs are releasad
and not released from the liposomes

TABLSAMPLE NAME | Analyte Peak  Analyte Peak Analyte Peak Height (cps) Caleulated
Name Arenfevunts) Comcentration
EM RELEASED mass7o 433EA07 224EH6
EM ENCAPSULATED mass7O LE9ET LI0ED6
DOC RELEASED Doc L75EA06 1124005
DOC Doc 11E+06 7 70E+D04
ENCAPSULATED
Table 3 shows the th itive li liting drugs when run

through LCMS and temperatune liposomes when drugs were released by
exposing the liposomes bo hyperthermia at 40°c. The mass 796 of the EM plant
was investigated to quantify the smount of drug detbected in the liposomes. The
area of the EM mass 796 peak was larger than when the EM extract was not
released. The height of the EM mass 796 was higher when the EM extract was
released.

The concentration of docetaxel deeched when the drug was released was found
o be 9 ug/ml and when liposomes were not exposed to $°c hyperthermia the
concentration was found to be 5.6 uglml.
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The weight of liposomes was found to be
EME encapsulating liposome 4.3 mg =215 mg (0.5mg drug added)

17
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Docetzle enmpsula!zd liposomes 4.5 mg = Z.ZSmg {05mg drug added)
of drug inside li

Table 4. Shows the concentration of Docetaxel.

Sampie Calculated
name concentration
Bocetae w9
i ug/mi
mg/L =1 ppm.

The concentration was found to be 839 pg/mL. in a sample of 2 mg of drug
added.

3.8. Cytotoxic activity of EME and docetaxel-loaded mmund;;uum,‘

The cytotoxic activity of temp itive i 1
the EME and docetaxel was studied by measuring the wllu.lar vmbllnv using lhe
MTT assay in the LNCap cells with and wx!huul exposun: m hvprnhn-mu

ensure that the EME and 1 become larly mlld
Bypesthermia was applied to trigger release from iposomes in ane experiment
and another exp was ducted without ia. The results

obtained in Figures 1 and 2 lead to further investigation of the plant extract.
Figure 3 shows the IC50 value of the EME and docetaxel encapsulated
immunolipasomes o6 LNCap cells when exposed to hyperthermia and Figure 4
shows the IC50 value of the EME and d
on LNCap cells without hyperthermia.

“mhistion

Concentration logX{ug/mi)
(@)

(b)

Figure 12. a) Growth inhibition of LNCap cell line by the EME encapsulated heat-
sensitive immunoliposomes when exposed to heat. 5134 % inhibition was
recorded at 10 pg/mL The IC50 was calculated to be 844 pg/ml. b) Growth
inhibition of LNCap cells by Docetaxel encapsulated immunoliposomes when
exposed to heat. 55.4 % inhibition was recorded at a concentration of 10 pg/mL_
the IC50 was calculated to be 1174 pg/mL
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“a innibiten

(b)

Figure 13. 2) Growth ihibition of LNCap by EME encapsulated immunoliposomes
without exposure to heat. No significant activity was revorded at & concentation of
10,50, and 100 g/l b) Growth inhibition of LNCap cells by Docetaxel

he itive i without exp to heat. No signifi admrv
was recorded at a concentration of 10, 50 and 100 g/l In Figure 2, the significant
cytotoxic activity of the EM DCM root extract on LNCap cells was recorded with an
1C50 value of 11.34 pg/mL, when immunoliposomes were exposed to heat (figures 3a
and 3b) cytotoxic activity was recorded at the concentration of 10 pg/mL with 1C50
values of 8.44 pg/ml. and 11.74 pg/ml for EM and Docetaxel respectively indicating
the effect of hyperthermia on heat sensitive liposomes

4. Discussion

This research is a significant effort to reduce mortality and poor treatment outcome in
prostate cancer patients, as well as toxic side effects associated with the treatment of

Due to the side effects and poor th of ch + targeted and
controlled drug delivery has become relevant iques used for more i d
specific cancer  treatment, with reduced toxicity. These heat-sensitive
immunoliposomes encapsulated the EME together with the prostate cancer standard
drugs, doxorubicin, and docetaxel

EM roots, stems, and leave extracts were screened for cytotoxic activity against the
prostate cancer DU145 cell line. Extracts were tested in triplicate at concentrations of
100pg/mL, 10 pg/mL, and 1 pg/mL. The only extract that showed significant activity
was the DCM root extract. The extract was further tested against the LNCap cell line.

In this study, EM root extract showed potent activity against the LNCap cells
showing IC50 of 11.34. Doxorubicin and Docetaxel were used as positive controls
and serecred against the DUL4S and LNCap prostate cancer cellines. Docetaxel was
the only drug that showed activity atall boththe LNcap and DU145
cell lines. In figure d4a Doxorubicin showedactivity from 5 pg/ml against the DUI4S
cell line and figure db shows thatDoxorubicin and Docetaxel showed activity from 5
ug/ml against the LNCap cell line. Docetaxel is used as a standard drug to treat prostate
cancer [35]. The cellular uptake of heat sensitive immunaliposomes by LNCap cells
wis studmd usmg the EM enczpsuht:d unmunnlxp«x)mﬂ and standard drugs
The Folin-Ciocalteu
andllunummchlundemellﬁdswtmu!d hxmnﬁrm&u-wtal phenolic (TPC) and
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total flavonoid contents (TFC) of the plant, for the phenolic and flavanoids, the highest
contents were detected from methanol extracts, and the EM methanol root extract
indicated the highest phenolic contents, whereas the highest contents of flavonoids
were observed in aerial methanol extracts. This study showed that Flavonoids and
phenolics were the most secondary metabolites present. EM DCM extracts indicated
high antioxidants in relation to the methanol extracts [36].

Liposomes were prepared using HSPC: DSPE-PEG-2000: DSPE-PEG2000-
maleimide in the molar ratio of 4:1:0.2 and conjugated with a PSA antibody. DSPE-
PEG (2000)-amine has been used for the synthesis of solid lipid and thermosensitive
hplmmul mmpamdes munly lnc H\e carriage of anticancer drugs and the synthesis

silica icles for imaging

!thuhﬂ\!. lianbtusedwndud:ﬁmnﬁmotul mlmlesmrhuhDSl’E

2000-malmide to prepare antibod i 4 cellular

and recepior '.lqwhng (7). A study conducted by Ahvnzzdeh et al added
h Icholine (HSPC) to sensitive li

ad\amﬂleplmshhlﬂ) u(lxp(m lhslsa]sosuppur&dbyhnudy

conducted by Chenj e al 2012 stating that increasing the molar ratio of HSPC can be

to adjust th of the I from 37°C to more than
A°C. Their studies showed that adding HSPC .mpnmd the transition temperature
resulting i i stability of p invivo
139] Dsrwemn 1,2-di glycero3.p lamine-N.
1)-2000] jum salt) chl lipid

mmnmmmmmmmmthydmmm.ﬂwsth
liposomes, also known as stealth liposomes have to extend systemic circulation via
evasion of the reticuloendothelial system (RES) and this increases their accumulation
in the tumor site [39,40]. In this study, hyperthermia was applied to trigger release
from liposomes after cellular uptake beyond the transition temperature of 40 °C. 5134
% inhibition was recorded at 10 pg/mL. The IC50 was calculated to be 8437. No
significant activity was recoded at mn!rahxmﬂ‘ 10, 50 and 100 pg/ml for LNCap

cells that were not exposed to hyp The - used was 39—

40°C.
Flg\andwwsﬂulﬂwFTeru\dtsdEMlmMmmmhp(mwem

similar to that of ds bicin loaded he iti ing that

ﬂ\ehpmmalmpsuhhmddrupdu!notrrsullmthehmmmdnrwhnkm
different peaks were observed for the
Transmission Electron Microscopy and Scanning Elcdmn Mlcmswpe were thm used
to further investigate the stability and phology
mumxpmsmmmsmmmmcwwhsvuu
immunoliposomes appeared spherical and opaque therefore this indicates that the
liposomes are stable and uniform in size at 100 nm and 50 nm. The liposomes were
air-dried therefore the cloudy substance observed is the dried PBS.

The BCA protein assay (Pierce) was used to quantify the amount of anti-PSMA
antibody conjugation onto the liposomes. The BCA assay utilizes peptide bonds in
proteins decreasing Cu?* to Cu® at a rate corresponding fo the total protein. The
bicinchoninic acid reagent forms a complex by binding with the Cu®, this complex
then absorbs light at 562 nm wavelength, this allows a link between the sample’s
protein concentration and absorbance [41,42] the standard curve R squared value is
0.984 (R squared value describes the best fit of the standard curve and should be above
0.96) using the y = mx + ¢ equation concentration of the EM and the standard drug
was calculated to be 990.1527 and 1287.712 respectively. A dilution factor of 2ul was
dkdmprLwakrthmﬁuudduh‘mlm is IO.

The was de L ing HPLC and LCMS. The
concentration of a plant extract within 3 sample cannot he qumhbrd becsuse extracts
are not pure. LOMS was performed on EME and different masses were identified,
these masses were then used as markers, masses 271, 301, 318, 352, 637, 678, 754, and
796. Table 2 indicates the integrated area and peak intensity values for the
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chromatographic peaks for the selected masses in sample (EME) and sample 2
doxorubicin (100 x fold diluted). There are only 2 masses that are separated as clear
peaks, mass 754 and 796. Other masses were badly resolved and eluted as multiple
peaks. Two 0.5 mg samples were analyzed through LOMS, sample 1 which is the EME,
and sample 2 which is the Doxorubicin (used as a control). A calibration curve was
constructed with the Doxorubicin standard and is thus 0.6 x 100 = 60 ppm. Taking into
account the area of the peak of the EME in relation to the doxorubicin pure drug,. The
EM mass at 796 has a peak area of 9,67E + 06 and doxorubicin has an area of 6,78E +
06 therefore the area of EME is 289 larger. The height of the EME peak is 6,87E + 05
and the height of the Doxorubicin peak is 6,66 + 05, the height of the EME peak is
ﬂllh@mmmdmddmmmehuxn&nh:mMumEMﬂmdﬂm
lated in the I A was d with
the docetaxel stzndard drug and Lhr concentration of docetaxel (100  fold diluted)
was determined. The concentration was found to be 839 ug/mL. in a sample of 2 mg,

5. Conclusion

Chemotherapy and other used have side effects, therefore
lydeveloped drug formulati reduce systemic toxicity and become a

promising lternative to achieve local control of the disease.

In summary, our study has shown that there is scientific confirmation for the
traditional use of Euphorbia Milii as a medicinal plant for treating prostate cancer. In
the study, EM DCM root extract has exhibited anticancer activity against the LNCap
cells. The planthas secondary metabolites that are active against the prostate cancer
cell. The EM showed significant activity when the thermosensitive liposomes are
exposed to heat. The heat-sensitive anti-PSA | a great candidate with
minimal side effectsthat we believe will enhance kumuhtaryt:d drug accumulation,
and therefore increase antitumor activity.
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Appendix A
The determination of the NP's entrapment efficiency of the drug was done using LCMS
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Figure 14 LOMS was run on the (EME) sample.

The most intense peak of the EM extract was observed at 67 min and this shows
the spectrum of all the masses in that peak (at 67 min) between 200-1000 Da (in
positive ionization mode).
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Figure 15. Indicates several masses that were identified in the EM plant

extract.
The masses, the peak at 67 min were chosen as a marker for HPLC. several masses
were identified in the most intense (peak at 67 min) chromatographic peaks. The
masses selected were 271, 301, 318, 352, 637, 678, 754, and 796 and were used as marker
masses. There are only 2 masses that are separated as—well-structured peaks, 754 and
796. The other masses were hadly resolved and eluted as multiple peaks and were
then integrated as one o give the values above.111
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Figure 16. indicating the chromatogram of Mass 754 of the EME
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Figure 17. indicating the chromatogram of Mass 769 of the EME.
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Figure 18. indicating the ofd
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Figure 19 Indicating the Chromatogram of Mass 754 of the Euphorbia released
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Figure 20: Indicating the Chromatogram of Mass 79 of the Euphorbia neleased
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Figure 21: Indicating the Chromatogram of mass 754 of the Euphorbia unredeased
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Figure 22: Indicating the Chromatogram of mass 796 of Unreleased Euphorbia
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Figure 23.: Indicating the Chromatogram of released Docetaxel
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Figure 24: Indicating the Ch of

Appendix 2

Abbreviations:

EME — Esphoriia Milit
extractDCM -

Dichloromethane

FBS- Fetal Bovine

SynodromeEM - Euphorbia

Mili

Te- Transition temperature
PSMA-Prostate-Specific Membrane
AntigenPC-tidylcholine

FTIR- Fourtier transform infrared

Spectroscopy TEM- Transmission Electron
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Microscopy

SEM-Scanning Electrone
Microscope DMSO-Dimethyl
sulfoxide

MTT - tetrazolium
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