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Disulfiram (DSF) is an analogue of the dithiocarbamate family used over half a century 
ago for the treatment of alcoholism and its Food and Drug Administration (FDA) 
approved. DSF is a potent anti-cancer agent and Cu2+ dependent on mediating growth 
inhibition and apoptosis against different types of cancer cells. The major biological 
limitation of DSF against cancer cells is poor solubility and instability in the human 
body. Repositioning DSF with nano-carriers will improve its half-life, stability and 
enable long circulation for cancer therapy. Direct nanoprecipitation (D-Nano-Pr) and 
single emulsion/solvent evaporation (SE) methods were employed to successfully 
manufactured non-PEGylated and PEGylated nanoparticles (NPs) and including solid 
lipid nanoparticles (SLNs) of encapsulated DSF. The particle sizes of NPs/SLNs 
prepared by using the SE method were reduced by probe sonication (PS) or high-
pressure homogenization (HPH) techniques. Freshly manufactured DSF NPs/SLNs 
(including empty NPs/SLNs) were characterized to determine particle sizes, 
polydispersity index (PDI), zeta potential, thermal degradation using differential 
scanning calorimetry (DSC), and functional group confirmation of chemical compounds 
using Fourier transform infrared spectroscopy (FTIR). Percentage encapsulation 
efficiency, cumulative release, and stability of DSF NPs/SLNs in horse serum media 
were evaluated by high-performance liquid chromatography (HPLC). This study has 
also contributed by developing efficient methods used to determine the manufactured 
NPs/SLNs percentage encapsulation efficiency and stability of DSF in horse serum. 
The 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) cytotoxicity 
assays in vitro experiments of NPS/SLNs was performed against MCF 7, MDA-MB-
231, and MDA-MB-231PTX10 cancer cell lines, to investigate the inhibition effects of the 
encapsulated DSF. The MTT cytotoxicity assays of DSF-loaded NPs/SLNs 
demonstrated increased cytotoxicity and decreased IC50 values indicating therapeutic 
effect against breast cancer cells. PEGylated DSF NPs demonstrated comparable 
cytotoxic effects over the free drug. PEGylated DSF PLGA NPs demonstrated the 
potential to be developed as nanomedicine for cancer therapy. Finally, this study 
showed manufactured nano-size particles of NPs/SLNs to improve DSF biostability 
and offer efficient protection to DSF in horse serum. Therefore, there is a high potential 
to enable DSF long circulation for efficient cancer therapy. 
 
Keywords: Disulfiram (DSF), diethydithiocarbamate (DDC), direct nanoprecipitation 
(D-Nano-Pr) method, single evaporation (SE) method, probe sonication (PS) 
technique, and high-pressure homogenization (HPH) technique. 
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1.1 Breast cancer 

1.1.1 Cancer 

Cancer is a generic term used to describe diseases containing abnormal cells 

transforming from a pre-cancerous lesion to uncontrollable cells, which can invade or 

spread towards other parts of the body and then destroy normal body tissues 

(Coussens and Werb, 2002). There were 14.1 million newly diagnosed cases of 27 

major cancers worldwide and 8.2 million deaths in 2012 (Ferlay, et al., 2012; 

Soerjomataram, et al., 2012). The World Health Organisation (WHO), under its cancer 

research agency of the International Agency for Research on Cancer (IARC), provides 

below the most commonly diagnosed cancers worldwide. (1) Lung and breast cancer 

both have 2.09 million diagnosed cases, while (2) colorectal cancer (CRC) had 1.80 

million diagnosed cases, and (3) prostate, skin (non-melanoma), and stomach cancer 

had 1.28 million, 1.04 million and 1.03 million diagnosed cases, respectively, (Bray, et 

al., 2018). Currently, the following cancers are the most common causes of cancer 

death, (i) Lung (1.76 million deaths), (ii) colorectal (862,000 deaths), (iii) stomach 

783,000 deaths), (iv) liver (782,000 deaths) and (v) breast (627,000 deaths) (Bray, et 

al., 2018). Moreover, cancer remains the most major public health problem worldwide 

ranked as the second leading cause of cancer death and accounting for an estimated 

9.6 million deaths in 2018 of which 1 in 6 deaths are referred to cancer (Siegel, Miller 

and Jemal, 2019). Therefore, cancer has a significant economic impact, with an 

increase in annual economic cost estimated at US $ 1.16 trillion in 2010 (Stewart and 

Wild, 2014). In this study, the focus will be on breast cancer. Therefore, breast cancer 

cells were used to investigate the therapeutic effect of manufactured biodegradable 

DSF-loaded PLGA or phospholipid nano-carrier delivery systems. 
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1.1.2 Breast cancer and its risk factors 

Breast cancer is characterized by a distinct malignant cell causing the metastatic 

pattern in the mammary epithelial tissue. It is characterized by its uncontrolled growth 

and the invasion of specific organs in the body, such as regional lymph nodes, bone 

marrow, pancreas, liver, and lung (Wang, et al., 1998; Dalerba, Cho and Clarke, 2007). 

Breast cancer is one of the most commonly diagnosed cancers (Bray, et al., 2018), 

and the fourth most common cause of cancer death globally (Bray, et al., 2018). Lately, 

breast cancer in the 21st century is no longer considered terminal in public health due 

to the selection of therapeutic options available. This has helped to cut the mortality to 

incidence ratio for breast cancer at 0.31 compared to pancreas and liver cancers with 

increased ratios around 0.98 and 0.85, respectively (Ferlay, et al., 2015). 

Approximately, 1% of males are diagnosed with breast cancer in the US with less than 

0.1% deaths in men is attributed to cancer (Ferzoco and Ruddy, 2016), metastasis 

which is a process of various sequential steps (Nicolson, 1993). The major risk factors 

of developing breast cancer can be attributed to the high increase of oestrogens at 

early menarche and menopause age (Hunter, et al., 1997). Research studies have 

suggested obesity in postmenopausal women tends to be vulnerable with a high 

increase of endogenous estradiol described as a risk factor (Kelsey, Gammon and 

John, 1993; Key, 1999). In addition, the use of oral contraceptive and hormonal therapy 

for menopause can cause a slight increase in breast cancer risk, and this can be 

reversed gradually once use stops (Grady, et al., 2000). Furthermore, consumption of 

alcohol has been linked to increase risk of cancer while daily physical activity is 

important for human health, and may lower cancer risk (Sellers, et al., 2001). Women 

are highly affected by breast cancer, and most deaths among women globally are 

associated with cancer (Murray and Lopez, 1997). The high increase for breast cancer 
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incidence in developing countries has been attributed to rising adaptation of the risk 

factors linked to the western lifestyle (Lakhani, et al., 2002).  

1.1.3 Breast cancer incidence rates 

The incidence rates of breast cancer in most developed countries showed a high 

increase than the under-developed countries (Garcia, et al., 2007). In most developed 

countries, the early detection of breast cancer is due to population-based screening 

through mammography imaging which has reduced its mortality rates in developing 

countries (Shapiro, et al., 1982). Despite the use of advanced technological devices 

for the improvements of early detection and treatment of breast cancer, in the US only, 

approximately 192,000 new cases and 40, 000 deaths still occurring in 2009 (Jemal, 

et al., 2009).  Breast cancer incidence increases with age and women who start 

menstruating at an early age in life or have late menopause are susceptible to a high 

risk of developing breast cancer (Kelsey, Gammon and John, 1993). Breast cancer 

incidence increases at younger ages, especially women with natural menopause after 

the age of 55 than those women with menopause before the age of 45 (Trichopoulos, 

MacMahon and Cole, 1972; Hughes, et al., 2013). 

1.1.4 Breast cancer cell lines of in vivo and in vitro model 

HeLa cell was the first human carcinoma cell population with the ability to self-replicate 

in the cell culture medium and was established by George Gey in a Baltimore 

laboratory for over half a century (Gey, 1952). Hela cell development has helped to 

produce several other classified breast cancer such as BT-20, the first breast cancer 

established in 1968 (Lasfargues and Ozzello, 1958). Two decades later, the 

development of breast cancer cells such as Monroe Dunaway Anderson (MDA) 

metastasis breast (MB) (MDA-MB-231) cancer (Cailleau, Olive and Cruciger, 1978), 

and Michigan Center Foundation (MCF 7) cell lines were established, as the most 
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commonly used cell lines globally (Soule, et al., 1973; Levenson and Jordan, 1997). 

The MCF 7 cell line gained popularity due to the existing hormone sensitivity towards 

the overexpressed oestrogen receptor (ER) (Soule, et al., 1973; Levenson and Jordan, 

1997).  

Currently, different molecular classifications of breast cancer are introduced to prevent 

the difficulties in maintaining homogeneous populations of cell culturing without 

avoiding the high-risk stromal contamination (Brazier and Fovargue, 2006). Several in 

vitro studies have shown that MCF 7 and MDA-MB-231 present high potential for 

investigating therapeutic drug targeting breast cancer therapy (Neve, et al., 2006). 

These breast cancer cell lines (MCF 7 and MDA-MB-231) gained interest in examining 

the pathobiology, screening for therapeutic features of breast cancer, and can be used 

as a representative of the key genetic and transcriptional features within breast cancer 

tumours (Kao et al., 2009). The triple-negative phenotypes basal breast carcinoma 

lacks the expression of ERα, progesterone receptor, (PR) and HER2 and are difficult 

to treat due to their biological aggressiveness and poor prognosis (Prat, et al., 2010).  

However, the MCF 7 cells are a good example used to investigate the effect of anti-

oestrogens regulatory of tamoxifen-stimulated MCF 7 subtype human breast 

carcinoma (Osborne, Hobbs and Clark, 1985; Gottardis, Robinson, and Jordan, 1988). 

This phenomenon of tamoxifen-stimulated MCF 7 led by AstraZeneca to develop and 

set out subsequent trials of fulvestran, a potential selective ER down-regulator drug 

recommended for the treatment of recurrent ER+ metastatic breast cancer in 

postmenopausal women (Gottardis, Robinson and Jordan, 1988; Robertson, et al., 

2003). The in vivo determination of various molecular classifications of breast cancer 

has provided invaluable insights into cellular physiology. This development sparked 

the interest of researchers to develop breast cancer cell lines that are engineered to 

investigate the molecular profiles observed within the in vivo breast carcinomas to 
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show similar translation compared to the cell line model of breast cancer cell lines 

(Neve, et al., 2006). 

1.1.5 Overcoming drug resistance 

The term multidrug resistance (MDR) refers to the resistance of some primary or 

recurrent tumour cells structurally and mechanically involved in the cytostatic or 

cytotoxic actions of multiple functionally divergent drugs used in cancer chemotherapy 

(Gottesman, 1993; Gottesman, Fojo, and Bates, 2002). The molecular mechanism of 

MDR is mainly intrinsic by which the disease is refractory to chemotherapy agents from 

the outset. Also, MDR is acquired due to repetitive exposure to chemotherapy upon 

relapse (Gottesman, 1993). The MDR role is to remove cytotoxic chemotherapy drugs 

from the exosome environment of the cancer cell. The MDR1 gene p-glycoprotein (P-

gp), gives the MDR phenotype which promote the defensive elements against the toxic 

chemotherapy drugs (Shen, et al., 1986).  

The resistance of tumour cells to most multiple cytotoxic agents can be determined by 

the human MDR1 gene, which encodes for high molecular weight membrane 

glycoprotein (P-glycoprotein) that consist of a polypeptide multiple membranes with 

hydrophobic domains, and two nucleotides binding sites (Chen, et al., 1986). The 

mature form of the transmembrane P-gp is well-known as a prototypical MDR protein 

with a 170 KDa glycoprotein ubiquitous in MDR cells (Riordan, et al., 1985). The P-gp 

was later found to act as adenosine triphosphate (ATP) energy-dependent export 

pumps to modulate intracellular levels of chemotherapy drugs (Gerlach, et al., 1986). 

The binding sites are structurally similar to subunits of active transport pumps found in 

bacteria, and its energy of ATP is harvested to stimulate efflux within a pore allocated 

by the transmembrane helices (Chang and Roth, 2001). The overexpressed 

superfamily of small molecule or ion ATP-binding cassette (ABC) transporters has 

been elucidated as one of the foremost mechanisms triggering MDR (Gillet and 
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Gottesman, 2010). There are other members of ABC superfamily involved in cancer 

MDR, such as multidrug resistance-associated protein-1 (MRP1) and its derivatives 

MRP2-6 have been implicated in transporting glutathione, glucoronate and sulphate-

conjugated drugs (Borst, et al., 2000). Most importantly, studies have shown that 

tumours emerging from cells that are highly expressing P-gp including other MDR 

related transporters have been identified of intrinsically exhibiting chemotherapy 

resistance (Loo and Clarke, 1999; Borst, et al., 2000).  

Another challenge in cancer therapy is the presence of multiple mechanisms of MDR 

in tumours with a heterogeneous population of cells causing high increase 

chemotherapy-resistant cancer (Alves, et al., 2011). Extensive studies have been 

performed using non-cytotoxic molecule MDR inhibitors, to overcome MDR in tumour 

cells, drug transport by P-gp and other MDR-associated transporters (Ferry, 

Traunecker and Kerr, 1996). Therefore, a good number of non-cytotoxic P-gp 

inhibitors, such as verapamil have been reported to inhibit drug transport, hence 

sensitized MDR cells to chemotherapeutic drugs (Tsuruo, et al., 1981). The first-

generation MDR drugs for MDR inhibition lack specificity and having a low affinity 

towards MDR transporters (Ferry, Traunecker and Kerr, 1996). During clinical trials, 

the first-generation MDR drugs failed by exhibiting side effect due to adverse reactions 

from the MDR drug (Ferry, Traunecker and Kerr, 1996). Subsequently, second-

generation MDR drugs were developed as derivatives of first-generation MDR drugs 

to reduce the side effects and remove their non-MDR pharmacological actions (Höll, 

et al., 1992). The intricacy and adaptability of cellular MDR mechanisms affected the 

development of effective clinical anti-cancer chemotherapy (Krishna and Mayer, 2000).  

 

One of the challenges with the mono-encapsulated anti-cancer drug is the 

developments or the ability to overcome drug resistance from the overexpressed P-gp 
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pumps having a highly active efflux mechanism against small molecule drugs 

(Gottesman, 2019). Therefore, the use of nano-carrier delivery systems, such as 

nanoparticles (NPs) or solid lipid nanoparticles (SLNs), have improved drug circulation, 

stability and bioavailability in targeting specific tumour sites (Hu, et al., 2016). NPs-

based therapeutic systems are rationally designed to circumvent or overcome drug 

resistance with the aim to neutralizing, targeting, evading or taking advantage of 

various drug efflux pumps and related resistance mechanisms. In addition, a 

combination of anti-tumour drugs-loaded NPs or SLNs will enable them to overcome 

drug resistance and maximized the effect of tumour growth inhibition (Hu, et al., 2016). 

Anti-cancer drugs are incorporated simultaneously or at different time points using the 

self-assembled structure of a single drug at a given time. Some polymeric materials 

are capable of conjugating multiple drugs at the same polymer backbone (Vogus, 

Krishnan and Mitragotri, 2017).   

1.1.6 Costs of developing a new cancer drug 

In a 2003 study, the cost of developing the FDA approved pharmacological cancer 

agent between 1989 and 2002 was estimated at approximately US $ 800 million 

(Adams and Brantner, 2006). Ten years later, the same authors applied a similar 

methodology approach and projected a new analysis with an estimated cost at 

approximately US $ 2.6 billion in 2013, therefore, the new estimate indicated an 

increased cost of up to 145% compared to the estimated cost in 2003 (Mullard, 2014). 

For this reason, the interest in anti-cancer drug repurposing or interchangeably drug 

repositioning has been driven by the costs of developing new potential anti-cancer 

drugs, and the market for cancer therapeutic effects is extensively expensive. 

Repurposing existing drugs such as disulfiram will be cost-effective (Ekins, et al., 

2011).  
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One of the advantages of drug repurposing is that the pharmaceutical agent has been 

known for its clinical use with published articles describing the dosage, 

pharmacokinetics, bioavailability, and toxicities (Pantziarka, et al., 2014). Drug 

repurposing provided various advantages over the manufacturing of new drugs, and 

this can help to lower the risk of failure during preclinical testing. Due to the safety point 

of view in preclinical models after completion showed drug repurposing to be 

sufficiently safe, and less likely to fail during trials. Also, drug repurposing can cut 

production time for drug manufacturing of which formulation development, the 

preclinical trial, and safety assessments are already completed. Despite the expensive 

costs in cancer drug development, prevention and treatment of cancer remain a major 

leading cause of cancer deaths worldwide. Furthermore, the use of new technology 

such as nanotechnology-based delivery drug carrier system may promote the 

development of encapsulated anti-cancer agents for enhanced therapy (Zamboni, et 

al., 2012). 

1.1.7 Drug repurposing 

Drug repurposing or drug repositioning is a strategy used to identify potential new 

targets for approved drugs required outside the scope of the original medical 

requirements or indication (Ashburn, Ted T; Thor, Karl B. 2004). Developing new 

strategies of therapeutics with FDA approved drugs in treating specific diseases serve 

as potent anti-cancer agents to overcome drug resistance (Langedijk, et al., 2015). 

Traditional de novo drug discovery tends to be more time-consuming and 

astronomically expensive compared to the drug repositioning of known safety studies. 

Drug repositioning of potent anti-cancer agents will give a cost-effective, rapid 

production and efficient translation from “bench” to “bed” (Langedijk, et al., 2015). Also, 

drug repositioning can overcome the risks surrounding safety studies from clinical trials 

to quick, successful access to treatment (Pessetto, et al., 2014).  As described in 
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Figure 1.1, the schematic diagram demonstrates methods and techniques involved in 

identifying existing drugs to drug-repositioning opportunities.   

 

Figure 1.1. Active drug repositioning, (a) Process of identifying new drug target for delivery to exert 
therapeutic effect, (b) Methods and techniques used to identify existing drugs of known specific disease 
treatment circumvent for the purpose of drug-repositioning into pathological conditions. It was adapted 
from (Wuerth, et al., 2016). 

 

1.2 Disulfiram 

1.2.1 Overview 

Disulfiram, (DSF) or tetraethylthiuram disulphide is a thiuram derivative developed by 

a German chemist, M. Grodzki in 1881 used as a catalyst to accelerate the 

vulcanization process in the rubber industry (Christensen, Rønsted and Vaag, 1984).  

In 1937, DSF was first discovered by an American chemical plant physician, E. E. 

Williams as a potential agent for the treatment of alcoholism (Williams, 1937; Malcolm, 

Olive, and Lechner, 2008). In 1945, two Danish researchers, Hald and Jacobsen 

serendipitously discovered ethanol reaction after ingesting DSF and then alcohol 



11 

 

produces an unpleasant reaction and since then it was used as an anti-alcoholism 

agent (Hald. and Jacobsen, 1948). However, due to the cytotoxic effects of DSF on 

cancer cells, it has been repurposed for clinical use in cancer treatments (Ekins, et al., 

2011). As shown in Figure 1.2, DSF is a symmetrical molecule bonded by a sulphur-

sulphur bridge molecular compound (Liu, et al., 2012a; Najlah, et al., 2017).   

 

 

 

Figure 1.2. Representation of disulfiram stick diagram illustrating its symmetrical chemical structure. 

 

1.2.2 Physicochemical properties of disulfiram 

DSF has been identified as an organic compound that involves the combination of a 

two-electron oxidised dimer of diethyldithiocarbamate acid (DDC) (Fuller, et al., 1986). 

DSF forms an off-white or light grey, odourless and almost tasteless crystalline powder 

(Eneanya, et al., 1981). It has the empirical formula C10H20N2S4 and a molecular weight 

of 296.54 (Eneanya, et al., 1981). DSF is virtually insoluble in water (0.7% W/V) and 

practically has varying solubility in certain organic solvents such as ethanol (3.82% 

W/V) and ether (7.14% W/V) (Eneanya, et al., 1981). DSF clinical use against cancer 

therapy has been impeded through its poor bioavailability affected by the drug’s poor 

water solubility (4.09 mg/L). DSF poor water solubility reduced the drug absorption rate 

by increasing its residence time in the stomach, where it is metabolized rapidly 

(Johansson, 1992). Its melting point and density are approximately 70 oC - 72 oC, and 
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1.30, respectively (Eneanya, et al., 1981). DSF has the ability to chelate with the non-

transition metal zinc (Zn), and the following transition metals, iron (Fe), and copper 

(Cu) (Eneanya, et al., 1981). In a basic medium of pH 7.0 - 9.0 (pKa, 13.14), DSF and 

its metabolite DDC are both stable (Eneanya, et al., 1981). Due to their chemical 

nature, DSF and DDC are both unstable in acidic medium up to pH 7.0 (Eneanya, et 

al., 1981). 

1.2.3 Biological function of disulfiram (anti addiction) 

In 1951, DSF with the trade name Antabuse® was the first medication to be approved 

by the U.S. FDA for the treatment of chronic alcohol dependence and it was distributed 

in the U.S. by Odyssey Pharmaceuticals, Inc. (Fuller, Richard K; Gordis, Enoch. 2004). 

Three types of dosages, (i) initial dosage (250 mg/day), (ii) average maintenance 

dosage (125-500 mg/day), and (iii) maximum dosage (500 mg/day) were 

recommended for supervised administration by a pharmacist, healthcare providers or 

if necessary a family member (Fuller, Richard K; Gordis, Enoch. 2004). In the UK, DSF 

maximum dosage was 200 mg/day recommended by the manufacturer (Brewer, C. 

1992). 

Addiction is defined as chronic or long-term use of drugs by an individual to relapse 

disorder causing major problems for both the individual and society (Kosten and 

Kleber, 1992). Alcohol and drug addiction incur a high burden on social and economic 

costs. In 2003 to 2004, the UK reported an estimated £15.4 billion spent on policing 

and medical resources used against harm from the craving of Class A drugs of abuse 

use in England and Wales (McDonnell and Norris, 2002). The currently available anti-

addiction medication such as methadone hardly targets the main underlying causes of 

addiction (McElroy, et al., 1989). Having alternative strategies for addiction can serve 

as a significant step in reducing expenses to the most craving of drugs of abuse. 

Therefore, DSF can be an important anti-addiction drug to help motivating addicts to 
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remain abstinent from alcohol and the craving for various types of drug abuse such as 

cocaine. Pilot studies conducted on specific patient population demonstrated DSF to 

reduce alcohol and cocaine intake (Carroll, Rounsaville, and Bryant, 1993; Carroll, et 

al., 1998; Carroll, et al., 2000). 

Further studies have demonstrated the anti-addiction of DSF on cocaine addicts has 

been proved effective than the alcohol-and-cocaine dependent addicts (George, et al., 

2000; Petrakis, et al., 2000; Carroll, et al., 2004). However, the anti-addiction of DSF 

in alcoholics has attributed to the negative effects of alcohol aldehyde dehydrogenase 

(ALDH)-independent mechanism through the inhibition of the liver enzyme to promote 

alcohol abstinence (Deitrich and Erwin, 1971). The excessive alcohol intake causes a 

build-up of acetaldehyde, which is a contributor to hangover symptoms such as 

flushing of the skin, rapid heart rate and vomiting. Oral administration of DSF after 

excessive alcohol intake effectively induces an immediate hangover state for several 

hours (van Ieperen, 1984). Intake of cocaine blocks the plasma membrane monoamine 

transporters, which then increases the extracellular levels of dopamine, 

norepinephrine, and serotonin in the brain (Goldstein, 1966; Bourdélat-Parks, et al., 

2005). Today DSF has shown evidence as a dopamine-beta (β)-hydroxylase (DBH) 

inhibitor by its metabolite, DDC that blocks the production of norepinephrine (Truitt and 

Walsh, 1971; Kitson, 1977). The increasing levels of dopamine in the body will 

eventually lead to the interaction of acetaldehyde to form salsolinol (SAL) (Chen, et al., 

2011). The formation of SAL has been linked to cocaine inhibition by competing with 

the cocaine neuron receptors to enhance abstinence from cocaine addiction (Chen, et 

al., 2011). DSF is not just a drug for anti-alcoholism but also rather an effective anti-

addiction drug that can specifically reduce the craving for cocaine use.  
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1.2.4 Pharmacokinetics of disulfiram 

1.2.4.1 Absorption and biotransformation 

After ingesting disulfiram, approximately, 75 - 97% of the drug is absorbed from the 

human gastrointestinal tract (GI-tract) and rapidly distributed to various tissues and 

organs, and into the blood (Johansson, 1992). Experimental investigations by (Hald 

and Jacobsen, 1948), suggested 20 percent of orally administered DSF remain 

unchanged in faeces. In another study, De Saint Blanquat, et al., (1976), indicated that 

70 - 90% of the ingested DSF was absorbed in rats and 2 hours later, they were 

sacrificed with qualitative analysis showing the presence of DSF and its metabolite, 

DDC in blood, muscle, liver, and kidney. The ingested DSF is reduced to its monomer, 

DDC through the endogenous thiols and glutathione reductase system of erythrocytes 

(Johansson, 1992). DDC is susceptible to extremely acidic condition within the 

stomach, and most importantly, it is a potent chelator with a strong affinity for Cu to 

produce Cu complex of bis-(diethyldithiocarbamato) (Cu(DDC)2) (Johansson, 1992a). 

Clinical analysis has shown how (Cu(DDC)2) is rapidly degraded after DDC chelates 

Cu to allow the subsequent reformation of DDC (Johansson, 1992). Therefore, DDC is 

unstable in biological tissues, it is susceptible to degradation into diethylamine (DEA), 

and carbon disulphide (CS2) eliminated with no further degradation (Johansson, 1992). 

DSF can be further oxidised to methyl-diethyldithiomethylcarbamate (Me-DDC) via 

oxidative desulfurization, which specifically targeted by microsomal cytochrome P450 

monooxygenases (Johansson, 1992). Most of the DSF metabolites are formed by 

further oxidative biotransformation, inorganic sulphate, formaldehyde, and 

methanethiol (Johansson, 1992).  
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1.2.4.2 Distribution 

DSF is a lipophilic drug. Lipophilicity means the affinity of a drug to dissolve in fats, 

oils, lipids, and also highly soluble in non-polar solvents. It can accumulate in most lipid 

or fat environments, such as the brain, thyroid, adrenals, pancreas, stomach, small 

and large intestine, muscle tissue, liver, testes, kidney, lung, spleen, and heart 

(Faiman, Dodd and Hanzlik, 1978). The aforementioned shows that DSF and its 

metabolites are largely distributed simultaneously and uniformly. During the 

biodistribution process of DSF and its metabolites, DDC and Me-DDC are made 

inactive through direct interaction by bounding to proteins via protein-free thiol groups, 

and plasma albumin in the blood, respectively (Johansson, 1992).  

1.2.4.3 Metabolism 

The metabolism of DSF relatively occurs in different stages and gives various mixed 

disulphides (Cen, et al., 2002). The first stage of the DSF metabolic process is the 

reduction of the disulphide bridge-linkage to produce the corresponding thiol, DDC 

metabolite (Johansson, 1992). Previous studies have shown DSF reduced kinetics 

reaction rate as first order (Cen, et al., 2002). Glutathione (GSH) reductase system of 

the erythrocytes plays a big role in reducing DSF (Strömme, 1965), simply to protect 

the drug from the poisoning of erythrocytes. DSF has been considered to be 

pharmacologically inactive when bound to protein. Strömme, 1965, demonstrated that 

up to 50 g of the DSF instantly reduced by the human erythrocyte for 24 hours. It shows 

how DSF addition into the blood promptly and quantitatively reduced to DDC 

metabolite within 4 min (Cobby, Mayersohn and Selliah, 1977). DSF metabolite, DDC 

undergoes further metabolism via four mechanistic pathways, glucuronidation, non-

enzymatic degradation, methylation, and oxidation (Figure 1.3) (Johansson, 1992).        
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1.2.4.4 Elimination 

Previous studies have shown the ways at which the metabolites of DSF eliminated 

from the body through the lungs, faeces (a fraction of the unconverted parent drug, 

DSF expelled through this route) and kidney (Johansson, 1992). Approximately 20% 

of ingested DSF is eliminated as the parent drug in the faeces (Eldjarn, 1950). In the 

kidney, up to 65% of glucuronide bounded DDC is eliminated from the body 

(Kaslander, 1963; Johansson, 1986).  A small number of the DSF metabolites, DDC, 

Me-DDC, CS2 and DEA are retrieved in urine (Figure 1.3) (Johansson, 1992). One of 

the three steps metabolite, Me-DDC and its polar sulphoxide and sulphone derivatives 

are catalysed by the P450 enzyme (Johansson, 1992). Most of CS2 is eliminated via 

the lung (Strömme, 1965).  

 

Figure1.3. The bioactivation steps of disulfiram and its metabolites. It was adapted from Faiman, et al., 

2013). 
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1.2.5 Ethanol metabolism 

When ethanol is ingested, it is metabolized mostly in the liver mediated through the 

two enzymes, alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) to 

liberate the ethanol metabolite, ethanal (Edenberg, 2007).  As shown in Figure 1.4, the 

oxidative metabolism of ethanol by ALDH which also takes place in several organs to 

help break apart the ethanol molecule to its metabolites, acetaldehyde, and acetate 

(Edenberg, 2007). The higher the blood acetaldehyde concentrations are known to 

have aversion effect and therefore, identified as the basis for the alcoholism therapy 

with DSF a potent ALDH inhibitor of acetaldehyde metabolism (Schlesinger, Kakihana 

and Bennett, 1966). The first ethanol metabolite, acetaldehyde is metabolized by 

ALDH into acetic acid a highly neurotoxic molecule and a known carcinogen (Smith, 

Aragon and Amit, 1997; Edenberg, 2007). The second ethanol metabolite, acetate is 

a less active by-product that is further broken down into carbon dioxide and water ready 

for elimination from the body (Sarkola, et al., 2002). Evidence has shown ethanol, and 

peripherally produced acetaldehyde penetrates from blood to brain with difficulty due 

to metabolic activity by ALDH (Hunt, 1996). The alcohol metabolic pathway, through 

the isoenzyme of ADH, which is largely responsible for hepatic degradation of ethanol, 

is not present in the brain (Hunt, 1996). However, research studies conducted in 

normal and acatalasemic mice (differentially expresses reduced levels of catalase 

activity within tissue-specific manner) indicated that the first ethanol metabolite, 

acetaldehyde is formed directly in the brain in part by the help of enzyme catalase (Gill, 

et al., 1992; Aragon and Amit, 1993).  
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Figure 1.4. Disulfiram-ethanol reaction mechanism of action mediated by the aldehyde dehydrogenase 
(ALDH) enzyme. It was adapted from (Borja-Oliverira, 2014). 

 

1.2.6 Anti alcoholism 

DSF mechanism of action works by specifically inhibiting acetaldehyde 

dehydrogenase 1 and 2; both are involved in the metabolic oxidation of acetaldehyde 

in the liver (Marchner and Tottmar, 1978). As described in Figure 1.3, DSF metabolites 

induce sensitivity to alcohol (Chen, et al., 2006; Wickström, et al., 2007). When DSF is 

absorbed from the gastrointestinal tract, it causes acetaldehyde build-up through DSF 

ALDH inhibition mechanism, which triggers the negative effect of the incomplete 

metabolites alcohol (Johansson, 1992; Najlah, et al., 2017). Approximately, 5 to 15 

minutes after ingesting DSF the symptoms of DSF and alcohol reaction commences a 

few hours after alcohol consumption (Lundwall and Baekeland, 1971). The intensity 

and time of DSF-alcohol reaction to produce the following symptoms, such as flushing, 

sweating, palpitation, dyspnea, hyperventilation, accelerated pulse rate, nausea, and 

vomiting mostly depend on the dosage of DSF (Lundwall, and Baekeland, 1971). 

Induced DSF-alcohol reaction includes cardiovascular, neurological, gastrointestinal 

and respiratory reactions ranging from mild to life-threatening reactions (Suh, et al., 

2006; Mutschler, Diehl, and Kiefer, 2008). Such psychological deterrent in alcoholic 
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patients makes DSF relevant to its role to curb alcohol abuse (Johnston, 1953). The 

controlled research study indicated that DSF when used as adjuvant support alcohol 

abstinence and decreases in days hospitalized patients with alcoholism and severe 

mental illness (Mueser, et al., 2003). DSF anti-alcoholism primarily based on 

incompatibility with alcohol and the effective block alcohol-induced reward effects 

(Soyka, 2014). The subsequent use of DSF for the treatment of alcoholism was found 

to be an effective new therapeutic compound in treating cocaine addiction (Carroll, et 

al., 2004). The indirect mechanism pathway was attributed to ALDH-independent, 

which inhibits dopamine-β-hydroxylase conversion from dopamine to norepinephrine 

(Chen, et al., 2011). Early studies have suggested that DSF and its metabolite, DDC 

exhibited anti-tumour activity and when DSF is used as an adjuvant to some anticancer 

drugs, like cyclophosphamide, thus potentiate effect by augmenting apoptosis in 

cancer cells (Wang, McLeod and Cassidy, 2003).    

As shown in Figure 1.3, DSF is primarily reduced or liberated to diethyldithiocarbamate 

(DDC), a potent inhibitor of aldehyde dehydrogenase (ALDH) enzyme. DDC was 

further converted to methyl-diethyldithiocarbamate (Me-DDC) and S-methyl-N, N-

diethyldithiocarbamate (DETC) (Figure 1.3). Me-DDC is metabolite to DETC-sulfoxide 

(SO) while DETC is converted to Me-DDC-SO2 potent inhibitors of mitochondrial 

ALDH2. The DETC-sulfoxide (DETC-SO) and Me-DDC-sulfoxide (Me-DDC-SO) are 

further oxidised to DETC-sulfone (DETC-SO2) and Me-DDC-sulfone (Me-DDC-SO2) 

(Koppaka, et al., 2012). 
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1.2.7 Anticancer 

1.2.7.1 Disulfiram anticancer treatment 

Clinical trials have shown that DSF potentially demonstrates efficacy against cancer 

with no toxicity effects on normal tissues (Johansson, 1992). DSF irreversibly inhibits 

ALDH enzyme, and the formed DDC-Cu complex is a potent anti-cancer agent (Figure 

1.5) (Cen, et al., 2002; Liu, et al., 2012). Recent studies have attributed DSF and DDC-

Cu to induce instant cytotoxicity or intrinsically induced anti-proliferation effect in 

cancer cells (ErebiáTawari and WaiáTsang, 2015). For the past two decades, DSF 

anti-cancer activity has sparked a high interest in repurposing this drug for cancer 

treatment. The biological activity of DSF as anticancer is due to its ability to bind Cu 

(Marikovsky, et al., 2002). The In vitro and in vivo studies have demonstrated that DSF 

acts as an anti-cancer agent against various cancer cells with low cytotoxic effects 

towards normal cells (Wickström, et al., 2007; Liu, et al., 2012). Research data dated 

from the 1970s to 80s have demonstrated the use of DSF and its metabolites to 

enhance anti-cancer activity (Yip, et al., 2011). The generated data, therefore, 

recognised DSF as a potential and useful anti-cancer cytotoxic agent for 

chemoprevention against cancer cells (Yip, et al., 2011). The successful discovery of 

DSF as an anti-cancer agent was achieved through the effort of investigating large-

scale screening compounds that may show the proteasome for clinical use of non-

chemotherapy molecular compounds as novel anti-cancer drugs (Yip, et al., 2011). 

There are countless articles being published on anti-cancer activity of the old anti-

alcoholism drug, DSF. Already, evidence from in vitro and in vivo studies using animals 

to preclinical and clinical trials results showed anticancer activity of DSF (Johansson, 

1992). As shown in Figure 1.5, two of the single diethyldithiocarbamates can reversely 

join together sulphur-sulphur bridged DSF, and the bidentate chelating ligands have 
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the ability to complex quite a good number of transition metal ions such as Cu2+ to form 

bis(N,N-diethyldithiocarbamato) Cu2+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Cleaving disulfiram (DSF) (consisting of bidentate chelating ligands) from the sulfur-sulfur 
linkage gives two separate diethyldithiocarbamate (DDC) ligands. When copper (Cu) is presence, DDC 
has the ability to bind Cu to form DDC-Cu complex. It was adapted from (Lewis, et al., 2014). 

 

1.2.8 Mechanism of anticancer action 

1.2.8.1 Role of reactive oxygen species (ROS) 

Reactive oxygen species (ROS) can be defined as a derived group of oxygen-

containing chemical species expressing more reactive metabolism generated from the 

mitochondrial respiratory chain reaction, and involving reactive chemical properties 

(Mao, et al., 1995; Gupte and Mumper, 2009). Mitochondria and other enzymes, 

xanthine and nicotinamide adenosine dinucleotide phosphate (NADPH) oxidase 

generate ROS. Also, cytochrome P450s has been confirmed to generate ROS (Bánfi, 

et al., 2001; Kumagai, et al., 2002; Zangar, Davydov and Verma, 2004). As shown in 

Figure 1.6, GSH reductase is used as a source of electron donor to reduce hydrogen 

peroxides to water (Vaisberg, et al., 2005). In the presence of superoxide dismutase 
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(SOD) enzyme, a typical example of reduced ROS is superoxide anion radical (O2
-) 

formed through the one-electron reduction of molecular oxygen (O2 + e- ==> O2
-, 

superoxide) (Figure 1.6) (Buechter, 1988). Further reduction of oxygen is activated 

from the dismutation of superoxide (2O2
- + 2H+ ==> H2O2 + O2) occurring 

spontaneously under low pH to form hydrogen peroxide (H2O2) and singlet oxygen 

(1O2) (Buechter, 1988). The Cu, Zn SOD enzyme protects the cell against oxidative 

damage by removing the superoxide anion radical from generating highly reactive ROS 

(Getzoff, et al., 1992). Whereas, under physiological condition, SOD can also catalyse 

highly reactive hydroxyl (.OH) radical, once superoxide anion radical is formed by the 

deleterious effect of oxygen to liberate hydrogen peroxide (Buechter, 1988). 

Superoxide anion radical can react with nitric oxide radical (NO-') (NO-' + O2
-' ==> + 

OONO-, peroxynitrite) to form a relatively reactive molecule called peroxynitrite 

(OONO-) (Sies, 1997). It is obvious that the superoxide anion radical can trigger a 

cascade of ROS production.  

Increase ROS levels intracellularly can damage DNA, protein and lipid membrane by 

inducing apoptosis mainly in cancer cells than in normal tissues (Fruehauf and 

Meyskens, 2007). Previous studies, have suggested that chemical substances 

generating ROS are more likely to produce high levels of ROS surpassing the 

threshold compared to the cellular antioxidant levels and then induce apoptosis to 

produce cell death (López-Lázaro, 2007). DSF nano-carriers have demonstrated how 

intracellularly Cu chelates with DSF (DSF chelates Cu when released from 

encapsulated nano-carriers) to form DSF/Cu complex generating ROS to induce an 

apoptotic response in cancer cells. In addition, studies have indicated DSF/Cu and 

DDC-Cu complexes as ROS-inducers (Morrison, et al., 2010). Therefore, the DSF 

cytotoxic effect and ROS-induced apoptotic pathway in cancer cells can be achieved 

through complexes of DSF/Cu and DDC-Cu nano-carrier delivery systems.  
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Figure 1.6. The production of reactive oxygen species (ROS) through the biological metabolic mechanism 
from molecular oxygen (O2) generated by superoxide dismutase (SOD) enzymes. It was adapted from 
(Aitken and Roman, 2008). 

 

1.2.8.2 Chemical reaction with disulfiram binding copper to generate reactive oxygen 

species 

As a non-toxic agent to normal tissue cells, DSF anti-cancer activity can be enhanced 

intracellularly when combining with metal such as copper (Cu) or zinc (Zn) to regulate 

several pathways in cancer cells, which includes the induction of ROS (Tan et al., 

2015). DSF metabolite of DDC has been found to alter the high increase of ROS and 

exhibiting antioxidant activity. When DDC bind with Cu, a higher ROS concentration 

generated (Victoriano L.I. 2000). Both DSF and DDC are capable of binding metal Cu 

to form DSF/DDC-Cu complexes and are ROS-independent inducers through the 

Fenton reaction, and Haber Weiss reaction (Fenton, H.J.H. 1894; Haber, F; Weiss, J. 

1934). These reactions of DSF/DDC metal complexes to produce ROS can take place 
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using any of the following metals (Fe (II), Cu (I), Ti (III), Cr (II), and Co (II)) with the 

lowest sate of oxidation ready to react with H2O2 (this is known as the Fenton reactions) 

(Fenton, H.J.H. 1894). Hydroxyl radical and the oxidized metal ions were products 

derived from the DSF/DDC-Cu metal complexes reaction with H2O2. These reactions 

are capable of initiating further reactions (Haber-Weiss reaction), which oxidizes 

metallic ion that is reduced through the radical anion superoxide (Haber, F; Weiss, J. 

1934). The chelated metal can be recycled to restart the Fenton reaction needed to 

produce toxic hydroxyl species that generate more ROS in cancer cells. It has been 

reported that DDC is an excellent scavenger of ROS (O2
.- and H2O2) (Mankhetkon et 

al., 1994). 

The redox-sensitive signalling pathways of mitogen–activated protein kinases (MAPK) 

and NF-kB are effective in providing defensive response-element against oxidative 

stress. Therefore, DSF/DDC-Cu complexes use different tumour-associated pathways 

which included the inhibition of the MAPK pathway that involved in the activation of 

ERK, PNK, and P38 pathways to allow the production of ROS-induced apoptosis (Tan 

et al., 2015). The complexation of DSF with a metal such as Cu can produce stable 

DSF-Cu complex, while DDC-Cu complex stabilizes the metal ion within the 

complexation resonance formed (Victoriano L.I. 2000). This is a good approach to 

produce more ROS-induced apoptosis through high uptake of the encapsulated DSF 

NPs/SLNs to deliver DSF into cancer cells.  

Research evidence demonstrated DSF suppressing the anchorage-independent 

sphere generated in hepatocarcinoma cells via the activation of ROS-p38 MAPK 

(Chiba et al., 2014). As a Cu-dependent, DSF has the ability to bind with Cu intrinsically 

to up-regulate ROS through JNK and p38 pathways, and this is done by inhibiting NF-

kB so that to prevent any response element that might hinder ROS-induced apoptosis 

of cancer cells. 
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1.2.8.3 Disulfiram and diethyldithiocarbamate copper complexes in cancer treatment 

Studies have shown that as early as in the stomach, the molecule of DSF is cleaved 

to form a di-molecule, (DDC)2 which chelates Cu2+ transition metal to produce DDC-

Cu complex in the body (Johansson, 1992; Jiao, N Hannafon and Ding, 2016). In vitro 

studies involving the use of different cancer cell lines treated with the combination of 

DSF with Cu (II) ions showed high cytotoxic activity even towards chemo-resistant 

cancer cells (ErebiáTawari and WaiáTsang, 2015). ErebiáTawari, and WaiáTsang, 

(2015), reported the anti-cancer activity induced by DSF and its metabolite, DDC when 

combined with Cu(II) salts:  in vitro results showed instant apoptosis when treated with 

DSF/Cu ROS-inducer demonstrates apoptosis in cancer cells.  Therefore, the cytotoxic 

effect of DSF and its metabolite, DDC is reliant on the inclusion of Cu(II) salts which 

produces ROS (ErebiáTawari, and WaiáTsang, 2015). When exposing cancer cells to 

DSF and Cu(II) combination the generation of ROS occurs due to the rapid 

decomposition of DSF to DDC and the redox reaction of Cu(II) ions to Cu(I) ions (Figure 

1.7) (Hart and Faiman, 1994; Han, et al., 2013). The current research study indicated 

the oxidation reaction mechanism of DSF and Cu(II) interaction to form DSF-Cu 

complex might be responsible for the formation of ROS high cytotoxic effects in cancer 

cells (ErebiáTawari and WaiáTsang, 2015). The in vitro results of earlier research 

studies showed DSF ability to induce apoptosis for a range of cancer cell lines 

identified as chemotherapy-resistant such as asglioblastoma multiforme (Zhou, et al., 

2013; Guo et al., 2010). For the past two decades, recent studies have suggested DSF 

anti-tumour and chemosensitivity activities in various types of tumours and this 

including stem cells (Liu, et al., 2012). Up till this date, the mechanism of DSF anti-

tumour inhibition profile proved unclear but increased cancer cell death has been found 

to be induced by ROS through the mediation of DSF/Cu complex (Cen, et al., 2002; 

Chen and Dou, 2008). Subsequent studies have shown DSF/Cu complex as a tumour 
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specific through proteasome inhibition mechanism, thereby leading to cancer cell 

death (Burkitt, et al., 1998; Cen, et al., 2002). Thus, the anti-proliferation effect of DSF 

in cancer cells was linked to Cu dependent (Cen, et al., 2002). DSF and its metabolite 

diethyldithiocarbamate (DDC) chelate Cu to form DDC-Cu complex (Figure 1.7). As 

shown in Figure 1.7, of which intrinsically DSF molecule can reversely reduce to its 

metabolites (two DDC ionic molecules). Absorbed Cu is highly ubiquitous in the 

stomach and small intestine, and it is transported to the liver via the portal bound to 

albumin later distributed towards the peripheral tissues. The two DDC ionic molecules 

will interact with Cu2+ to form DDC-Cu(I) or DDC-Cu (II) complexes. DDC-Cu 

complexes might be responsible for the DSF inhibition activity of the cellular 

proteasome in vivo.  

 

 

Figure 1.7.The molecular structure of disulfiram (DSF) and its metabolite, diethyldithiocarbamate (DDC) 

chelating copper (Cu) to form DDC/Cu complex with the potential to induce apoptosis in cancer cells. It 
was adapted from (Han, et al., 2013). 

 

Nevertheless, DSF efficacy has been hindered by it short half-life (4 min) in the 

bloodstream and cannot reach cancer cells because of DSF rapid degradation (Chen 

and Dou, 2008; Najlah, et al., 2017). 
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 To enable the long circulation of DSF and extend its half-life in bloodstream, nano-

carriers such as polymeric NPs and SLNs have been developed. The interest in SLNs 

is increasing due to their wide pharmaceutical applications such as encapsulated 

hydrophobic compounds for enhanced therapeutic effects (Kumari, Yadav and Yadav, 

2010). In a recent study, a lower dose of DSF-loaded PLGANPs was supplemented 

with oral Cu which inhibited tumour growth and decreased metastasis in a xenograft 

mouse lung cancer model (Najlah, et al., 2017). Different surface modifiers, such as 

(Plutonic® 188, polylobate 80, Tritons) were added in the preparation of DSF-loaded 

PLGA NPs to enhance drug entrapment properties and hence demonstrated increased 

cytotoxicity against hepatocellular carcinoma (Hep38) cell lines (Hoda, et al., 2015). 

Surface modification of dysphonic polymers such as poly (ethylene glycol) (PEG), 

coated with DSF-loaded PLGA/PEG NPs for long circulation indicated strong 

cytotoxicity effect and proliferation inhibition against breast cancer MCF7 cell line and 

solid breast cancer tumour animal model, respectively (Fasehee, et al., 2016).  

The formulated DSF-loaded PLGA-PEG-folate NPs demonstrated induced ROS 

generation leading to induce apoptosis and inhibit cell proliferation in breast cancer 

cells (Fasehee, et al., 2016). An in vitro and in vivo anti-tumour therapy with DSF-

loaded mPEG-PLGA/polycaprolactone (PCL) mixed NPs showed DSF inhibition of the 

MCF7 and 4T1 xenograft tumour cell proliferation and tumour growth in Balb/C mice 

animal model, respectively (Song, et al., 2016). DSF-loaded PLGA supplemented with 

Cu showed a high inhibition proliferation of the liver cancer stem cell population (Wang, 

Wang and Xiu-Wu, 2018). Enhanced surface properties of DSF-loaded PLGA/PEG 

NPs delivery carriers improved dispersion, neutralize the charge, and enable particle 

diffusion in human cervical mucus (Cu and Saltzman, 2008).   

However, more development is still needed in this field, especially for enhanced 

loading efficiency and extended DSF stability, for example, Najlah et al., (2017) have 
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found that methods of preparation are critical in terms of producing PLGA 

nanoparticles of appropriate size. NPs alteration of particle size, shape, and surface 

chemistry are designed and optimized to meet different requirements with the ability to 

achieve functionalities such as reaching targeted organs. Optimized nanotherapeutics 

mostly relied on size to exert effective cellular uptake and tumour permeability. Recent 

studies indicated larger particles above 200 nm significantly reduce the in vitro 

cytotoxicity, and this might be explained by the effect of particle size cellular uptake 

(Najlah et al., 2017). In this study, DSF-loaded PLGA, and PEGylated NPs prepared 

by using the D-Nano-Pr method showed superiority in loading efficiency, provide 

protection to the encapsulated DSF in horse serum sustained drug release and 

demonstrated increased cytotoxicity effect on breast cancer cells (this including PTX-

resistant MDA-MB-231 cell line). Therefore, it is very important to continue developing 

nano-formulation of DSF using preparation methods that are efficient, simple, and easy 

to scale up.  

 

1.3 Nano-carriers (Nanomedicine) 

Nanomedicine is the use of nano-scale or nano-structured entities with the ability to 

cross biological barriers, and achieve therapeutic effects (this can effectively influence 

medical diagnosis and treatment in the human body) (Royal, 2004). Nanomedicine is 

an emerging promising synthesis technique for treating dreadful diseases such as 

cancer and to help avoid some of the shortcomings produced by the conventional 

chemotherapy agents such as rapid drug clearance, and biodegradation, and limited 

targeting to tumour sites (Sinha, et al., 2006). Nanomedicines can also minimize the 

severe side effects caused by the anti-cancer agents due to the properties of nano-

carriers such as nanoparticle sizes, high surface to volume ratios, surface charge, 

targeting modifications to reach tumour tissues and then release the anti-cancer drug 
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in a stable, controlled mechanism (Wicki, et al., 2015). As shown in Figure 1.8, a variety 

of entities have now been investigated as nano-carriers for cancer therapy such as 

polymeric based, lipid-based, inorganic, viral, and drug-conjugated NPs (Wicki, et al., 

2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Nanomedicines entities currently been investigated, and available in the clinic cancer therapy 
such has lipid-based nano-carriers, polymer-based nano-carriers, inorganic nanoparticles (NPs), Viral 
NPs, and drug conjugates. It was adapted from (Wicki, et al., 2015). 

 
Nano-carriers can be defined as sub-micron particulates less than 200 nm in diameter 

for biomedical application to attain increased drug uptake at the surface of the tumour 

to achieve high retention effects (Saad, Garbuzenko and Minko, 2008). Recent studies 

have demonstrated the use of nanotechnologies such as D-Nano-Pr method (Song, et 

al., 2016) and single emulsion/solvent evaporation (SE) method for the preparation of 

disulfiram nano-carrier delivery systems through nano-encapsulation (Zhou, et al., 

2013; Najlah, et al., 2017). Nano-carriers are designed using lipophilic and 

hydrophobic molecules encapsulated with the FDA approved polymeric materials, or 
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phospholipids to enhance efficient drug loading of NPs and SLNs (Narvekar, et al., 

2014). 

The shape, size, particulate surface area, aggregation, size distribution, surface 

morphology/topography, a structural type (crystallinity), defect structure and solubility 

is considered as the main parameters of the physical properties of NPs (Cadden, 1987; 

Rao and Biswas, 2009).  

1.3.1 Size and shape of nanoparticles 

The size and shapes are unique parameters used to determine NPs nano-material 

(Jolivet, et al., 2004). It has been demonstrated that particle size of NPs below 20-30 

nm can be thermodynamically unstable due to interfacial tension activity force enabling 

the instant reduction of the surface area (Slomberg and Schoenfisch, 2012). NPs 

critical size is within 30 nm of which the nano-size scale properties are exhibited from 

their bulk material (Slomberg and Schoenfisch, 2012). The size of a nanoparticle has 

the advantage to significantly influencing the biodistribution of targeted and non-

targeted organ-specific tumour sites (Cheng, et al., 2007). Slomberg and Schoenfisch, 

2012, suggested that when a nanoparticle decreases in size, the particles surface 

increases in an exponential trend. Therefore, nanoparticles average size for a 

formulation might be crucial for not only the stability of the formulation but also for the 

stability and activity of the loaded drug (Najlah et al 2017). 

The NPs surface morphology and surface area are characterized by scanning electron 

microscopy (SEM) (as described in chapter 2) (Hayat, 1974). The atomic force 

microscopy (AFM) can be employed to obtain a higher resolution at around 0.2 nm by 

providing real topographical images of sample surfaces (Honary and Zahir, 2013). In 

addition, dynamic light scattering (DLS) provides an evaluation of the size distribution 

of NPs, where, the zeta sizer determines the surface charge of NPs (Honary and Zahir, 

2013). NPs with surface charge can determine its effect on cell membrane attachment 
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(Honary and Zahir, 2013a). At the cell membrane, positively charged NPs are 

absorbed rapidly than their neutral or negatively charged counterparts (Honary and 

Zahir, 2013). The surface charge influences the dispersion and aggregation of NPs in 

aqueous media (Orts-Gil, et al., 2011). 

1.3.1.1 Potential for surface engineering 

Nanomedicine is a technology design for the application of characterized particle size, 

shape, and surface chemistry through the invention of molecular tools used for 

diagnosis and customized for a specific treatment such as cancer (Sinha, et al., 2006; 

Albanese, Tang and Chan, 2012; Bregoli, et al., 2016). One of the limitations inherent 

to the majority of the chemotherapy agents is the lack of tumour selectivity. The 

advantage of nanomedicines to achieve delivery of selective chemotherapeutic drugs 

design to target solid tumours is by exploiting the tumour’s vasculature 

(hypervascularization and extensive production of vascular permeability) (Fang et al; 

2011). NPs based drug delivery systems against cancer mostly rely on the enhanced 

permeability and retention effect (EPR). EPR effect is known to be the phenomenon 

that nanomedicines are used to deal with tumour tissues (Mi, Peng et al; 2020). EPR 

effect and enhanced permeability mechanisms exploited for the accumulation of high 

molecular weight non-targeted encapsulated drugs and prodrugs in tissues requiring 

increased vascular permeability (e.g. cancer or site of inflammation) (Maeda and 

Matsumura, 2011). Abnormalities of tumour vasculature for selective delivery against 

cancer tissues, thus determine the EPR effect of most macromolecular drugs in solid 

tumours (Maeda and Matsumura, 2011). This is the reason notably the intravenous 

(i.v.) administration of large molecular size, and nano-sized macromolecular anticancer 

drugs escaped renal clearance as they find it hard to penetrate the tight endothelial 

junctions of normal blood vessels, but extravasate within tumour vasculature where 

they will be trapped in the tumour environment (Fang et al; 2011). Tumour tissues are 
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differentiated from normal infected tissues through the dysfunction of the lymphatic 

tissues, and this caused the EPR un-protective because of rapid lymphatic clearance 

(Laverman et al., 2001).  

The smaller size NPs-based drug delivery allows extravasation in the leaky vascular 

structure of tumours compared to the larger nano-sized carrier systems are forced out 

of the blood vessels to the surrounding tissues causing their distribution in the 

bloodstream to be highly variable (Bregoli, et al., 2016).  Also, optimizing the sizes of 

nano-carriers can improve specific uptake into tumour tissues, and the shape thus has 

an impact on fluid dynamics to enhance payload, and drug uptake (Truong, et al., 

2015). The design of spherical size and shape nano-carriers appears as the most 

commonly used in nanotechnology compared to non-spherical variety simply because 

of the challenges in manufacturing and testing (Truong, et al., 2015).  

The surface charge of a nano-carrier system is known to affect the stability and 

distribution of nano-carriers in the blood. In addition, earlier studies have shown 

positively charged NPs effectively target tumour vessels (Stylianopoulos, et al., 2010). 

Intracellularly, phagocytic cells preferably interact with negatively charged NPs as they 

do to ingested negatively charged bacteria (Corpe, 1970). Phagocytes interaction with 

negatively charged surface structures such as anionic cyanoacrylic NPs are stronger 

and may have the responsibility to produce higher cytotoxicity compared to cationic 

NPs (Tomita et al; 2011). The less interactive cationic charged NPs to macrophage 

uptake and cytotoxicity present PEGylated NPs the advantage for bearded NPs to be 

shielded with a positive surface charge by producing a minimal effect on cellular 

uptake, cytotoxicity, and prevent membrane damage in nonphagocytic neuroblastoma 

cells (Hoskins et al; 2012). Surface modification of nano-carriers such as coating 

bearded NPs surface with functionalized positively charged cationic PEG ligands is 

more effective in accumulating tumour tissues than negatively charged anionic NPs 
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(Chung et al., 2010). PEGylated cationic NPs enhances the encapsulated hydrophobic 

drug (DSF) half-life and ensure long circulation in the blood by facilitating endocytosis 

and cellular uptake in cancer (Stylianopoulos, et al., 2010).  

Previous studies have indicated the use of PEG on NPs increases solubility and 

stability of NPs due to its hydrophilicity as a non-ionic polymer (Bregoli, et al., 2016). 

PEGylated NPs hardly disrupt the function of charged molecules, such as DNA, by 

masking their hydrophobicity to prevent recognition from the reticuloendothelial system 

(RES) (Locatelli and Franchini, 2012; Danhier, et al., 2012).  

1.3.2 Structural specificity of nanoparticles 

 NPs purity can be determined by its structural difference as an important factor for 

various biological applications. For example, the crystal structures are characterized 

using X-ray diffraction (XRD) (Warren, 1969). The identification of crystal structures 

provides information about the available crystal structures with more informational 

analysis for the identified XRD profiles using various structural parameters (Kumar and 

Yadav, 2009). The structural specificity of NPs thus has an effect based on the type of 

NPs and nature of biological systems used for a physiological response (Zhang, et al., 

2015).  

1.3.3 Chemical properties of nanoparticles 

The chemical properties of NPs can be dependent on the elemental composition of 

nonmaterial, especially surface chemistry, including zeta potential and photocatalytic 

properties (Cadden, 1987; Rao and Biswas, 2009). The electron composition of NPs 

is an integral part of determining the chemical properties of the material design 

(Schmid, 2011). NPs are made up of several nanostructures with different chemical 

properties, such as metals (most flexible nanostructures) (Greulich, et al., 2009), metal 

oxides (lattice symmetry and effect of size) (Raliya and Tarafdar, 2013), carbon 
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nanostructure (built from sp2 carbon units based), (Liu, et al., 2007; Prato, Kostarelos 

and Bianco, 2007) and polymeric nano-spheres and nanocapsules (obtain from 

synthetic polymers such as PLGA/PCL) (Bilensoy, et al., 2009).  

1.3.4 Nanotechnology for disulfiram delivery 

Nanotechnology, a technique used to fabricate nanoparticle-based drug delivery 

systems from polymeric materials, anticipated to exert the efficacy of hydrophobic 

drugs for systemic delivery (Whitesides, 2003; Shehzad, et al., 2014).  The chemical 

or physical properties and potential biological applications have made biodegradable 

polymeric NPs of great interest which are widely used (Yurgel, Collares and Seixas, 

2013), due to their versatility and compatibility with other polymeric materials (Mora-

Huertas, Fessi and Elaissari, 2010). The polymeric materials are highly desirable 

because of their ability to protect hydrophobic drugs from being rapidly degraded and 

to enhance intratumorally distribution for sustainable and controlled release (Shieh, et 

al., 2010).  

Formulated NPs are prepared through different approaches including D-Nano-Pr 

method used to rapidly develop well-defined biodegradable polyesters NPs in water 

(Song, et al., 2016). Engineered NPs drug-delivery systems of polymeric materials can 

be tailored to achieve nano-scale particle in the range size between few nm, preferable 

up to 100 nm suitable size loaded anti-cancer drugs (Lobatto, et al., 2011; Steichen, 

Caldorera-Moore and Peppas, 2013).  

For the past decades, readily fabricated drug-delivery systems using soft organic or 

polymeric materials or hard inorganic materials have shown great promise in the 

treatment of cancer (Schubert, Delaney Jr and Schubert, 2011). Therefore, the 

application of nanotechnology demonstrated great innovation in the development of 

stable hydrophobic drug formulations, such as DSF-loaded polymeric/phospholipids 

NPs/SLNs and combinatory therapy with DSF. The manufactured DSF PLGA NPs data 
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have suggested anti-proliferation against non-small-cell lung cancer, breast cancer, 

hepatocellular carcinoma, CRC and glioblastoma stem cells (Mosallaei, et al., 2013; 

Zembko, et al., 2015; Hoda, et al., 2016; Fasehee, et al., 2016; Wang, et al., 2017). 

1.3.5 Poly lactic-co-glycolic acid (PLGA) nanoparticles 

1.3.5.1 Physicochemical properties of PLGA 

Poly lactic-co-glycolic acid (PLGA) can be defined as a biocompatible and 

biodegradable linear copolymer prepared using different ratios between similar 

monomers of lactic and glycolic acid (Figure 1.9) (Lü, et al., 2009). PLGA geometry 

position strongly influences its degradation pattern on the accessibility of water; with 

an acidic environment, the PLGA degradation accelerates due to autocatalysis 

(Pamula and Menaszek, 2008). The physicochemical properties of PLGA determine 

the ultimate performance of biomedical applications (Pamula and Menaszek, 2008). 

The synthesis of PLGA with low molecular weight (LMW) below 10 KDa can be done 

by the ring-opening of co-polymerization of lactic and glycolic acid (Figure 1.9) (Lü, et 

al., 2009). While cyclic dimers or catalysts, can be used as starting materials to get 

higher molecular weights of PLGA (Lü, et al., 2009).  

The PLGA polymer is synthesized by the polymerization process of the ester-linkages 

of successive monomer units of glycolic or lactic acid to produce linear amorphous 

aliphatic random polyester PLGA (Dechy-Cabaret, Martin-Vaca and Bourissou, 2004). 

Sequence PLGA tends to degrade at a slower rate than random PLGA low weight 

PLGA synthesized by ring-opening polymerization (Stayshich and Meyer, 2010). The 

synthesis of sequence PLGA demonstrated an advantage over drug delivery 

applications for control release drug delivery (Stayshich and Meyer, 2010).  

The physicochemical properties of PLGA can be determined by the molar ratio 

between two monomers, lactic or glycolic acid (Miller, Brady and Cutright, 1977). 
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Previous studies have suggested PLGA mixed with an equal molar ratio of 50:50 

between lactic acid/glycolic acid copolymer exhibits the shortest half-life and fastest 

degradation rates (Miller, Brady and Cutright, 1977; Cohen, Alonso and Langer, 1994; 

Alexis, 2005). The methyl functional group on the alpha (α) carbon of polylactic acid 

(PLA) makes the molecule chiral and provided the irregular distribution of different D, 

L and D/L isomers, therefore, stereochemistry is critical in obtaining the final desired 

properties of the copolymer (Jalil and Nixon, 1990). D,L-lactic acid has been found to 

be an amorphous and transparent material containing a random distribution of the D 

and L units (Jalil and Nixon, 1990).  

Most importantly, stereochemistry plays a key role in the PLGA degradation process 

at which the rate of water, penetration is higher in amorphous D,L regions (i.e. this 

facilitates the acceleration of PLGA degradation (Wise, et al., 2000). With the lactic 

acid and glycolic acid, the methyl functional side group from the alpha carbon or PLA 

is missing making them highly crystalline, whereas, with the PLGA copolymers no 

crystallinity presents (Gilding and Reed, 1979). PLGA amorphous nature of equal 

molar ratio (50:50) makes them the most frequently-used copolymers due to their 

applications in drug delivery providing homogeneous dispersion of the active ingredient 

in the polymer matrix (Gilding and Reed, 1979).  
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The PLGA degradation rate is modulated by the free carboxyl end-groups used as 

chemical modifications (Wu and Wang, 2001).  When PLGA is degraded, the lactic and 

glycolic acid become the end products and are further incorporated into the Krebs cycle 

and eliminated as carbon dioxide and water (Yoshioka, et al., 2008). To increase the 

hydrophilicity of PLGA derivatization strategies are developed in order to add 

hydrophilic moieties such as hydroxyl groups which maintain stronger water absorption 

capacity compared to the non-functionalized counterparts with an increasing 

degradation rate as a result (Leemhuis, et al., 2006; Leemhuis, et al., 2007).  

 

Figure 1.9. Schematic representation of the chemical structure of poly (lactic-co-glycolic acid) (PLGA) and 
its monomers, lactic acid (LA) and glycolic acid (GA). It was adapted from (Gentile, et al., 2014). 

 

1.3.5.2 PLGA nanoparticles 

PLGA based polymeric NPs carrier system has been widely used in the application of 

pharmaceutical dosage, like, encapsulated hydrophobic compounds, chemotherapy 

drugs and biological agents (Kumari, Yadav and Yadav, 2010). The synthetic polymers 

such as PLGA and PCL are of the advantage of having high purity and reproducibility 
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than the natural polymers (Anderson and Shive, 1997). PLGA is the most successfully 

used biodegradable synthetic polymer approved by FDA and European Medicine 

Agency (EMA) as delivery carriers for human therapy (Tice, et al., 1996; Jain, 2000). 

Also, PLGA is a better option in terms of their physical and chemical properties served 

as delivery systems by encapsulating hydrophobic drugs to increase chemical stability, 

enhance solubility, provide better sustainability and endogenously enhances surface 

area at proximity with biological materials for drug targeting purposes (Danhier, et al., 

2012). 

From the various nano-particulate carriers, PLGA NPs have improved the conjugation 

or encapsulation of drugs extended circulation half-life and minimised the unwanted 

systemic side effects of the therapeutic agents (Sahoo, Dilnawaz and Krishnakumar, 

2008). For example, cisplatin-loaded PLGA-mPEG2000 NPs demonstrated prolonged 

drug residence within the systemic blood circulation with satisfactory drug content in 

both in vitro and in vivo studies (Avgoustakis, et al., 2002). Similarly, formulated 

paclitaxel (PTX)-loaded chitosan blended PLGA-mPEG2k NPs were delivered in 

retinoblastoma, breast cancer and pancreatic cancer cell lines indicated increased in 

vitro cytotoxicity and prolonged in vivo blood circulation and reduced macrophage 

uptake with a tiny amount of NPs sequestered in the liver (Parveen and Sahoo, 2011). 

The in vivo study investigated the biodistribution of bovine serum albumin (BSA)-

loaded PLGA-mPEG2k NPs delivery demonstrated a prolonged half-life of BSA from 

13.6 min to 4.5 h compared to PLGA NPs (Li, et al., 2001).  

To enhance DSF stability and higher drug entrapment efficiency, the FDA approved 

polycaprolactone polymer has been employed to increase drug stability and 

bioavailability, sustainable control release of the protected drug into the target tumour 

sites were obtained (Sun, Radosz and Shen, 2012; Danhier, et al., 2012).  
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To further protect PLGA NPs from protein adsorption, methyl polyethylene glycol 

(mPEG) can be employed to change the surface of PLGA NPs to increase cell surface 

interaction for drug targeting into tumour sites (Danhier, et al., 2012). In this context, 

the surface functionalized docetaxel-loaded PLGA conjugated soybean lecithin coated 

with PEG (PLGA-lecithin-PEG) mono shell NPs demonstrated biocompatibility and 

increased cytotoxicity Hela and HepG2 model human cell lines (Chan, et al., 2009). 

Similarly, the in vitro and in vivo co-delivery of cisplatin (cis-diaminodichloroplatinum, 

CDDP) and PTX-loaded PLGA surface-functionalised PEG conjugated folic acid 

(CDDP + PTX-encapsulated PLGA-PEG-FA) NPs improved the synergistic effect and 

increased inhibition of lung cancer cells and high folic acid receptor expression in 

tumours (He, et al., 2015).  The surface functionalised delivery system of daunorubicin 

(DNR)-loaded PLGA-poly-L-lysine (PLL) PEG combined with gambogic acid (GA) 

(DAR-PLGA-PLL-PEG-GA) for specific target, demonstrated anti-tumour efficacy and 

reverse MDR of leukaemia (K562/A02) cancer cells to DNR (Xu, et al., 2015).  PTX-

loaded PLGA NPs in vivo delivery system has also demonstrated high therapeutic 

improvements survival rate (Xu, et al., 2015). All of these examples support the high-

efficiency of using PLGA nanoparticles as a nano-system to overcome problems 

associated with the delivery of drugs that are MDR substrate, poorly water-soluble 

or/and instable in the bloodstream. 

1.3.6 Solid lipid nanoparticles 

Solid lipid nanoparticles (SLNs) are particulates developed from solid lipid matrix with 

an average diameter in the nanometre range and are stabilised by surfactants (Muller, 

1996). Also, SLNs are a new type of colloidal drug carrier systems with biocompatibility 

and biodegradability for controlled drug delivery into cancer cells (Ekambaram, Sathali 

and Priyanka, 2012). SLNs are solid lipids at human physiological temperature (37oC) 

with a diameter of 50-1000 nm. SLNs are produced to replace the liquid lipid (oil) of an 
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oil-in-water emulsion to a solid lipid (Wong, et al., 2007). SLNs can form a very strong 

lipophilic matrix incorporating anticancer drugs for subsequent controlled drug release 

(Müller, MaÈder and Gohla, 2000; Jores, et al., 2005; Mehnert and Mäder, 2012). 

Biocompatible and biodegradable carrier lipids, such as lipid acids (stearic acid, 

palmitic acid), triglycerides (tristearin, tripalmitin, trilaurin), and hard fats (glyceryl 

behenate) are employed in the formulation along with emulsifiers (e.g. Poloxamer 188) 

(Smith, 1986; Müller, MaÈder and Gohla, 2000).  

The introduction of SLNs for the last two decades presents an alternative delivery 

system to other nano-carrier systems such as polymeric NPs and liposomes 

(Ekambaram, Sathali and Priyanka, 2012). SLNs-based carrier systems from 

phospholipids (such as phosphatidylserine, phosphatidyl glycerol and diphosphatidyl 

glycerol), are FDA approved materials (Ravi, et al., 2014), served as a biocompatible, 

biodegradable and stable carrier for hydrophobic drugs (Cavalli, et al., 2002; Pilcer and 

Amighi, 2010). SLNs have shown various advantages such as the ability to incorporate 

lipophilic and hydrophilic drugs, the natural composition made of physiological lipid and 

low toxicity with increased bioavailability (Jain, 1997).  

In SLNs carrier system, a hydrophobic drug could be incorporated in the solid 

hydrophobic core of the high melting lipid with a phospholipid monolayer coating 

(Chandni, Viral and Umesh, 2011). During SLNs formulation, the oil of the lipid 

emulsion transforms to a solid lipid under room temperature (Chandni, Viral and 

Umesh, 2011). In a nano-scale range, the carrier system consists of spherical solid 

lipid particles containing solid lipid core, phospholipid monolayer and the anticancer 

agent such as DSF or its metabolite, DDC-Cu complex.  

1.3.6.1 Physicochemical properties of solid lipid nanoparticles 

 The physicochemical stability of SLNs nano-carriers is dependent on its chemical and 

structural composition (Müller, Rühl and Runge, 1996). SLNs physical stability can be 
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indicated by the mean particle size distribution in the submicron size range (Heurtault, 

et al., 2003). Therefore, a clear indicator of SLNs physical instability is the increase in 

particle size above submicron size range (Benoit, et al., 1988; Heurtault, et al., 2003). 

The concentration of the surfactant or surfactant mixture expressed as surfactant/lipid 

ratio, used during the preparation can affect particle size production of SLNs (Bunjes, 

Westesen and Koch, 1996; Bunjes, Koch and Westesen, 2003). To achieve the highest 

product quality and physical stability of SLNs, there are many parameters to control 

such as time, temperature, homogenization speed, sterilization and lyophilisation 

(Mller, et al., 1995). For instance, high-speed stirring homogenization process can 

reduce particle size and polydispersity index (PDI) values (Schwarz, et al., 1994; 

Patravale and Ambarkhane, 2003). The chemical stability of SLNs incorporating drugs 

can be affected due to catalyst residues and molecular non-homogeneity of polymeric 

NPs in pharmaceutics and cosmetics (Mller, et al., 1995). The storage temperature 

has also a greater influence on the chemical stability of SLNs, and they are less stable 

at 40 oC compared to that stored at 4 oC and room temperature (Dingler, et al., 1999; 

Meot-Ner, 2005).  

As shown in Figure 1.10, SLNs colloidal particulate structure constitutes of rigid 

external membrane that is composed of phospholipids soft condensed materials with 

amphipathic property of polar and non-polar tails (Heurtault, et al., 2002).    
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Figure 1.10. The model structure of a phospholipid with an amphipathic property contains a polar head 
group (choline), glycerol backbone, and fatty acid chains.  It was adapted from (Osman, Christof 2011). 

 

1.3.6.2 Solid lipid nanoparticles in cancer treatment 

SLNs nano-carriers also referred to as lipospheres or solid lipid nano-spheres have 

the prospect of improving hydrophobic anticancer cytotoxic drugs in a more efficient, 

specific and safer anticipated manner (Mehnert and Mäder, 2012). The delivery of 

lipophilic drugs incorporated into the oil droplets was the start of a new delivery system, 

such as Diazemuls in the 1970s and Diprivan in the 1980s (Klang and Benita, 1998). 

Liposomes were the next parenteral carrier systems designed to reduce the toxic side 

effects and enhance the efficacy of anticancer drugs (Bangham and Horne, 1964); few 

products were commercially available for clinical use such as Ambisome (1990), 

DaunoXome (1996), and Doxil (1995) (Lasic, 1998; Al-Jamal and Kostarelos, 2007).  

The development of SLNs was an innovative approach to protect potent anticancer 

drugs from degradation, produce effective controlled release and minimise associated 

side effects (Schwarz, et al., 1994; Müller, MaÈder and Gohla, 2000). In this context, 
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nano-structured doxorubicin-loaded SLNs-(Dox) formulations demonstrated increased 

apoptosis of breast cancer cells by overcoming chemo-resistance breast tumour cells 

(Kang, et al., 2010). The in vitro study showed that Dox and PTX-loaded SLNs 

formulations demonstrated higher anti-proliferative effect on human colorectal cancer 

(CRC) cells at low concentrations of 1.72 nM and 1.17 nM, respectively (Serpe, et al., 

2004).  

Formulated transferrin-mediated curcumin (Tf-C)-loaded SLNs indicated increased 

cytotoxicity in breast cancer cells (Mulik, et al., 2010). Quercetin (QT)-loaded SLNs 

nano-carriers improved the oral delivery of the encapsulated poorly water-soluble QT 

with a significantly increased bioavailability (Li, et al., 2009). 

In this study, the ability of SLNs to protect DSF from horse serum will be explored. It is 

essential that this protection is associated with maintained or improve cytotoxicity of 

DSF toward cancer cells.    

1.3.7 Characterisation of nanoparticles 

1.3.7.1 Particle size 

Engineered NPs are purified by characterisation of particle size, polydispersity index 

(PDI) and zeta potential to determine the feasibility of delivering loaded chemical 

agents into the biological environment (Soppimath, et al., 2001; Reis, et al., 2006; 

Treuel, et al., 2014). Particle size and zeta potential can influence biological reaction, 

particularly the interaction of cellular uptake (Fröhlich, 2012) and toxicity effects 

(Bhattacharjee, et al., 2013).  

The zeta sizer device used to characterise particle size, and zeta potential requires a 

small number of samples. In 2011, there has been unifying consensus guidelines 

provided by the European Union (EU) on how to determine a nano-material, mainly its 

particle size range with a lower limit suggested at 1 nm and an upper limit within 100 
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nm (Blanco, Shen and Ferrari, 2015; Rauscher, Rasmussen and Sokull‐Klüttgen, 

2017). However, nano-encapsulation of drugs consists of drug-loaded nano-carrier 

known as a solid colloid system with a submicron-sized drug delivery system at a range 

from 1-1000 nm (Couvreur, 1988; Couvreur, Dubernet and Puisieux, 1995).  

 There is no scientific data proposed by the EU on particle size limit range of NPs 

derived from polymeric materials for drug delivery (Bleeker, et al., 2013). The agreed 

binding definition of particle size dimension with nano-materials provides the ability to 

regulate NPs characterisation parameters (Rauscher, Rasmussen and Sokull‐

Klüttgen, 2017).  

1.3.7.2 Zeta potential 

Zeta potential refers to as the mean average electrostatic potential of colloidal 

dispersion occurring at the hydrodynamic radius and potential difference existing within 

the slipping plane of electrophoretically mobile particulates (Figure 1.11) (Rabinovich-

Guilatt, et al., 2004; Delgado, et al., 2007; Lim, et al., 2013). 

 As described in Figure 1.11, zeta potential or electric surface potential is the interfacial 

double layer of 0.2 nm from the surface of the colloid system.  Zeta potential is easily 

measured to determine the magnitude of electric surface charge value, and zeta 

potential unit is millivolt (mV) (Huynh, et al., 2009). The zeta potential maximal electric 

surface charge of NPs in suspension mixture is measured optically to determine 

physical stability (Mishra, et al., 2009; León-Rodriguez, et al., 2010). Therefore, NPs 

surface charge is considered highly important for drug delivery target sites, and NPs 

without electric surface charge faced major obstacle by macrophages ready to remove 

such NPs in the bloodstream (Kumar, Ravikumar and Domb, 2001). 

The liver is a vital organ containing the largest number of fixed tissue macrophages 

(Kupffer cells), including reticuloendothelial system (RES) that is responsible for 

reducing efficient targeting of colloidal nano-carriers (Hamazaki et al., 1994). RES is a 
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network of various cells and tissues present in the mononuclear phagocyte system and 

polymorphonuclear leukocytes responsible for detecting foreign particles and removed 

them from blood circulation by macrophages (Saba, 1970). Various studies have 

investigated the possibilities of decreasing and increasing RES uptake, and nano-

carrier systems concentration to achieve target tumour sites, respectively (Patil et al., 

2008). To achieve decreased RES uptake will be to produce a reduced particle size 

that enabled steric stabilization NPs coated with PEG amphiphilic polymer chains (Zahr 

et al., 2006; Gref, 2012). Attached PEG on the surface of NPs increases the 

biocompatibility of the NPs with ability to evade RES and extend NPs time in the blood 

circulation of encapsulated hydrophobic drugs capable of locating the tumour site 

(Klibanov et al., 1990). Surface charge is essential in determining the efficiency and 

mechanism of cellular uptake by enhancing the pharmacokinetic properties of the 

particle in the body (Jabr-Milane, et al., 2008). 

Also, the delivery of NPs to reach cancer cells in the liver and spleen can be difficult to 

reach their target as they are easily removed from the systemic circulation when 

detected by the RES system (Kumar, Ravikumar and Domb, 2001). Hydrophilic 

polymers such as PEG attached on the surface of NPs with high zeta potential value 

is modified to avoid opsonisation and enhanced long-term systemic circulation in the 

bloodstream (Soppimath, et al., 2001; Reis, et al., 2006). 

 



46 

 

 

Figure 1.11. The structure of surface charged zeta potential of a nano-material. It was adapted from 
(Goctsch, 2006). 

 

1.4 Characterization of nanoparticles and solid lipid nanoparticles 

1.4.1 Direct Nanoprecipitation Method 

Direct nanoprecipitation (D-Nano-Pr), also refers to as the solvent displacement 

method is a modified process employed in the preparation of nano-size core-shell 

particulates (Figure 2.12) with increased dispersion stability in aqueous phase medium 

(Huang, Yu and Ru, 2010). Nano-encapsulation of chemical agents and food 

ingredients by the D-Nano-Pr method has been rapidly expanding in the 

pharmaceutical and food industries (Chen, Remondetto and Subirade, 2006; Alexis, et 

al., 2008).  The D-Nano-Pr method is a cost-effect technology used to be entrapped 
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small particles of core materials incorporated or bounded within the polymeric 

materials to form nano-spheres, or capsules (Fessi, et al., 1989).  

The potential application of D-Nano-Pr method is to protect hydrophobic chemical 

compound such as DSF and enable controlled release at the targeted sites (Alexis, et 

al., 2008). The D-Nano-Pr method involves the spontaneous interaction of 

supersaturated solutions of the lipid and aqueous phases to form colloidal systems 

(Fessi, et al., 1989). When the lipid phase dissolving polymeric materials and the 

hydrophobic drug is in contact with the polar solvent such as water (aqueous phase), 

the organic solvent rapidly diffuses allowing the polymeric encapsulation of the drug to 

form nanoparticle (Fessi, et al., 1989; Shegokar and Müller, 2010). This phenomenon, 

leading to the formation of nanometric colloidal particles, might be dependent on pH, 

the molecular weight of the polymers, ionic strength, polymeric concentration and other 

physiochemical factors related to the loaded drug and both solvents (Govender, et al., 

1999; Augustin and Sanguansri, 2009).  

The advantages of D-Nano-Pr method are; (i) nanoparticles show high stability against 

degradation, (ii) increased encapsulation efficiency and (iii) nanoparticles maintain 

sustained release with increased cellular uptake (Ribeiro, et al., 2008). For instance, 

the development of PTX-loaded PLGA NPs by using the D-Nano-Pr method exhibited 

in vitro controlled release of PTX. It resulted in a high cytotoxicity effect on human small 

cell lung cancer (NCI-H69 SCLC) (Fonseca, Simoes and Gaspar, 2002). Likewise, the 

fabrication of curcumin-loaded PLGA by D-Nano-Pr method resulted in high induced-

apoptotic effect in cisplatin-resistant A2780CP ovarian and metastatic MDA-MB-231 

breast cancer cells (Yallapu, et al., 2010). 
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Figure 1.12. The spontaneous formation of a nanoparticle demonstrated by direct nanoprecipitation (D-

Nano-Pr) or single emulsion solvent evaporation (SE) methods. It was adapted from (Ribeiro, et al., 2008). 

 

1.4.2 Single emulsion/solvent evaporation method 

Single emulsion/solvent evaporation (SE) method is most widely used in the 

preparation of encapsulated active agents with polymeric materials or phospholipids 

dissolved in an organic solvent to form nanocapsules, or nano-spheres (Figure 2.13), 

or solid lipid nanoparticles (Sanguansri and Augustin, 2006). The organic phase 

droplets are emulsified with the aqueous phase consisting of a stabilizer, such as PVA 

(Vandervoort and Ludwig, 2002), and after sonication to form nano-sized particles the 
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suspension is stirred to evaporate the organic solvent leaving nanoparticles in 

suspension (Moinard-Chécot, et al., 2008).  

Furthermore, the SE method proved successful in the preparation of NPs and 

nanoemulsion (Moinard-Chécot, et al., 2008; Teo, et al., 2017). Due to the high-energy 

force employed by HPH to form emulsified nano-suspensions, SE method can be used 

in the preparation and development of nanoemulsion-based delivery systems (Silva, 

et al., 2011).   

 

Figure 1.13.  A schematic representation of (a) nanocapsules and (b) nano-spheres. It was adapted from 
(Orive, et al., 2009). 

 

1.4.3 High-pressure homogenisation technique 

High-pressure homogenization (HPH) technique is an efficient, non-contaminant 

process with high energy densities required to produce fine nanoemulsion particles 

using high-pressure up to 45,000 psi (Fathi, Mozafari and Mohebbi, 2012). The high-

pressure energy forces apply high shear stress on the sample after feeding emulsion 

or suspension through narrow reactors into the collision chamber. Thus, the high-

pressure reduces the sizes down to nanometer range emulsion particles collected via 
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an outlet chamber or container (Figure 2.14) (Fathi, Mozafari and Mohebbi, 2012). 

Using the HPH technique, particle sizes can be reduced at a higher temperature (hot 

homogenization) or room temperature (cold homogenization) (Müller, Mäder and 

Gohla, 2000). Previous studies have shown high physical stability of the 

nanoemulsions homogenized at homogenization of three to four cycles at a lower 

temperature (cold homogenization) (Yuan, et al., 2008). Also, the droplet sizes 

decrease with increased homogenization pressure, cycle and/or temperature less than 

50 oC (Yuan, et al., 2008). Published articles have demonstrated that HPH technique 

can produce smaller droplet sizes compared to high-speed homogenization technique 

which is an impeller (rotor) and a stator made up of stainless steel driven by a high-

voltage motor (Shirgaonkar, Lothe and Pandit, 1998)(Wang, et al., 2008). 

 

Figure 1.14. High-pressure homogenizer demonstrating sample feeding. It was adapted from 
(Samarasinghe, et al., 2012). 

 

1.4.4 Probe sonication technique 

Probe sonication technique or high power ultrasound referred to as sound waves 

frequency up to 20 kHz used to disrupt large structural nanoemulsion particles through 

the high shear forces generated during ultrasonication (Chen, Remondetto and 

Subirade, 2006). In the year 1927, the first ultrasound device was produced to improve 
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the production of chemical reaction rates by Richard, (Richards and Loomis, 1927). 

Presently, the ultrasound technique has been widely used in the production of various 

fields of chemical engineering, material science, the food industry and the different 

fields of chemistry (Suslick and Price, 1999; Jambrak, et al., 2008). Ultrasound has 

been widely used in various areas in the food industry as a non-destructive green 

technology for food processing (Jambrak, et al., 2008; Awad, et al., 2012). 

Ultrasonication is the process whereby ultrasound energy is employed to achieve 

nanoparticle dispersion for various purposes (Bang and Suslick, 2010). Ultrasonication 

provides sufficient energy to reduce droplet-size of emulsion particles in the presence 

of surfactant to nanometric-scaled (Figure 2.15) (Behrend, Ax and Schubert, 2000). 

Therefore, sonication has been considered as the most widely used to manufactured 

nano-emulsions and nanoparticles in the research field of drug delivery of nano-carrier 

systems (Samer and Schork, 1999).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15. A schematic diagram of probe ultrasound. It was adapted from (Park, et al., 2014). 
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1.4.5 Freeze drying technique 

Freeze-drying, also known as lyophilisation, refers to a stepwise process involving the 

dehydration of the water trapped from the manufactured heat-sensitive materials such 

as polymers (Anandharamakrishnan, Rielly and Stapley, 2010). Also, freeze-drying is 

a technique used to separate the encapsulated nanoparticles by removing water from 

the nanoparticle samples (Anandharamakrishnan, Rielly and Stapley, 2010). The 

technique is operated by multiple stages for stabilising materials in a stepwise process 

from solid to sublimation known as the primary drying, then followed by desorption step 

which is the secondary drying and the last step is storage (Figure 2.16), 

(Anandharamakrishnan, Rielly and Stapley, 2010).  

The freeze-drying technique can produce high quality and stable (have extended shelf 

lives) products ready to be reconstituted in a suspension or solution (Singh and 

Heldman, 2001). During the freeze-drying process, pores are formed as the entrapped 

water that transformed into ice sublimes from solid to vapour. This may cause the 

nanoparticles to collapsed, allowing the uncontrolled release of the encapsulated 

active agent (Anandharamakrishnan, Rielly and Stapley, 2010). Therefore, to avoid the 

deformations the particle surface suitable frozen temperature is selected to maintain 

the physical stability of the materials before freeze-drying (Anandharamakrishnan, 

Rielly and Stapley, 2010). Besides, a cryoprotectant such as sucrose or trehalose 

plays an essential role by stabilizing samples, such as nanosuspensions, during 

freezing. The cryoprotectant prevents samples from freezing stresses 

(nanosuspensions concentration may enhance the interaction of particulates leading 

to aggregation or fusion), such as low freezing temperature which allows proper re-

dispersibility (Kesisoglou, Panmai and Wu, 2007). Previous studies have 

demonstrated sucrose as a better and effective cryoprotectant in the conversion of 
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liquid containing semisolids samples with poor dissolution to a fast-dissolving solid 

sample (Van Eerdenbrugh, et al., 2007).    

 

Figure 1.16. A schematic diagram of a freeze-drying device. It was adapted from (Kasvayee, 2011). 

 

1.4.6 Sucrose cryoprotectant in lyophilization of PLGA nanoparticles and solid lipid 

nanoparticles 

Sucrose cryoprotectant is widely used for the benefit of lyophilization of 

therapeutic proteins used as drugs for the treatment of specific pathological 

conditions such as multiple sclerosis, diabetes, and cancer (Danhier et al., 

2012).  Previous studies have shown the non-use of cryoprotectant resulted to 

the instability of PLGA NPs stored in an aqueous condition because of the 

polymeric material containing hydrolytically unstable polyesters group when in 

water-mediated can activate hydrolysis (Konan et al., 2002; Allison et al.,1999). 
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The novel approach use of a cryoprotectant such as sucrose for particulates 

lyophilization process provides benefit for the long-term storage of NPs/SLNs 

to maintain stabilization while still viable in the treatment of cancer.  The 

lyophilization of NPs/SLNs formulations mostly can be done in an amorphous 

phase below the cryoprotectant glass transition temperature (Tg) for an effective 

rate of diffusion-controlled reactions to lower aggregation of particulates by 

hydrogen bonding formed after the removal of ice or water during the 

lyophilization step (Allison et al., 1999). Also, the use of surfactants as 

stabilizers demonstrated the formation of aggregation of NPs in solution during 

storage (De Jaeghere et al., 1999). Therefore, it is essential to use 

cryoprotectant such as sucrose as a better approach for the stabilization of 

loaded NPs/SLNs to maintain the ability of in vitro DSF sustained release, 

stability in horse serum, and while remaining active against the treatment of 

breast cancer cells.  

The externally added amorphous cryoprotectant, such as sorbitol, glucose, 

fructose, and sucrose have less influence on the particle size and zeta potential 

of NPs/SLNs. Instead, sucrose cryoprotectant enhanced the lyophilization step 

for more stable NPs/SLNs, and the SEM images showed successful colloidal 

particles exhibiting spherical shape and smooth surface.   

 As previously reported from kinds of literature, this study used a lower 

concentration of 1% (w/v) solution sucrose cryoprotectant to lyophilize samples 

for the stabilization of DSF-loaded and unloaded NPs/SLNs. NPs/SLNs 

containing sucrose tends to be more stable at −80 °C for three hours storage 

before lyophilization process. This agrees with Van et al., (2015), results of 
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cyclohehexanone monooxygenase (CHMO) a model enzyme used to 

determine suitable freeze-drying conditions to maintain stability for the long-

term storage of the isolated CHMO. Their findings suggested that in the 

presence of a low concentration of sucrose cryoprotectant, CHMO was more 

stable when stored at −80 °C than 4 °C before lyophilization.  

The data confirms the shift in Tg of the NPs/SLNs lyophilized with sucrose 

cryoprotectant compared with the standards and maintaining drug-polymer 

interaction by the DSC, and FTIR, respectively, which demonstrates the ability 

of sucrose to stabilize the PLGA encapsulated DSF during lyophilization. This 

also indicates that the concentration of sucrose may have played a critical role 

in the stabilization of NPs/SLNs at 4 °C after the lyophilization step.        

1.4.7 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a technique that has been widely used to 

investigate the thermal properties of biological macromolecules and chemical 

substances by undergoing phase transitions and conformational differences (Hinz and 

Schwarz, 2001). DSC and differential thermal analysers (DTA) are the two types of 

thermal analysis devices commercially available and both provide quantitative 

information relating to exothermic, endothermic and heat capacity differences as a 

function of temperature and time, which include melting, purity and glass transition 

temperature (Turi, 2012). DTA is used in measuring temperature differences, whereas, 

DSC is employed to measure energy differences between a sample and a reference 

material as the function of a pre-programmed temperature cycle (Figure 2.17) (Turi, 

2012). 

DSC is capable of measuring the excess heat capacity (Cp) of a substance by 

providing the thermodynamic and kinetic data of the analysed molecule as the function 
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of temperature peak (Celej, Montich and Fidelio, 2003). The Cp transition can be 

observed through a sharp endothermic peak where at the height of the temperature 

midpoint (Tm) is recognised as the maximum in Cp (Robertson and Murphy, 1997). The 

technique is based on the application of the heating and cooling process to a small 

amount of sample then simultaneously measures the temperature and enthalpy 

changes including thermal events of melting and polymorphic transformation (Vitez, et 

al., 2007). The sample thermocouple is employed to control the furnace temperature 

using suitable software. As the sample temperature increases linearly to the reference, 

the thermal peak is plotted between the sample and against reference temperature 

(Wunderlich, et al., 1998).   

The popularity of DSC technique is due to its accuracy, simplicity, rapidity of 

measurement and the use of low sample size to obtain detailed information of the 

product stability at an early stage of the development of nano-carriers delivery systems 

or drug discovery and development (Clas, Dalton and Hancock, 1999; Chiu and 

Prenner, 2011). Thermal analysis technique considered as one of the established solid 

states pharmaceutical products for characterisation and determination of 

polymorphism (Barnes, Hardy and Lever, 1993; Demetzos, 2008).  

The basic characteristic feature of the crystalline solid state is commonly described as 

the relative ordered arrangement of an atom, molecule or ion (Wunderlich, et al., 1998; 

Lu, Weng and Cao, 2006). While the non-crystalline solid has a very low ordered 

arrangement composed of complex molecules or ions are cooled rapidly to form a 

glass (Wunderlich, et al., 1998). Therefore, the transition of a substance from its rigid 

glassy state to a relaxing flexible state is called glass transition temperature (Tg); it is 

an important area covered by DSC especially when polymers are involved (Wendlandt, 

1986; Wunderlich, et al., 1998).  
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Figure 1.17. Schematic diagrams of (a) differential thermal analysis (DTA), and (b) heat-flux differential 

scanning calorimetry (DSC). It was adapted from (Wendlandt, 1986). 

 

1.4.8 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a convenient and less sample 

preparation technique used to analyse fundamental information of the molecular 

structure of organic and inorganic components (Parikh and Chorover, 2005; Smith, 

2011). FTIR is a widely used analytical technique for chemical characterisation of 

geological samples (coal, microfossils and minerals) and bio-macromolecules (Lis, et 

al., 2005; Johnson, 2006; O'Keefe, et al., 2013). For the past four decades, IR 

spectrometry has changed dramatically from the structural elucidation of organic 

compounds to a more robust and rapid with reduced measurement times from minutes 

to less than a microsecond (Wang, et al., 2008). The basic principle of FTIR analytical 

technique is due to the analysis of the absorption of IR radiation by a molecule excited 

a photon to a higher quantized vibrational energy state (Figure 2.18) (Griffiths and De 

Haseth, 2007). During the exciting state transition, the absorbance of molecular 

vibration is specific to functional groups, e.g. C-H, O-H, S-H and C=O vibrational bands 

(Griffiths and De Haseth, 2007; Smith, 2011).  
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The number of waves scanned of each IR absorbance peak has been determined by 

the intrinsic physicochemical properties of the compound of interest, and it is a 

fingerprint of the vibrational molecular bonds exhibited by stretching, bending, twisting, 

rocking, wagging and out-of-plane deformation (Smith, 2011).  

FTIR with a diamond cell is typical benchtop spectrometer whereby the IR radiation 

causes to split into two beams, forming the constructive and destructive beam which 

in turn produces a waveform as the sample selectively absorb radiation at specific 

wavelengths from 4000 to 400 cm-1 (Mukhopadhyay, 2004; Griffiths and De Haseth, 

2007). The resulting radiation is received via a detector and channel through a fast FT 

that generates a characteristic spectrum of the sample of interest (Mukhopadhyay, 

2004). IR spectroscopy cannot perform the Fourier transform algorithm on the received 

data at the detector compared to the FTIR which performs the Fourier transform from 

the data, and then generate a frequency domain of data obtained (Poletto, Zattera and 

Santana, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18. A schematic diagram of FTIR. It was adapted from (Wang, et al., 2007; Wang, et al., 2008). 
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1.5 Aims and objectives 

1.5.1 Aims 

1- This study aims to develop an in vitro evaluate nano-carrier systems to 

enhance biostability of encapsulated DSF and provide prospective long-time 

drug circulation without reducing DSF anti-cancer activity. 

2- To develop long circulation DSF-loaded NPs/SLNs delivery systems coated 

with PEGylated polymers and phospholipid materials for efficient cancer 

therapy. The selection of mPEG2k-PLGA and DSPE PEG2k is to compare their 

ability to maintain sustainable drug release, increase half-life, and long 

circulation of the encapsulated DSF in the physiological condition of pH 7.4, 

horse serum, and the in vitro testing of breast cancer cells. Besides, selecting 

a lower PEG that contains PLA long chains (Mw, 2000) and using less PEG 

contents, thus decrease plasma protein adsorption and enhance cellular 

uptake of the DSF-loaded PEGylated NPs/SLNs in cancer cells. 

3- To investigate encapsulated DSF anticancer activity on resistance paclitaxel 

(PTX) (an established anticancer drug) breast cancer cell (MDA-MB-231PTX10). 

1.5.2 Objectives 

1- To develop and optimise methods and formulations for PEGylated DSF loaded 

PLGA NPs and SLNs. 

2- To develop and optimise methods required in determining DSF encapsulation 

efficiency and stability in horse serum. 

3- To manufacture formulations of NPs and SLNs prepared by D-Nano-Pr and 

single evaporation methods. 

4- To perform a full characterisation of the formulated NPs and SLNs. 
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5- To assess the ability of the formulation to protect DSF form degradation in 

horse serum. 

4- To evaluate the anticancer activity of the formulations in vitro using MTT 

cytotoxicity assay.  

This study met its aims and objectives, and in support of the hypothesis that developed 

PEGylated NPs/SLNs can maintain long circulation and provide protection of the DSF 

to enhance cancer-targeting compared to the conventional chemotherapy. Also, 

improve the stability for DSF in horse serum. For the first time, this study has 

established methods to determine DSF encapsulation efficiency and stability of DSF 

in horse serum.  

 
 

1.6 Hypothesis 

The PEGylated PLGA NPs and PEGylated SLNs will be able to provide protection and 

long-circulating nano-carrier of DSF. This will enhance cancer targeting and improve 

drug disposition compared to conventional chemotherapy. 
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2.1 Materials 

2.1.1 Chemicals 

2.1.1.1 Reagent grades 

Tetraethylthiuram disulfide or disulfiram (DSF) (97% pure), poly (D,L-lactide-co-

glycolide acid) (PLGA) 50/50 lactide/glycolide polymer (MW 19,000 Da), Poly (ethylene 

glycol) (PEG2k) methyl ether-block-poly (lactide-co-glycolide) polymer (MW 11,500 

Da), Tween 80 and Dimethyl sulfoxide (DMSO) (99.7%) were purchased from Acros 

Organics, UK. Diethyldithiocarbamate-copper (DDC-Cu) (97% pure) was purchased 

from China. Polycaprolactone (PCL) polymer (molecular weight, 70,000 g/mol) was 

purchased from Corbiob purac. Hydrogenated Phosphatidylcholine from Soybean 

(HPCS), purchased from LIPOID GMBH. Poloxamer 188 was purchased from SIGMA, 

UK. Sucrose, Dialysis tubing (3500 MWCO), Acetone, Methanol, Ethanol, 

Dichloromethane (DCM), Methanol (HPLC grade) and purewater (HPLC grade) were 

obtained from Fisher Scientific UK. Horse Serum was purchased from gibco, New 

Zealand. Compritol 888 ATO (Glycerol Dibehenate), Precirol ATO-5 (Glycerol 

Distearate-Type I) were purchased from GATTEFOSSE (UK) LTD. 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[Maleimide(polyethylene glycol)-2000] (DSPE-

PEG2000) was purchased from SIGMA, UK. All other reagents were of pharmaceutical 

grade and used as received. 

2.1.1.2 Cell culture reagents 

MDA-MB 231, MDA-MB 231 paclitaxel (PTX) resistance (10 nM), and MCF-7 cell lines 

were generously provided by Prof. W. Wang (The University of Wolverhampton, 

Wolverhampton, UK). Growth media for cell culture, Dulbecco’s Modified Eagle’s 

Medium (DMEM), high glucose (stored at 4 oC), fatal bovine serum (FBS) heat-inactive, 

100 units/ml of penicillin and 100 ug/ml of streptomycin solution with Trypsin 
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Ethylenediamine-tetraacetic acid 0.25% (EDTA) were purchased from GibcoTM (Fisher 

Scientific, UK) and stored at -20 oC.  3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide (MTT) was purchased from SIGMA, UK and stored at 4 oC. 

Phosphate-buffered Saline (PBS) was obtained from Fisher Scientific UK. PBS 10x 

(10 ml) in sterile water (90 ml) was subsequently autoclaved and stored at room 

temperature. Sterilised EasyFlasks with polystyrene filter cap (25 and 75 cm2), 96-well 

cell culture plate (flat-bottomed) and sterile petri dishes were purchased from Fisher 

Scientific, UK. All other reagents were of pharmaceutical grade and used as received. 

2.2 Methods 

2.2.1 Direct-nanoprecipitation method 

Two different sets of formulations of (1) PLGA (blank), disulfiram (DSF)-loaded PLGA 

and DSF-loaded PLGA PEGylated nanoparticles (NPs), and (2) solid lipid 

nanoparticles (SLNs) (blank) and DSF SLNs were prepared by the direct 

nanoprecipitation (D-Nano-Pr) method as shown in Figure 2.1. 

2.2.1.1 Preparation of non-PEGlated and PEGylated disulfiram-loaded poly lactide-

co-glycolide acid nanoparticles by direct nanoprecipitation method 

Set (1) NPs were prepared in different organic solvents (acetone and 

acetone/methanol) and volume (3 and 6ml) using D-Nano-Pr method, Figure 2.1. Table 

2.1 shows the mixed ratios of five different loaded PLGA NPs formulations (DNP1-5), 

including the blank (DNP1E-5E) NPs. The ratio 1:9 between drug and polymer or 

phospholipid material was selected purposely to investigate the effect of DSF at a 

lower ratio. As part of the method development using a low ratio of the active ingredient 

such as DSF worked out the best in this study. In the method development, the 1:9 

ratio of DSF to polymer/phospholipid achieved satisfactory results in the determination 
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of percentage encapsulation efficiency, and stability experiments. The 1:9 ratio of DSF 

to polymer/phospholipid was used in all formations of NPs and SLNs. 

Table 2.1. Different formulation ratios of disulfiram (DSF) loaded PLGA with polycaprolactone (PCL), and 
PEGylated nanoparticles were manufactured by direct nanoprecipitation (D-Nano-Pr) method. 

Ingredient 
(ratio) 

 
Formulation* 

PLGA PCL 
mPEG2k-

PLGA 
DSPE 

PEG2k 
DSF Total 

DNP1E 10 - - - - 10 

DNP1 9 - - - 1 10 

DNP2E 9.5 - 0.5 - - 10 

DNP2 8.5 - 0.5 - 1 10 

DNP3E 9.5 - - 0.5 - 10 

DNP3 8.5 - - 0.5 1 10 

DNP4E 4.5 4.5 0.5 - - 10 

DNP4 4.25 4.25 0.5 - 1 10 

DNP5E 5 5 - - - 10 

DNP5 4.5 4.5 - - 1 10 

*DNP represents nanoparticles (NPs) of different formulations prepared by direct nanoprecipitation (D-Nano-Pr) 
method. E denotes the empty NPs of different formulations. 

 

The ratio used between DSF to polymer/phospholipid material was the 1:9 in a total 

weight of 300 mg. The polymers (270 mg) and drug (DSF, 30 mg) were dissolved in 6 

ml of acetone and methanol in a ratio 3:1(organic phase), respectively. In a fume-hood, 

the glass vials were heated in a water bath at 60 oC with continuous stirring at 200 rpm 

for three minutes to dissolve the polymers and drug. Five labelled conical flasks 

(DNP1-5 or DNP1E-5E) containing 24 ml ultrapure water (aqueous phase) were placed 

on a magnetic stirring plate at 60 oC to maintain the isothermal temperature with the 

organic phase. The organic phase of DNP1-5 or DNP1E-5Ewas added dropwise using 

a syringe (10 ml) and a needle (18G) into the aqueous phase under continuous stirring 

at 350 rpm for five minutes (Figure 2.1). The resulting suspension containing nano-

formulated DSF-loaded PLGA (non-PEGylated) and PEGylated NPs were placed 

under the fume-hood to stir continuously for five hour to allow the organic solvents to 



65 

 

evaporate. A sample of 0.5 ml was taken from the aqueous suspensions to measure 

particle size, polydispersity index (PDI) and zeta potential. The aqueous suspensions 

were centrifuged at 11,952 g for 5 minutes. DSF NPs pellets were resuspended in 2 

mL sucrose (1%) for lyophilization. The blanks were manufactured using similar steps 

as described above. All formulations were repeated three times. 

 

 

Figure 2.1. Formulations of blanks, DSF-loaded PLGA and PEGylated nanoparticles (NPs) were prepared 
by using the D-Nano-Pr method. 

 

2.2.1.2 Preparation of disulfiram-loaded solid lipid nanoparticles by direct 

nanoprecipitation method 

Set 2, DSN1 and DSN1E were prepared using the D-Nano-Pr method followed by the 

hot homogenisation technique (Figure 2.2). Table 2.2 shows adjustable mixed ratios 

between DSF and phospholipids (1:9). The DSF and phospholipids were dissolved in 

6 mL acetone (lipid phase). The aqueous phase consists of 54 ml of ultra-pure water. 

The lipid and aqueous phase were immersed in a hot water bath (80 oC). At isothermal 

temperature (80 oC), the lipid phase was added dropwise into the aqueous phase using 

a syringe (10 mL) and a needle (18G). Simultaneously, the dropwise lipid phase and 
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aqueous phase mixture were homogenised at 20,000 energy force, for 10 minutes 

using a T18 ULTRA-TURRAX (IKA®) homogenizer (Figure 2.2). 

Table 2. 2. Formulation ratios of disulfiram (DSF) loaded solid lipid nanoparticles manufactured by direct 
nanoprecipitation (D-Nano-Pr) method using high-speed homogenization technique. 

Ingredient 
(ratio) 

 
Formulation* 

Preciprol Compritol 
Hydrogenated 

Phosphatidylcholine from 
soybean (HPCS) 

DSF Total 

DSN1E 6.5 2.5 1 - 10 

DSN1 5.5 2.5 1 1 10 

*DSN represents solid lipid nanoparticles (SLNs) formulations prepared by direct nanoprecipitation (D-Nano-Pr) 
method using high speed homogenization technique. E denotes the empty SLNs formulation. 

Figure 2.2. Formulations of solid lipid nanoparticles (DSNs) were prepared under hot homogenisation by using the 

D-Nano-Pr method. 

The resulting product of DSN1 and DSN1E SLNs were placed on a magnetic stirrer in 

a fume-hood to continuously stir at 350 rpm for five hour to allow acetone evaporation 

from the aqueous suspension solution. A sample of 0.5 ml was taken for 

characterization, as described in section 2.2.3. The aqueous suspension was 

centrifuged at 11,952 g for 5 min (1x) and pellets re-suspended in 2 mL sucrose (1%) 

ready for lyophilisation. All formulations were repeated three times. 
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2.2.2 Single emulsion/solvent evaporation method 

The formulations of two different sets (1) blank and DSF-loaded PLGA NPs, and (2) 

blanks (DPS1E, DSN1E and PEGylated DSN1aE/DSN1bE) NPs/SLNs, DSF-loaded 

DPS1, DSN1 and PEGylated DSN1a/DSN1b NPs/SLNs were prepared by single 

emulsion/solvent evaporation (SE) method. Particle sizes were reduced using two 

different techniques; probe sonication (PS) and high-pressure homogenisation (HPH). 

2.2.2.1 Preparation of disulfiram-loaded poly lactide-co-glycolide acid nanoparticles 

by single emulsion/solvent evaporation method 

Set (1) formulations of NPs were prepared by SE method, and particle size reduction 

was performed by PS technique for two different periods (to investigate the sonication 

time between 5 and 8 minutes) (Figure 2.3). Set (2) NPs formulations were prepared 

by using the SE method and particle sizes were reduced by the PS (Figure 2.3) or HPH 

(Figure 2.4) techniques. Set (3) SLNs formulations were prepared by the SE method 

and particle sizes were reduced using the HPH technique (Figure 2.4).    
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Figure 2.3. Formulations of blanks and DSF-loaded PLGA nanoparticles (NPs) were prepared by single 

emulsion/solvent evaporation (SE) method, and probe sonication (PS) technique was used to reduce particle size. 

 

Set (1) formulations as described in Table 2.3, DPS1 and DPS1E, with a drug to 

polymer ratio 1:9, were prepared using oil-in-water (O/W) single emulsion/solvent 

evaporation (SE) method (Najlah, et al., 2017a). Size of the resulting particles was 

further reduced using PS technique (Figure 2.3). The labelled glass vials were used to 

weigh out 30 mg of DSF, and 270 mg of the PLGA were all dissolved in 6 mL 

dichloromethane (DCM) (organic phase). The aqueous phase consists of 54 mL of 

ultrapure water containing 100 mg of polyvinyl alcohol (PVA) as a surfactant. The 

organic phase was heated at 60 oC at a speed of 350 rpm on a magnetic stirring plate 

to dissolve the polymers and drug. The organic phase was added dropwise to the 

aqueous phase (Figure 2.3). The resulting formulations were left under fume cupboard 

for five hours of continuous stirring at 350 rpm to allow organic solvent evaporation. 

Manufactured samples were subjected to particle size reduction by using the PS 

technique (section 2.2.2.2) or HPH technique (section 2.2.2.4). 

Table 2.3. Formulation ratios of disulfiram (DSF) loaded solid lipid nanoparticles manufactured by using 
the single emulsion/solvent evaporation (SE) method. 

Ingredient 
(ratio) 

 
Formulation* 

PLGA DSF Total 

DPS1E  10 - 10 

DPS1 9 1 10 

*DPS represent nanoparticles (NPs) formulations prepared by single emulsion/solvent evaporation (SE) method then 
particle sizes were reduced using the probe sonication (PS) and high-pressure homogenization techniques. E denotes 
the empty SLN formulation. 
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2.2.2.2 Particle size reduction by probe sonication 

The NPs/SLNs particulates prepared by using the SE method were subjected to 

particle size reduction by PS technique or HPH technique, as shown in Figure 2.3 and 

2.4, respectively. After been immersed in ice, NPs/SLNs samples were subject to PS 

(trace of titanium residue after sonication) for 5 min; in a 1-min-on-and-1-min-off cycle. 

A 0.5 ml of sample was taken from aqueous suspensions for characterizations as 

described in section 2.2.3. The aqueous suspensions were centrifuged three times at 

11,952 for 5 minutes to wash PVA surfactant (or Poloxamer 188 in case of SLNs). NPs 

and SLNs pellets were re-suspended in 2 mL sucrose (1%) and ready for lyophilisation. 

All formulations were repeated three times. 

 

Figure 2.4. Formulations of blanks and DSF-loaded PLGA nanoparticles (NPs) were prepared by single 
emulsion/solvent evaporation (SE) method, and particle size reduction using high-pressure 
homogenisation (HPH) technique. 

 

2.2.2.3 Preparation of disulfiram-loaded solid lipid nanoparticles by single 

emulsion/solvent evaporation method 

Set 2, formulations of DSL1E/DSL1 SLNs and DSL2E/DSL2 SLNs nano-carrier 

systems were prepared by the SE method, as described in section 2.2.2.1 using 

adjustable ratios, as shown in Table 2.4. The particle size is reduced by the PS 

technique and HPH technique, respectively.  
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Table 2. 4. Formulation ratios of disulfiram (DSF) loaded solid lipid nanoparticles manufactured by single 
emulsion/solvent evaporation (SE) using high-speed homogenization technique. 

Ingredient 
(ratio) 

 
Formulation* 

PLGA DSF Total 

DSL1E  10 - 10 

DSL1 9 1 10 

*DSL represents solid lipid nanoparticles (SLNs) formulations prepared by single emulsion/solvent evaporation (SE) 
method then particle sizes were reduced using probe sonication (PS) and high-pressure homogenization techniques. 
E denotes the empty SLN formulation. 
 

Total weight of 300 mg was used to calculate the right amount of phospholipids and 

DSF. Phospholipids and DSF were dissolved in acetone (lipid phase). The aqueous 

phase has 5% Poloxamer 188 (surfactant) in 54 ml of ultrapure water (Figure 2.3).  

 The manufactured SLNs milky emulsions were placed in a fume-hood to cool for two 

hours. Samples were then stored overnight at 4 oC for next day ready for particle size 

reduction by the PS technique (as in section 2.2.2.2) or HPH technique(see section 

2.2.2.4) as shown in Figure 2.4. All formulations were repeated three times. 

2.2.2.4 Particle size reduction using high-pressure homogenization 

Particle sizes of milky emulsions of blanks (NPs/SLNs), DSF loaded NPs/SLNs, and 

PEGylated NPs/SLNs were subjected to four cycles using the HPH (Deebee Nano, 

USA) technique (Figure 2.4). Particles were forced through a 0.2 mm narrow passage 

of seven reactors at 20,000-psi. Thereafter, nano-emulsions were placed on a 

magnetic stirring plate at 350 rpm in a fume-hood to stir for five hour for the organic 

solvents to evaporate. A sample of the resulting aqueous suspension (0.5 ml) was 

taken for characterizations of particle size and zeta potential, as described in sections 

2.2.3.2 and 2.2.3.3, respectively. The aqueous suspension was centrifuged and 

washed with pure water three times as described in section 2.2.2.2. NPs and SLNs 

pellets were re-suspended in sucrose (1%) and ready for lyophilization. All formulations 

were repeated 3 times. 
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2.2.2.5 Preparation of disulfiram-loaded PEGylated solid lipid nanoparticles by single 

emulsion/solvent evaporation method 

Set (3) formulations of blank mPEG2k-PLGA (DSL1aE) SLNs, DSF-loaded mPEG2k-

PLGA (DSL1a) SLNs, PEG-DSPE blank (DSL1bE) SLNs and DSF-loaded PEG-DSPE 

(DSL1b) SLNs (Table 2.5) were prepared by SE method as described in section 

2.2.2.2. Particle size in milky emulsions was reduced by the HPH technique (see Figure 

2.4). 

Table 2.5. Different formulation ratios of disulfiram (DSF) PEGylated loaded solid lipid nanoparticles 
(SLNs) manufactured by single emulsion/solvent evaporation (SE) method. 

Ingredient 
(ratio) 

 
Formulation* 

Preciprol Compritol HPCS 
mPEG2k-
PLGA 

PEG2k-
DSPE 

DSF Total 

DSL1aE 6.5 2.5 1 - - - 10 

DSL1a 5 2.5 1 0.5 - 1 10 

DSL1bE 6.5 2.5 1 - - - 10 

DSL1b 5 2.5 1 - 0.5 1 10 

*DSL(a & b) represents PEGylated solid lipid nanoparticles (PEG-SLNs) formulations prepared by single 
emulsion/solvent evaporation (SE) method, then particle sizes were reduced using probe sonication (PS) and high-
pressure homogenization techniques. E denotes the empty SLN formulation. 

 

2.2.3 Characterizations of nanoparticles and solid lipid nanoparticles 

2.2.3.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) images of PLGA and PEGylated PLGA NPs 

freeze-dried samples were obtained through the Zeiss Evo50 electron microscope 

(Oxford instrument, UK). A small amount (approximately 10mg) of the freeze-dried 

powder was suspended in 1 ml purified water. Drops of the suspension were placed 

on the SEM disc and left to dry for under the fume cupboard for few hours. Before the 

images were taken, sample suspension surfaces were sputter-coated with gold. An 

accelerating voltage of 30 kV with the low-vacuum mode of the electron microscope 

was used to obtain fine SEM images. 
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2.2.3.2 Measurement of particle size and polydispersity index by zeta sizer 

The particle size and polydispersity index (PDI) measurements of NPs and SLNs 

(including blanks) formulations were performed by applying Photon Correlation 

Spectrometry using the zeta sizer Nano series (Malvern Instruments Ltd, Malvern, 

UK.). With a single channel pipette, 10 µL of the aqueous suspension of each 

formulation was diluted in 990 µL ultrapure water. The zeta sizer software was used to 

determine the intensity percentage peak of particle size (Figure 2.5) and PDI by taken 

three readings for each measurement. The mean ± SD values obtained for the particle 

size and PDI were reported from three different experiments. 

 

Figure 2.5. A representative diagram used to demonstrate the DSF NP particle size measurement by the 
zeta sizer software. 

 

2.2.3.3 Zeta potential 

Zeta potential measurements of NPs/SLNs and blanks were performed using Zeta 

sizer Nano series (Malvern Instruments Ltd, Malvern, UK.). A volume of 200 µL of 

samples in aqueous suspension of each formulation was added in 800-µL ultrapure 

water. The zeta potential measurement was taken after extracting 700 µL in a capillary 
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cell (Figure 2.6). The mean ± SD values of zeta potential were obtained from three 

different experiments. 

 

 

Figure 2.6. A representative diagram demonstrates the DSF-loaded NP zeta potential peak measured by 

using the zeta sizer software. 

 

2.2.3.4 Freeze-drying 

NPs/SLNs and blank pellets were re-suspended in a plastic tube (50 ml) containing 2 

ml of 1% sucrose solution. The tube was sealed with a parafilm, and then the parafilm 

sealing was pierced with a needle, to allow lyophilization. Aqueous suspensions of 

NPs/SLNs were preconditioned to freeze in -21.0 oC ± 0.5 oC for two hours. The frozen 

NPs/SLNs were placed in -80.0 oC ± 0.1 oC overnight. The frozen NPs/SLNs were 

freeze-dried (LYOTAP, LTE Scientific LTD. UK) for 72 hours at -50 ± 1oC with a 

pressure 0.05 ± 0.04 millibar. Samples were stored at 4 oC to maintain the optimum 

condition and are ready for further characterization. 

2.2.3.5 Differential scanning calorimetry 

The thermal analysis of freeze-dried NPs/SLNs and blank formulations and standards 

were performed using DSC. Freeze-dried samples and standards were weighed (3-5 

mg) and added to spread the surface area of the aluminium pan. The aluminium pan 

was sealed using a manual hydraulic press, and the lid was pierced. Both sample and 
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reference (empty) aluminium pans were placed in the thermal chamber of the DSC. 

Samples were heated from room temperature to 350 oC (this range of temperature was 

selected due to PLGA having a higher melting point) at a rate of 10o/min under an 

atmosphere of nitrogen at a flow rate of 40 ml/min.  

2.2.3.6 Fourier transform infrared spectroscopy 

FTIR analysis was performed on NPs/SLNs (including empty NPs and SLNs) and 

standards using a Nicolet IS5, FTIR (FTIR, Thermo Scientific, UK). A small amount of 

each lyophilized samples and standards powder was placed on the diamond-tipped 

surface for scanning spectral at 7800-350 cm-1. Each sample was measured up to 16 

scans and saved in transmission mode at room temperature.  

2.2.3.7 High-performance liquid chromatography 

  DSF was analysed using the Ultimate High-Performance Liquid Chromatography 

(UHPLC) (Dionex Ultimate 3000, Thermo Scientific, Germany). Methods were followed 

as reported by Najlah et al 2017; the UHPLC system equipped with a BetaBasic C-18 

4.6 x 150 mm (reverse phase column) of 5-µM particle size. The mobile phase 

consisted of water-methanol HPLC grade in a ratio 20:80. The injection volume and 

flow rate used was 20µl and 1.0 mL/min, respectively. The UV detection wavelength 

of DSF was set at 275 nm. The standard range of detection for the method was from 

0.2 mg/L to 20 mg/L. NPs and SLNs formulations data were collected, DSF 

concentrations were extrapolated using standard calibration curves.  

2.2.3.8 Calibration curve of disulfiram using high-performance liquid chromatography 

method 

A stock solution was prepared by dissolving 5 mg of DSF standard (free drug) in 5 ml 

Methanol (1mg/ml). Several dilutions of DSF were prepared using equation 1 from 0.2 

mg/L to 20 mg/L. 
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𝐶1 𝑋 𝑉1 = 𝐶2 𝑋 𝑉2                                                                                                 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

C1 = Initial concentration  

V1 = Initial volume  

C2 = Final concentration  

V2 = Final volume  

DSF calibration standards were carried out as described in section 2.2.3.7 with the 

calibration curve plotted after the absorbance values obtained, and the R2 including 

the calibration curve equation was obtained from the graph (Figure 2.7). DSF 

demonstrated a retention time of 3.865 minutes, as shown in Figure 2.8. The 

calibration standards were repeated three times.   
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Figure 2.7.The DSF calibration curve indicates the extrapolated equation, mean ± SD (3). 

 

 

 

Figure 2.8.The DSF peak demonstrates a retention time of 3.865 minutes ± 0.3. 
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2.2.3.9 Percentage encapsulation efficiency 

The percentage encapsulation efficiency of DSF was determined for each formulation. 

Samples (10 mg) were added in an Eppendorf tube (1.5 ml) containing 1 mL ice-cold 

methanol (Methanol-placed at -20 oC for three minutes). Un-encapsulated DSF can 

freely dissolve in ice-cold methanol. To ensure complete wash samples in ice-cold 

methanol were agitated gently for 10 seconds and centrifuged at 11,952 g for 1 min 

using ultracentrifuge (Sorvall MTX 150 Bench Micro-Ultracentrifuge, USA). A volume 

of 50 µL from the supernatant was added in 950 µL methanol, and DSF was analyzed 

by HPLC method. Pellets were crushed in 1000 µL DCM and vortexed for 1 min to 

calculate the amount of encapsulated DSF. Therefore, 50 µL of the supernatant was 

added into 950 µL methanol, and the resulting solution was analyzed. The total amount 

of the drug content was confirmed by dissolving 10 mg of the formulation in 1 ml DCM; 

the resulting solution was vigorously vortexed for 1 min. A volume of 50 µL from the 

solution was added in 950 µL methanol was analyzed by the HPLC method. The data 

were collected, and DSF concentration was extrapolated using the DSF standard 

calibration curve.  Percentage encapsulation of NPs/SLNs was calculated using the 

following equation. 

% 𝐸𝐸 (
𝑇ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 − 𝑡ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑑𝑟𝑢𝑔

 𝑇ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔
) 100%                             𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 

2.2.3.10 Cumulative release studies 

The freeze-dried NPs/SLNs were weighed (10 mg) and re-suspended in a dialysis 

membrane containing 3.0 mL phosphate buffer saline (PBS) (10x with pH 7.4) solution 

with 1% Tween80.The PBS solution was prepared by pipetting 100 mL PBS 10x stuck 

solution in less than 900 mL ultrapure water (1% Tween80 was calculated using the 

total volume). The dialysis membrane was immersed in a dissolution solution of 22 mL 

PBS with 1% Tween80. The samples were incubated at 37 oC in a shaking water bath 
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with a speed of 100 rpm-control, shaking stroke. At different time intervals of 4 min, 10 

min, 20 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and 24 h, 300 µL of the dissolution was 

taken and added into 300 µL methanol and ready to be analyzed by the HPLC method. 

After each aliquot, 300 µL of the fresh PBS with 1% Tween80 was added to the release 

medium. The data were collected, and DSF concentration was extrapolated using the 

DSF standard calibration curve. 

2.2.3.11 Calculation of encapsulated disulfiram cumulative release 

The cumulative release of DSF-loaded NPs incubated in physiological pH 7.4 of PBS 

was determined using the HPLC method described earlier in section 2.2.3.10. Also, as 

described in section 2.2.3.8, the equation extrapolated from the DSF calibration curve 

was employed to calculate the amount of DSF release in the PBS. At different time 

interval, the cumulative percentages of DSF were calculated using the release amount 

of DSF in the dialysis bag divided by the percentage encapsulated efficiency of DSF 

content after separating the DSF bounded at the NPs surface in methanol multiplied 

by hundred. 

2.2.4 Stability of disulfiram in horse serum 

2.2.4.1 Stability of free disulfiram in horse serum 

The stock solution of DSF standard was prepared by dissolving 5 mg of free DSF in 

2.5 mL DMSO (2 mg/mL). From the stock solution, 25 µL was pipetted in 975 µL of 

ethanol (0.05 mg/mL in ethanol of 2.5% DMSO). The solution was vortex for 1 minute. 

50 µL of this solution was poured into the HPLC vial of 550 µL ethanol ready for UHPLC 

analysis.  

The same stock (2 mg/mL in DMSO) was used to pipette 25 µL in 975 µL of horse 

serum (0.05 mg/ml, 2.5% DMSO) and then incubated at 37 oC for 100 rpm-control, 
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shaking stroke. At specific time intervals, 50 µL was added in an Eppendorf tube of 

550 µL ethanol (to stop the reaction between DSF and the horse serum). After 60 s of 

vortexing, the mixture solution of the denatured plasma protein and the free DSF were 

separated through centrifugation at 11,952 g for 5 min by using the ultracentrifuge 

(Sorvall MTX 150 Bench Micro-Ultracentrifuge, USA). The supernatant was collected 

in HPLC vial to detect DSF content by the HPLC.  

2.2.4.2 Stability of encapsulated disulfiram in horse serum 

The full content of DSF in the formulations was determined by crushing 5 mg of DSF-

loaded NPs/SLNs in 50 µL DCM vortex for 60 seconds (here DCM was used for 

crushing open NPS/SLNs and released encapsulated DSF), and 4.950 ml ethanol 

(theoretically, this is equivalent to 0.1 mg DSF per ml). A volume of 30 µL was added 

in 570 µL ethanol (EtOH) (theoretically, this is equivalent to 0.005 mg DSF per ml) 

HPLC vial. The solution was vortex for 60 s and ready for HPLC analysis. The stability 

of encapsulated DSF from NPs/SLNs in horse serum media was determined at 

different time intervals. A weight of 5 mg from each formulation of DSF NPs/SLNs was 

weighed in 5 mL horse serum. Samples were incubated at 37 oC for 100 rpm. At 

specific time intervals, 30 µL of the mixture was poured in 50 µL of ethanol and 

vortexed for 60 seconds. Ethanol was introduced to stop DSF degradation by 

denaturing the protein plasma in horse serum. Immediately after vortexing 50 µL, DCM 

was added to crush NPs and release the drug and then vortex for 60 s. To maintain a 

similar concentration to the (0.005 mg/mL), 470 µL ethanol was added and then vortex 

for 60 s. The mixture solution was spun at 10,000 (G) force for 5 min by ultracentrifuge 

to separate the denatured plasma protein and dissolved the release DSF in ethanol. 

The supernatant was collected and analyzed by the HPLC.  
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2.2.5 Maintenance of human adenocarcinoma breast cancer cell lines 

2.2.5.1 Cell culture of human adenocarcinoma breast cancer cell lines 

The cancer cells were cultured in a sterile class II microbiological safety cabinet 

(Thermo Fisher Scientific, UK). The monolayer cell cultures were grown at 37 oC 

humidified environment containing 5% carbon dioxide (CO2). MDA-MB-231, MDA-MB 

231PTX10 (resistant to paclitaxel (PTX), 10 nM) and MCF 7 cancer cell lines were 

sustained in Dulbecco’s modified Eagles’ medium (DMEM) supplemented with 10% 

FBS, 100 units/ml of penicillin and 100 µg/ml of streptomycin. Incubated cell tissue 

cultures in T75 flasks were checked regularly under the microscope at approximately 

4-5 times a week for changes in the colour of the growth media and cell density. Cell 

tissue cultures were sub-cultured when more than 70% confluent. Cells were sub-

cultured by trypsinization, and 1 ml of re-suspended cell pellet was then added to the 

T75 flasks consisting 8-10 ml growth media and grown again at 37 oC humidified 

environment containing 5% carbon dioxide (CO2). 

2.2.5.2 Cell passaging 

At 70-90% confluence, cell cultures were passaged as required for maintenance, 

growth rates and percentage cell viability experiments. Cells were harvested after 

removing the media, rinsed with 5 ml PBS, and 0.4 ml of trypsin-EDTA (0.25%) was 

added to detached adherent cells for 3 minutes at 37 oC humidified environment 

containing 5% carbon dioxide (CO2). Cells in T75 flasks were gently tapped and 

checked under the microscope for detachment. Trypsin was neutralized by adding 5 

ml pre-warmed (37 oC) growth media (DMEM) and cell suspension centrifuged at 1006 

g for three minutes. Supernatant discarded and the cell pellet resuspended in 5 ml 

growth media (DMEM). Cells were counted and seeded in a flat-bottomed 96-well 

culture plate, with an appropriate density in pre-warmed (37 oC) growth media (DMEM).  
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2.2.5.3 Cell counting 

At 70-90% confluence, the number of viable cells per ml solution was determined by 

manually counting viable cells using the chambers of a haemocytometer (Neubauer, 

Germany). The haemocytometer was cleaned with isopropanol and distilled water. The 

cover-slip was placed in a fix position on one chamber of the haemocytometer. 

Harvested cells were suspended in growth media (DMEM), and 10 µL of the cells were 

aspirated on to the chamber. Cells were counted using an inverted microscope 

(magnifying lens 10x) objective and phase contrast to distinguish between the viable 

and dead cells. The four large central gridded square (1 mm2) chambers containing 

cells were counted with the average mean multiply by 104 to determine the actual 

number of viable cells per ml. The number of cells per ml was adjusted by fresh growth 

media (DMEM) as required per each experiment.  

2.2.5.4 Freezing viable cells for cryogenic storage 

For each passage, cells were harvested at above 90% confluence. Cells were 

trypsinised and centrifuged at 1006 g for 3 minutes. The supernatant containing 

trypsin-EDTA and DMEM solution discarded in an appropriate waste container, while 

the remaining cell pellet was re-suspended in PBS (10 ml). The resuspended cell pellet 

was centrifuged at 1006 g for 3 minutes. The supernatant was discarded, while the 

remaining cell pellet re-suspended in freezing medium of mixed fetal calf serum (90%) 

and DMSO (10%) then stored at -150 oC until use. Cryovials 1 ml (Thermo Fisher 

Scientific, UK) was used to aliquot cells re-suspended in a freezing medium. Cryovials 

containing cancer cells were initially stored at -80 oC for 3 hours. Frozen cells in 

cryovials were transferred to storage in a freezer (-150 oC). 
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2.2.5.5 Cell thawing 

Frozen cell suspensions were carefully selected from the manual logbook, then 

removed from storage in -150 oC freezer and thawed using pre-warmed (37 oC) growth 

media (DMEM). After thawing, the cell suspension was centrifuged at 1006 g for three 

minutes. The supernatant containing DMSO and calf serum was discarded. The cell 

pellet was re-suspended in T75 cell culture flasks consisting of pre-warmed (37 oC) 

growth media (DMEM), and incubated at 37 oC humidified environment containing 5% 

carbon dioxide (CO2). 

2.2.6 Characterizing growth of human adenocarcinoma breast cancer cell lines 

2.2.6.1 Optimizing seeding densities 

Growth curve analysis was conducted for the following cell lines, MDA-MB-231, MDA-

MB-231PTX10, and MCF 7 to determine the growth rates and select the most appropriate 

seeding density. Cells were harvested above 70-90% confluent, trypsinised, and viable 

cells were counted. Cell suspensions were diluted to obtain different densities of 103, 

104 and 105 cell/well in 96 well plates (flat bottomed). Cells were incubated for 24 h, 48 

h, 72 h, 96 h, and 120 h, at each time 20 µL of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) solution (5mg MTT dissolved per ml of PBS) was 

added to each well, wrapped with aluminium foil, and then incubated at 37 oC. Viable 

cells were able to reduce the MTT to a water-insoluble blue-coloured salt known as 

formazan after four hours of treatments. MTT solution (in growth media) was removed 

gently, and DMSO (100 ml) was added and incubated at 37 oC for 30 min. The multi-

plate reader was used to obtain the absorbance values of each well by 

spectrophotometer at a wavelength of 540 nm. The readings were tabulated, and the 

growth curves plotted (Figure 2.9-2.11) to determine the appropriate seeding density 

before cytotoxicity studies.  
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Figure 2.9. Growth curves of the three cell lines at seeding density103 cells/well mean ± SD (3). 

 

 

 

 

 

 

 

 

Figure 2.10. Growth curves of the three cell lines at seeding density 104 cells/well, mean ± SD (3). 

 

 

 

 

 

 

 

 

Figure 2.11. Growth curves of the three cell lines at seeding density 105 cells/well, mean ± SD (3). 

 

2.2.7 Cytotoxicity assay 

2.2.7.1 MTT stock solution 

A stock solution of MTT in PBS was prepared by dissolving 2.5 g of 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide in 500 mL of sterile PBS and 
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this produce a final concentration of 5 mg/mL MTT solution. The MTT solution was 

wrapped in an aluminium foil to prevent direct light exposure and leave to stir on a 

magnetic stirrer for three hrs in a fume-cupboard. In a clean bottle, MTT solution was 

filtered in a dark room, wrapped in an aluminium foil, and then stored at 4 oC ready to 

use for the evaluation of cells growth rates, and the effect of anti-cancer drugs on cell 

viability studies. 

2.2.7.2 MTT assay 

The seeding density of 104 cells/well was considered optimal for all three cell lines; 

MCF 7, MDA-MB-231, and MDA-MB-231PTX10 (figure 2.12). Cell lines were seeded in 

96 well plates, as described in section 2.2.6.2. Seeded cells were incubated overnight 

at 37 oC and then exposed to different concentrations of the freshly prepared 

formulations. The formulations were prepared in serial dilution in growth media 

(DMEM) at six concentrations ranging from 12 nM to 1000 nM. Cells treated with empty 

formulations (blanks) were used as the negative control. Whereas, wells treated with 

DSF standard (free drug) were used as positive controls and cells with DMSO 2.5% in 

DMEM used as carrier control. All media used in MTT were supplemented by 1 µM 

CuCl2. 

Before treatment, growth media was removed, and 200 µL of pre-warmed growth 

media (DMEM of 1 µM CuCl2) at 37 oC containing different concentrations of each 

formulation was added in each well. Cells were incubated at 37 oC for 72 hours. MTT 

solution of 20 µL per well was added to all wells. MTT assay was performed as 

described in section 2.2.6.1. The readings were collected, tabulated to calculate 

percentage viability and the IC50 for each cell line was extrapolated using Excel. The 

IC50 value was calculated from the inhibitor concentrations over the percentage activity 

by inserting the data in a scatter plot using Microsoft Excel. The Y-axis was 
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transformed to the logarithmic scale. The linear equation (y=mx+n) was used from the 

plotted graph to calculate IC50. Experiments were performed in triplicates using 

different formulations and expressed as of the mean ± SD. 

2.3 Statistical analysis 

All mean values obtained from three different experiments were reported as triplicates 

of the mean ± SD. The statistical analysis of the results was conducted to compare two 

groups using paired t-test and one-way analysis of variance (ANOVA) test (GraphPad 

Prism version 5.0 statistics software for windows). Post-hoc was used for comparisons 

of the means through Turkey’s Kramer Significance Difference test. ANOVA was 

carried out for more than two groups of results to compare the significance of the 

difference. The p values < 0.05 were accepted as significant. 
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Chapter 3. Design and Characterizations of Disulfiram-loaded PLGA nanoparticles 
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3.1 Introduction 

The FDA approved biodegradable and biocompatible poly (lactic-co-glycolic acid) 

(PLGA) polymers are commonly used for the fabrication of PLGA nanoparticles (NPs) 

or nano-carrier systems for drug delivery applications (Houchin and Topp, 2008). The 

formulated NPs are prepared using different approaches by using the D-Nano-Pr and 

SE methods (Shieh, et al., 2010). These NPs drug-delivery systems are designed to 

achieve particle sizes in the range between 100-300 nm (Lobatto, et al., 2011; 

Steichen, Caldorera-Moore and Peppas, 2013). For the past decades, readily 

fabricated drug-delivery systems, such as PLGA NPs have shown a great promise in 

the treatment of cancer (Schubert, Delaney Jr and Schubert, 2011).  

3.2 Aims 

This chapter aims to develop efficient methods to optimise DSF-loaded PLGA NPs. 

DSF-loaded PLGA NPs were formulated following different methods, D-Nano-Pr and 

SE methods. The sizes of prepared particles by using the SE method were reduced to 

nano-size particles using either probe sonication (PS) or high-pressure 

homogenization (HPH) techniques.  

 DSF-loaded PLGA NPs were characterised to compare particle size, zeta potential 

and polydispersity index (PDI). The interaction between drug and Polymers were 

investigated using FTIR and DSC. Whereas, encapsulation efficiency and release 

studies of DSF-loaded PLGA NPs were determined by the high-performance liquid 

chromatography (HPLC).  



88 

 

3.3 Experimental Design 

3.3.1 The influence of organic solvent ratio and volume in direct nanoprecipitation 

method 

The D-Nano-Pr method was adapted from Ford, et al., (2015) as described in chapter 

2. Different volumes of acetone and mixed acetone/methanol (3:1) organic solvents 

were used to dissolved DSF and PLGA (1:9) standards. Table 3.1 shows the organic 

solvents with different ratios and volume used to dissolve PLGA and DSF standards. 

Table 3.1. Different weights of PLGA and DSF dissolved in different ratios of organic solvents using 

different volumes prepared by using the direct nanoprecipitation (D-Nano-Pr) method. 

Solvent *Ratio  *Volume (ml) *Volume 2 (ml) *PLGA(mg) *PLGA/DSF(mg) 

Acetone 1 6 - 100 90/10 

Acetone/Methanol 3:1 6 - 100 90/10 

Acetone/Methanol 3:1 - 3 100 90/10 

*PLGA 100 mg was used as blank NPs, while the PLGA/DSF 90/10 mg was used as PLGA-loaded DSF NPs. The 
different ratio of mixed solvents of acetone/methanol (3:1) and acetone in different volumes (3 and 6 ml) was employed 
for the above formulations prepared by direct nanoprecipitation (D-Nano-Pr) method. 

 

The data obtained from the characterization of NPs suggested that the mixed 

acetone/methanol (3:1) organic solvents had superiority over acetone alone in both 6 

ml and 3 ml. Therefore, the two water-miscible solvents, acetone/methanol (3:1) were 

used to manufacture blank and DSF-loaded PLGA NPs. The resulting data after 

characterization was compared between the D-Nano-Pr method and the SE method 

of which particle sizes were reduced by the PS and HPH techniques. 

3.3.2 The influence of poly (vinyl alcohol) molecular weight and sonication time by 

the SE method. 

An oil-in-water (O/W) single emulsion/solvent evaporation (SE) method was adapted 

from Najlah, et al., (2017), to prepare DSF-loaded PLGA NPs as described in Chapter 

2. Three different molecular weights (MW) of poly (vinyl alcohol) (PVA) surfactants as 

described in Table 3.2, were used to manufactured PLGA NPs and to investigate the 
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effect of PVA MW on particle size, PDI, and zeta potential after 5 minutes sonication 

to reduce particle size.  

After selecting the optimal MW of PVA, the next step was to determine the effect of 

sonication time on particle size, PDI and zeta potential between 5 and 8 minutes.  

 

Table 3.2. Different molecular weights (Mw) of poly(vinyl alcohol) (PVA) were added to the PLGA using 
similar weights, then dissolved in dichloromethane (DCM) to be prepared by using the single 
emulsion/solvent evaporation (SE) method. 

 
 

 

 

 
 

 

 

 

 
*Different sonication time was used to compare reduced NPs.   

 

3.3.3 The influence of size reducing technique after the NPs preparation by the SE 

method 

The PVA molecular weight (31-50 KDa) and sonication time (5 minutes) exhibited 

reduced particle size (Figure 3.1), narrow PDI (Figure 3.2), and increased charged 

particle surface (zeta potential) (Figure 3.3). Once the PVA molecular weight surfactant 

and sonication time were established, blanks and DSF-loaded PLGA NPs were 

prepared by using the oil-in-water (O/W) single SE method as described in Chapter 2. 

Total weight of 100 mg between DSF (10 mg) and PLGA (90 mg) in a ratio 1:9 as 

shown in Table 3.3 was weighed and dissolved in 6 mL dichloromethane (DCM) 

(organic phase). The organic phase was added to the aqueous phase containing 24 

mL ultrapure water, which consists of 100 mg PVA using a syringe and needle. The 

milky emulsion microparticles were subjected to PS and HPH techniques, as described 

in Chapter 2.  

 

Poly (vinyl alcohol) (PVA) (KDa) PVA (mg)  PLGA (mg) *Sonication (Time) 

95 100 100 5 

20-30 100 100 5 

31-50 100 100 5 

31-50 100 100 8 
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Table 3.3. Disulfiram (DSF)-loaded PLGA and blank NPs formulations were prepared by the single 
emulsion/solvent evaporation (SE) method. 

Ingredient 
(ratio) 

 
Formulation* 

PLGA DSF Total 

BLANK (PS) 10 - 10 

Probe Sonication (PS) 9 1 10 

BLANK (HPH) 10 - 10 

High-pressure homogenization (HPH) 9 1 10 

*PLGA-loaded DSF and blank NPs formulations were prepared by the single emulsion/solvent evaporation (SE) 
method, then particle sizes were reduced using the probe sonication (PS) and high-pressure homogenization 
techniques.  

 
 

3.4 Results and discussion 

3.4.1 Characterization of DSF-loaded PLGA nanoparticles prepared by the direct 

nanoprecipitation method 

A variety of different delivery strategies have been developed for the manufacturing of 

DSF-based nano-carriers for cancer treatments in pre-clinical research studies such 

as breast cancer (metastatic) (Cvek, B. 2011). The development of DSF-based nano-

carrier systems, with well establish formulation is critical for DSF delivery as an 

anticancer agent for clinical use. In this study, to circumvent DSF poor stability in the 

circulatory system, PLGA nano-carrier systems have been manufactured using the D-

Nano-Pr method by Ford, et al., (2015) and SE method by Najlah, et al., (2017). 

The first phase of this research experiments was to develop efficient methods 

applicable to the production of decrease particle size with good loading efficiency using 

the D-Nano-Pr method (Ford, et al., 2015). The binary mixture of acetone/methanol 

(3:1) or acetone organic solvents used to prepare both the blanks and DSF-loaded 

PLGA NPs by the D-Nano-Pr method achieved a smaller size of NPs.  

As shown in Figure 3.1a, there is a significant variation in particle size of the blank NPs 

prepared in 6 ml acetone, than those manufactured in asimilar volume of 

acetone/methanol (3:1) ratio organic solvents. The blank nanoparticle (NP) prepared 
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in acetone demonstrated asignificantly (p < 0.05) smaller particle size of 226.9 ± 6.26 

nm, than the blank NP prepared in acetone/methanol (3:1) with a particle size of 257.0 

± 17.89 nm. Previous studies have indicated that the use ofthe nanoprecipitation 

method in manufacturing PLGA copolymer typically occurs in methanol. Therefore, the 

interaction parameter for a binary mixture of acetone/methanol is slightly higherfor the 

hydrophobic lactic acid (LA) of the PLGA which diffuses into the binary mixture of 

acetone/methanol (3:1). Besides, when compared to the acetone solvent, the PLGA 

copolymer is more likely to precipitate to form a smaller particle size. A study conducted 

by Fonseca et al., (2002), demonstrated asmaller particle size of the blank PLGA NPs 

prepared in acetone by using the D-Nano-Pr method (also known as the interfacial 

deposition method). Solvent and polymer interaction to produce smaller size lack the 

fundamental explanation as to why the decrease in particle size distribution for blank 

NPs prepared in acetone (aprotic solvent). One of the reasons attributed to the 

decrease particle size prepared in acetone is the organic solvent/aqueous phase ratio. 

Preliminary studies were conducted to compare the differences in particle size of blank 

PLGA NPs preparedin acetone by the D-Nano-Pr method indicated critical of 

theorganic solvent/aqueous phase ratio. In their findings, the blank PLGA NPs of the 

organic solvent/aqueous phase (1:2) ratio demonstrated decrease particle size than 

blank PLGA NPs prepared in organic solvent/aqueous phase (1:1) ratio (Fonseca et 

al., 2002). 

Figure 3.1b showed no significant (p > 0.05) change between DSF-loaded PLGA NP 

with aparticle sizeof 230.8 ± 7.06 nm prepared in 6 ml binary mixture of 

acetone/methanol (3:1) organic solvents, and DSF-loaded PLGA NP prepared in a 

similar volume of acetone solvent with particle size 237.4 ± 3.07 nm. Fasehee et al., 

(2017), prepared DSF/PLGA (1:10) ratio in DMSO to form the diffusing phase, then 

added to the aqueous phase containing PVA (0.5% in water)  by using the 
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nanoprecipitation method produced a smaller particle size of DSF encapsulated PLGA 

NPs. Previous studies have demonstrated the use of PVA in aqueous phase enhances 

drug/polymer interaction to produce smaller particle size, and this might be the reason 

why the increase in particle size of PLGA NPs prepared in aqueous phase without 

PVA. This study is the first to prepare blanks and DSF-loaded PLGA NPs using a 

binary mixture of acetone/methanol (3:1) ratio organic solvents. It has been previously 

demonstrated that maintaining the rate of diffusion between solvent and non-solvent 

volume ratio, including polymer concentration increases particle size. Therefore, the 

higher the rate of diffusion between solvent and non-solvent gives smaller NPs with 

increased drug encapsulation efficiency (Stainmesse et al., 1992). 

However, DSF-loaded PLGA NPs against cancer is the formulation of homogeneous 

particle size used to circumvent the EPR effect around areas of new blood vessel 

growth in cancer cells via passive targetting isone of the biological advantages of 

encapsulated hydrophobic therapeutic drugs (Maeda. H. 2001). A previous study 

demonstrated high polymer/solvent (PLGA/methanol) interaction produced smaller 

particle size withincrease drug encapsulation surface area with and regular distribution 

(Choi et al., 2002). The use of a binary mixture of acetone/methanol (3:1) ratio organic 

solvents improves the production of smaller particle size.The formulation of smaller 

particle size PLGA NPs with high drug encapsulation surface area by D-Nano-Pr 

method deemed inecessaryfor cancer treatment. There are over 20 clinically approved 

NPs therapeutics, and a small number of engineered novel NPs carrier systems are 

also in clinical and pre-clinical development (Zhang et al., 2008).   
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Figure 3.1. Particle sizes of (a) blanks and (b) DSF-loaded PLGA nanoparticles prepared in different 
organic solvents (acetone and acetone/methanol) by the direct nanoprecipitation (D-Nano-Pr) method. 
(Mean ± SD, n=3). 

 

Both blank and DSF-loaded PLGA NPs showed low polydispersity(PDI) (< 0.3), and 

this is irrespective of the binary mixture of acetone/methanol (3:1) organic solvents 

used (Figure 3.2a and b). The NPs prepared in two batches of organic solvents, 

acetone/methanol (3:1) ratio and acetone by the D-Nano-Pr method produces narrow 

PDI. Regardless of the slight changes in the polarity of the organic phase of the binary 

mixture which may not have affected the NPs formulation of narrow PDI. The blank 

PLGA NPsare considered not significant (p > 0.05) between the two batches of organic 

solvents (Figure 3.2a). The DSF-loaded PLGA NP prepared in acetone solvent had 

aconsiderablet effect on PDI compared to DSF-loaded PLGA NPs prepared in a binary 

mixture of acetone/methanol (3:1) ratio organic solvents (Figure 3.2b). This is an 

indication that the blank and encapsulated DSF NPs had homogeneous NPs 

suspensions. As part of the method development, D-Nano-Pr method used in this 

study improves the spontaneous and reproducibility of NPs below 300 nm and low 

PDIs. The NPs produced in this study showed a slight difference in terms of particle 

sizes and PDIs from the published results. Therefore, this isdue to the various 

parameters (such as polymer/drug concentration and types of solvent) used during the 

NPs preparation in organic solvent/aqueous phase volume ratios.     
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Figure 3.2. Polydispersity index of (a) blank and (b) DSF-loaded PLGA nanoparticles manufactured in 

different organic solvents of acetone/methanol and acetone by using the D-Nano-Pr method. (Mean ± SD, 
n=3). 

 

Figure 3.3a and b demonstrated increased zeta potential values of both blank and 

DSF-loaded PLGA NPs. Regardless of drug loading or solvent ratios, no significant (p 

> 0.05) changes in zeta potential values among all NPs (Figure 3.3a and b).To the two 

batches of organic solvents (acetone/methanol, 3:1 ratio, and acetone) the results 

suggested no effect over the PLGA copolymer (50:50, LA/GA ratio) on the surface 

charge as high values of zeta potential obtained. A previous study demonstrated that 

PLGA copolymers with different monomers of LA and GA are critical of increased 

particle size and surface charge NPs (Stolnik et al., 1994). Also, in this study, the 

absence of surfactant in the preparation of NPs by the D-Nano-Pr method exhibited 

similar high values surface charge NPs. It is often known that the preparation of NPs 

using surfactants in the aqueous phase by the D-Nano-Pr method tends to interact 

with NPs surfaces by causing decrease surface charge (Stolnik et al., 1994; Muller, 

RH 1993). Sahin et al., 2017, prepared PLGA NPs in acetone solvent with PVA, 

demonstrated increased particle size, and decreased zeta potential values. This is due 

to PVA interaction with the PLGA in the organic phase.  
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Figure 3.3. Zeta potential of (a) blank and (b) DSF-loaded PLGA nanoparticles prepared by using the D-
Nano-Pr method was employed to compare the effect of organic solvents between acetone/methanol and 
acetone during formulations. (Mean ± SD, n=3). 

 

The choice of using suitable organic solvents might be vital in the determination of 

small particle size. However, there was no difference between the two baches of 

solvent ratios in this study. Therefore, the use of binary mixture water-miscible 

solvents, acetone/methanol with a ratio 3:1 has never been used, and it was selected 

to enhance drug/polymer interaction without compromising the size, PDI, and zeta 

potential. 

The second phase of the experiments for efficient method development using the D-

Nano-Pr method was to determine the volume required for binary mixture organic 

solvents to produce PLGA NPs. Two volumes of the binary mixture organic phase, 6 

ml, and 3 ml were used to dissolve the pure drug and polymer. As shown in Figure 

3.4a and b, PLGA NPs prepared in binary mixture of 3 ml acetone/methanol (3:1) 

showed a significantly (P < 0.05) decreased particle size for blank and DSF-loaded 

PLGA NPs of 126.8 ± 0.96 nm and 145.1 ± 0.40 nm, respectively, than the blank and 

DSF-loaded PLGA NPs prepared in 6 ml acetone/methanol with particle sizes of 257.0 

± 17.89 nm, and 230.8 ± 7.06 nm, respectively. As previously stated, a similar result 

from the preparation of PLGA NPs, in 6 ml of organic solvent ratios demonstrated 
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increase particle sizes (Figure 3.1a and b). Therefore, lowering theorganic solvent with 

constant drug/polymer concentration will lead to increase diffusion rate with high yield 

drug loading and decrease particle sizes (Stainmesse, 1992). Reduced volume of 

organic solvent affects theparticle size of PLGA NPs prepared in a 3 ml binary mixture 

of acetone/methanol. Lowering the volume of organic solvents might explain the 

decrease in particle sizes for PLGA NPs prepared in 3 ml compared to the increased 

particle sizes prepared in a 6 ml binary mixture of acetone/methanol organic solvents. 

In a recent study, DSF-loaded PLGA NPs were manufactured in 5 ml acetone solvent 

into30 ml aqueous medium of different surfactants using the D-Nano-Pr method. Their 

results demonstrated lower particle sizes ranging from 100 to 125 nm (Hoda et al., 

2017). In this study, the particle sizes of PLGA NPs obtained in 3 ml acetone/methanol 

organic solvents are not reflective of the published results as the difference might be 

the presence of surfactant which causes a decrease in particle size. The surfactant 

may play a role to produce smaller particle size of NPs as a stabilizer. Still, the drug 

encapsulation efficiency might be affected because of the surfactant interaction with 

the PLGA prevents more drug loading.  

The PLGA NP prepared in 3 ml binary mixture of acetone/methanol (3:1) organic 

solvents demonstrated a significantly decreased PDI (P < 0.05) of the blank. Also, 

decreased PDI (p < 0.05) of the DSF-loaded PLGA NPs compared to the blank and 

DSF-loaded PLGA NPs prepared in 6 ml acetone/methanol organic solvents, 

respectively, Figure 3.5 a and b. 
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Figure 3.4. Particle sizes of (a) blank, and (b) DSF-loaded PLGA nanoparticles, were prepared in different 
volumes of organic solvents by using the D-Nano-Pr method. (Mean ± SD, n=3). 

 

 

Figure 3.5. Polydispersity index (PDI) of (a) blank and (b) DSF-loaded PLGA nanoparticles were prepared 
in different volumes of organic solvents by using the D-Nano-Pr method. (Mean ± SD, n=3). 

 

Figure 3.6. The zeta potential of (a) blank and (b) DSF-loaded PLGA nanoparticles were prepared in 
different volumes of organic solvents by using the D-Nano-Pr method. (Mean ± SD, n=3). 
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Both the blank and DSF-loaded PLGA NPs produced in 3 ml acetone/methanol (3:1) 

organic solvents demonstrated a significantly (p < 0.05) increased values of zeta 

potential (Figure 3.6a and b). All formulations prepared in different volumes of a binary 

mixture, acetone/methanol 3:1 ratio organic solvent exhibited a net surface charge with 

zeta potential values ranging from -22 to -50 mV. Previous studies have demonstrated 

the use of surfactants affecting the surface charges by binding to NPs surfaces 

(Fonseca C 2002; Stolnik et al., 1994). This study can confidently deduce that the use 

of the D-Nano-Pr method without the use of surfactant prepared in a low volume of 

solvent/s will lead to decrease particle size, narrow PDI, and increase zeta potential. 

Irrespective of the effect on particle size exhibited using different volumes and mixed 

organic solvents (acetone/methanol), there is strong evidence that this study showed 

all NPs formulations had low PDIs and narrow particle size distribution. The low volume 

(3 ml) binary mixture of acetone/methanol organic solvents showed increase zeta 

potential for all NPs formulations, and the significant change in surface charges was 

not drug loading dependent. In other words, the blank and loaded NPs prepared in low 

mixed organic solvents demonstrated increased zeta potential values (Figure 3.6a and 

b). Also, the amount of polymer and drug mixture in low organic solvents significantly 

affects the zeta potential surface charges. It has been confirmed that increase surface 

charges produce strong electrostatic repulsion of NPs with less aggregation (Honary 

and Zahir, 2013). Therefore, NPs prepared in 3 mL acetone/methanol (3:1) organic 

solvents show strong electrostatic repulsion in suspension solution, thereby, causing 

less aggregation.  

The particle size of PLGA NPs increases when prepared in acetone solvent (Jeon, et 

al., 2000).This finding is in support of DSF-loaded PLGA NPs prepared in acetone 

solvent (Figure 3.4a). The increase in particle size with acetone solvent is linked to the 

rate of diffusion between the organic solvent and aqueous phase ratios, and the 
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difference in polarity between acetone and water (Jeon, et al., 2000). Methanol might 

play the role of co-solvent facilitating the miscibility between both phases; hence, this 

might explain the significant reduction in particle size of NPs prepared by low volume 

binary mixture organic solvents.  

3.4.2 Development of disulfiram-loaded PLGA nanoparticles by using the single 

emulsion/solvent evaporation method. 

3.4.2.1 Effect of molecular weight of poly (vinyl alcohol) 

The choice for poly (lactide-co-glycolide acids) (PLGA) was due to its desirable 

biocompatibility and biodegradability properties (Vandervoort and Ludwig, 2002). 

Therefore, the first phase of an efficient method development by the SE method was 

to use various molecular weights of poly (vinyl alcohol) (PVA) stabilizers for the 

production of PLGA (blank) NPs with desirable particle size, PDI, and zeta potential. 
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Figure 3.7. PLGA NPs using different molecular weights of PVA (20-30 KDa, 31-50 KDa and 95 KDa) 
were manufactured by using the SE method were characterized by (a) Particle sizes (b) polydispersity 
index (PDI), and (C) zeta potential. (Mean ± SD, n=3). As part of the method development this experiment 
was performed to select the molecular weight of PVA that produces a smaller particle size, PDI, and 
increased zeta potential when interact with PLGA. 

 

As a stabilizer, PVA of three different molecular weights (Mw), 20-30 KDa, 31-50 KDa, 

and 95 KDa were used to develop and evaluate the blanks of PLGA NPs formulations. 

This experiment was performed to select the PVA with molecular weights (Mw) suitable 

to produce small particle size. As shown in Figure 3.7a, PLGA NP prepared with PVA 

95 KDa Mw after five minutes sonication demonstrated a significantly (P < 0.05) 

decreased particle size of 624.0 ± 43.77 nm compared to PVA 20-30 KDs Mw of 

particle size of 922.0 ± 35.71 nm. Also, PLGA NPs prepared with PVA 95 KDa Mw 

showed a significantly (P < 0.05) increased particle size of 624.0 ± 43.77 nm than the 

PVA of 31-50 KDa Mw with a particle size of 250.0 ± 6.22 nm. In addition, PLGA NPs 

(-
m
V
)
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of PVA with 20-30 KDa Mw demonstrated a significantly (P < 0.05) increased particle 

size, compared to PLGA NPs with PVA 31-50 KDa Mw (Figure 3.7a). Figure 3.7b 

shows that NPs prepared by PVA 95 KDa Mw indicated a significantly (p < 0.05) 

decreased PDI than the PLGA NPs with PVA 20-30 KDa Mw. PLGA NPs prepared 

with PVA 95 KDa Mw showed a significantly (P < 0.05) decreased PDI than the PLGA 

NPs with PVA 31-50 KDa Mw.  While PLGA NPs prepared with PVA 20-30 KDa Mw 

indicated a significantly (P < 0.05) decreased PDI compared to PLGA NPs with PVA 

31-50 KDa Mw. All NPs showed high zeta potential surface charges with a slight 

increase for those prepared with PVA 31-50 KDa Mw, Figure 3.7c. 

In a recent study, published results showed higher molecular weight PVA (120 KDa) 

produced smaller NP than those of 10 KDa and 75 KDa (Najlah, et al., 2017). This 

indicates different experimental conditions and starting materials (i.e. PLGA of different 

molecular weight and functional group) are critical of small particle size. Nevertheless, 

PVA of lower molecular weights is widely used as surfactant stabilizers for the 

development of PLGA NPs and this support the experimental results obtained (Konan, 

Gurny and Allémann, 2002).  

3.4.2.2 Effect of sonication time 

PVA 31-50 KDa Mw produced NPs with smaller particle size and lower PDI than those 

of 20-30 and 95 KDa Mw; hence, it was selected.  

The second phase of this experiment was to determine the best sonication time 

between 5 and 8 minutes. The particle size of blank PLGA NP reduced by five minutes 

sonication was considered very significant (P < 0.05) with a decreased particles size 

of 278.8 ± 37.55 nm compared to the corresponding blank PLGA NP sonicated for 8 

minutes with the particle size of 318.0 ± 3.7 nm (Figure 3.8a). In this study, the 5 

minutes sonication was considered suitable for reduced nano-scale particulates for 
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which the use of shorter sonication time can decrease droplet breakdown to produce 

smaller particle sizes due to reducing share stress.   

Whereas, DSF-loaded PLGA NP sonicated for 5 minutes showed a significantly (p < 

0.05) decreased particle size of 254.6 ± 12.90 nm, than DSF-loaded PLGA NP 

sonicated for 8 minutes produced a particle size of 283.6 ± 3.7nm (Figure 3.8b).The 

addition of PVA 31-50 KDa Mw did not affect the particle size. Also, increasing 

sonication time decreases particle size by increasing shear stress. Therefore, 

extended sonication time may increase droplet breakdown by reducing particle size 

(Budhian et al., 2007). The increase in particle size may be caused by particle 

aggregation when in aqueous suspension due to surface tension or, polarity. 

 

 

Figure 3.8. Particle sizes of blank and DSF-loaded PLGA nanoparticles reduced by probe sonication for 
5 and 8 minutes of (a) blank PLGA nanoparticles, and (b) DSF-loaded PLGA nanoparticles were prepared 
by using the SE method (mean ± SD, n=3). 

 

Figure 3.9a showed the PLGA (blank) NP produced for 5 minutes sonication had a 

significant (P < 0.05) increased narrow PDI (< 0.1) than the 8 minutes sonication PLGA 

(blank) NP. Besides, the reduced DSF-loaded PLGA NP for 5 minutes sonication 

showed a significantly (p < 0.05) decreased narrow PDI compared to the reduced DSF-

loaded PLGA NP for 8 minutes sonication (Figure 3.9a).  
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Figure 3.9. Polydispersity index (PDI) of blank and DSF-loaded PLGA nanoparticles reduced by probe 
sonication for 5 and 8 minutes demonstrated narrow PDIs (a) blank PLGA nanoparticles, and (b) DSF-
loaded PLGA nanoparticles prepared by the SE method. (Mean ± SD, n=3). 

 

Irrespective of sonication times, all NPs (blank and loaded) showed similar zeta 

potential values ranging from -23.8 ± 2.59 mV to -25.7 ± 1.06 mV (Figure 3.10a, and 

b). Published studies have reported an increase in sonication time thus affects the 

liposomes bilayer and then alters the electrical potential (zeta potential). Labhasetwar, 

Mohan and Dorle, (1994) investigated the effect of different sonication time from 0 to 

5 minutes, and their results demonstrated an increase in zeta potential as the 

sonication time increases, which is critical to the high increase NPs dielectric. Also, 

Shao, et al., (2015) indicated in their studies that increased sonication time increases 

zeta potential due to the increased surface area of loaded NPs.  However, this study 

aims to investigate and evaluate efficient preparation methods than to examine the 

impact of sonication. The sonication for five minutes was selected based on size and 

PDI results. 
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Figure 3.10. Zeta potential of blank and DSF-loaded PLGA nanoparticles (NPs) reduced by probe 
sonication for 5 and 8 minutes (a) blank PLGA NPs, and (b) DSF-loaded PLGA NPs, were prepared by 
using the SE method (Mean ± SD, n=3). 

 

3.4.3 Comparison between direct nanoprecipitation and single emulsion/solvent 

evaporation methods 

This study generates acceptable results evaluated during the initial method 

development of PLGA NPs using the D-Nano-Pr and SE methods. The different ratio 

and volumes of organic solvents for D-Nano-Pr method, and the different types of PVA 

molecular weights and sonication time for SE methods exhibited nano-scaled particle 

sizes, narrow PDIs. The increased zeta potential values are like most published 

results. All PLGA NPs formulations prepared by the D-Nano-Pr and SE methods were 

compared to select the materials and parameters used during the manufacturing of 

NPs. Furthermore, after selecting the sonication time using the PS technique, the HPH 

technique was also employed to investigate and compare particle size reduction 

between both techniques after NPs preparation by using the SE method. 

Regardless of particle size reduction of blank NPs developed by the HPH and PS 

techniques, the blank PLGA NP produced by using the D-Nano-Pr method showed no 

significant (p > 0.05) effect in the particle size of 257.0± 17.89 nm, compared to the 

reduced blank NPs by HPH and PS techniques using the SE method, therefore, 
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produced particle sizes of 211.9 ± 1.76, nm, and 278.8 ± 37.51 nm, respectively (Figure 

3.11a). The increase particle size of DSF-loaded PLGA NP developed by the D-Nano-

Pr method can be attributed to the drug/polymer interaction in a binary mixture of 

acetone/methanol (3:1) ratio organic solvents. The PLGA polymer with more uncapped 

end groups diffuses much in methanol causes increased particle size of the blank 

PLGA NPs.  

The blank PLGA NP prepared by the SE method then reduced particle size using the 

HPH technique demonstrated a significantly (p < 0.05) decreased particle size of 211.9 

± 1.76 nm, than the blank NP that was reduced by the PS technique which produces 

a particle size of 278.8 ± 37.51 nm (Figure 3.11a). In addition, after introducing DSF 

into the formulation of DSF-loaded PLGA NP developed by the D-Nano-Pr method 

demonstrated a significantly (p < 0.01) decreased particle size of151.3 ± 17.7 nm, 

compared to the reduced DSF-loaded PLGA NPs by the HPH and PS techniques with 

particle sizes of 237.4 ± 21.42, nm, and 246.9 ±10.96 nm, respectively (Figure 3.11b). 

DSF and PLGA polymer seem to have high interaction when dissolved in the binary 

mixture of acetone/methanol 3:1 ratio organic solvents. Also, the high affinity to the 

corresponding LA backbone tends to incorporate more of the drug into the hydrophobic 

core might lead to decreased particle size. Mostly, the hydrophobic domains of LA of 

the PLGA adsorbed the drug in its hydrophobic core. This will enable the binary mixture 

of organic solvents to diffuse when added in a dropwise manner into the aqueous 

phase. Thereby, it causes the removal of the organic solvents by evaporation through 

continuous stirring.The reduced particle size of DSF-loaded PLGA NP by the HPH or 

PS techniques had no significant (p > 0.05) effect between particle sizes (Figure 

3.11b). 

As shown in Figure 3.14 – 3.16, the three types of DSF-loaded PLGA NPs developed 

by the D-Nano-Pr and SE methods (NPs were further reduced by HPH and PS 
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techniques) showed smooth and spherical morphological surface structures. The NPs 

from the SEM images exhibited homogeneous narrow (PDI, < 0.3) particle size 

distribution. 

The blank PLGA NP developed by the D-Nano-Pr method demonstrated a significantly 

(p < 0.05) decreased narrow PDI compared to the SE/HPH technique (Figure 3.12a). 

However, no significant effect (p > 0.05) was observed between the blank PLGA NP 

developed by D-Nano-Pr and SE/PS technique methods. There is a significantly (p < 

0.01) decreased PDI between the blank PLGA NP produced by SE/HPH technique 

and SE/PS technique (Figure 3.12a). In contrast, DSF-loaded PLGANP developed by 

the D-Nano-Pr method showed significant (p < 0.05) narrow, PDI than DSF-loaded 

PLGA NP developed by the SE/HPH technique and SE/PS technique (Figure 3.12b). 

However, no significant (p > 0.05) effect on DSF-loaded PLGA NP manufactured 

by the SE-HPH/technique and SE-PS/technique. As shown in Figure 3.12b, 

overall, blank, and DSF-loaded PLGA NPs demonstrated narrow particle size 

distribution (Figure 3.12a and b). 

 

Figure 3.11. Particle sizes of (a) blank, and (b) DSF-loaded PLGA nanoparticles were prepared by using 
the D-Nano-Pr method, and the SE method followed by particle size reduction using the HPH and PS 
techniques (Mean ± SD, n=3). 
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Figure 3.12.The polydispersity index (PDI) of (a) blank, and (b) DSF-loaded PLGA nanoparticles were 
prepared by using the D-Nano-Pr method, and the SE method followed by particle size reduction using 
the HPH and PS techniques(Mean ± SD, n=3). 

 

All methods of preparation used to manufacture blank PLGA NPs showed no 

significant (p > 0.05) effect on zeta potential (Figure 3.13a). But, the DSF-loaded NP 

prepared by the D-Nano-Pr method demonstrated a significantly (P < 0.05) higher 

charged surface zeta potential, than the SE/HPH technique and SE/PS technique 

(Figure 3.13b). Nevertheless, the size reducing technique for DSF-loaded NP 

developed by the SE method followed by particle size reduction using the HPH 

technique had no significant (p > 0.05) effect on zeta potential, compared to the DSF-

loaded PLGA NP reduced by the PS technique (figure 3.13b). 

Due to the non-mechanical intervention to reduce smaller particle size, D-Nano-Pr 

method demonstrated superiority over the SE method followed by particle reduction 

using the HPH and PS techniques. All NPs formulations maintained narrow PDI or 

even monodispersed particles (Figure 3.12a and b). The high energy impact through 

the HPH and PS techniques to reduce particle size affects the zeta potential of the 

loaded NPs (Figure 3.13b). This might be because of both techniques apply shear 

forces that disturb the polymer matrix, which leads to a higher amount of the drug 
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adsorbed on the surface rather than embedded within the NP (Bouaouina, et al., 2006; 

Sharma, et al., 2015).  

 

Figure 3.13. Zeta potential of (a) blank and (b) DSF-loaded PLGA nanoparticles were prepared by using 
the D-Nano-Pr method, and the SE method followed by particle size reduction using the HPH and PS 
techniques. (Mean ± SD, n=3). 

 

Figure 3.14. Scanning electron microscope (SEM), demonstrating the surface morphological images of 
disulfiram-loaded PLGA nanoparticles prepared by the D-Nano-Pr method. 
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Figure 3.15. Scanning electron microscope (SEM), demonstrating surface morphological images of 
reduced DSF-loaded PLGA nanoparticles using the high-pressure homogenization (HPH) technique 
prepared by the SE method. 

 
 
 

 

Figure 3.16. Scanning electron microscope (SEM), demonstrating surface morphological images of 

reduced DSF-loaded PLGA nanoparticles using the probe sonication (PS) technique prepared by the SE 
method. 
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3.4.4 Differential scanning calorimetry 

As shown in Figure 3.17a-d, DSC thermograms were applied to assess the thermal 

behaviour in a different state of raw (a) sucrose, (b) PLGA, (c) DSF, and (d) physically 

mixed standards (pure sucrose, PLGA, and DSF). DSF and physically mixed standards 

had sharp endothermic peaks of DSF at 70 oC, and this is simply showing the melting 

point of pure DSF and its crystalline nature (Figure 3.17c and d).Figure 3.17a-d 

demonstrated a representative of DSC thermograms employed to compare DSF-

loaded PLGA NPs, and blank PLGA NPs formulations (Figure 3.17e and f) and to 

determine if the PLGA NPs are in the amorphous or crystalline state. Figure 3.17e 

demonstrated a very short peak at 70 oC, which indicates the melting point of 10% 

(w/w) DSF-loaded PLGA NPs in 1% sucrose. The peaks detected from the DSC 

thermogram of DSF-loaded PLGA NPs formulation indicated the crystalline state of 

DSF, sucrose, and PLGA (Figure 3.17e). Pure DSF had an intense band compared to 

the loaded PLGA NPs with a very short band, which indicates DSF encapsulation as 

there are less un-capsulated DSF bounded on the NPs surface. The unloaded (blank) 

PLGA NPs formulation was also compared to the DSC thermogram standards and no 

detection of DSF peak observed, apart from sucrose and PLGA peaks confirming that 

the blank PLGA NPs were in a crystalline state (Figure 3.17f). As shown in appendix-

A, the DSC thermograms of DSF-loaded PLGA NPs developed using the SE method 

then followed by particle size reduction through the HPH and PS techniques showed 

similar DSF peak at 70 oC (Appendix-A, Figure 3.21 and 3.23). Therefore, this indicates 

a crystalline state. In contrast, appendix-A (Figure 3.22 and 3.24) showed no DSF 

peaks on the blanks for both NPs reduced by the HPH and PS techniques. The long 

sharp peak of the DSF standard exhibits the crystalline form of the free drug bounded 

to the PLGA polymer. The crystalline form of DSF-loaded PLGA NPs was obtained 

due to the preparation of DSF encapsulated NPs below its melting point. Boyd, et al., 
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(2014), developed DSF-loaded vaginal rings at different temperatures to determine the 

stability of the incorporated DSF using the DSC. Their DSC analysis of DSF-loaded 

vaginal rings showed a peak at 70 oC, which indicates a crystalline state, and this was 

due to the preparation of DSF below its melting point. Figure 3.17b and d demonstrated 

a typical broad peak of PLGA standard similar to the loaded and unloaded PLGA NPs. 

 

 

Figure 3.17. A representative of DSC thermal analysis of (a) sucrose standard, (b) PLGA standard, (c) 
disulfiram (DSF) standard, (d) physically mixed standards of raw DSF, PLGA, and sucrose, (e) DSF-
loaded PLGA nanoparticles (NPs), and (f) blank PLGA NPs formulations. Both NPs formulations, and 
physically mixed standards were prepared in a drug/polymer 1:9 ratio. 

3.4.5 Fourier transform infrared spectroscopy 

The FTIR spectroscopic analysis of standards, DSF loaded PLGA and unloaded PLGA 

NPs formulations in 1% sucrose were performed to determine the different molecular 
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interactions (Figure 3.18a-f). As depicted in Figure 3.18c-e, FTIR spectroscopic 

analysis of DSF standard absorption bands at 2974cm-1,1506 cm-1, C-H-CH3,1350-

1457 cm-1,1273 cm-1, and 1151-1195 cm-1,967-1056cm-1, 817-914 cm-1, and 553-665 

cm-1were stretching, C-H symmetrical deformation vibrations, CH2-CH3 deformation 

vibrations, C=S stretching, C-N stretching, C-S stretching, S-S dihedral bending, 

respectively. From Figure 3.18e of the loaded NP exhibited a typical signal 

characteristic broadband of DSF showing interactions between PLGA and DSF with 

distinct shift band of PLGA compared to the DSF, and physically mixed standards 

spectra (Figure 3.18c and d). While the unloaded PLGA NP (blank) formulation 

exhibited no DSF melting point of chemical interactions (Figure 3.18f). Therefore, the 

DSF absorption band of the loaded NP confirmed the presence of DSF crystalline state 

(Figure 3.18e); this was also confirmed by the DSC thermogram in Figure 3.17e. 

Appendix-A of Figure 3.25 and 27 showed DSF absorption band of developed PLGA 

NPs by the SE method (reduced particle size by the HPH and PS techniques), which 

indicates the crystalline state. Appendix-A of Figure 3.26 and 3.28 presents FTIR 

spectroscopic analysis of PLGA blanks with no DSF absorption band. 
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Figure 3.18. A representative of FTIR analysis of (a) sucrose standard, (b) PLGA standard, (c) disulfiram 
(DSF) standard, (d) physically mixed standards of raw DSF, PLGA, and sucrose, (e) DSF-loaded PLGA 
nanoparticle (NP), and (f) blank PLGA NP formulations. All NPs formulations were prepared as a 
drug/polymer 1:9 ratio, and this was applied to the physically mixed standards. 

3.4.6 Encapsulation efficiency of DSF-loaded PLGA nanoparticles 

As described in chapter 2, a reliable and an efficient method for drug encapsulation 

efficiency of loaded PLGA NPs has been effectively developed to separate the free 

DSF (un-encapsulated drug) from the loaded drug (encapsulated NPs).The HPLC 

method was used to determine the drug contents of the DSF-loaded NPs. However, 

there are many methods reported to quantify the loaded portion of DSF in NPs 

(Fasehee, et al., 2016; Song, et al., 2016; Najlah, et al., 2017). Nevertheless, there 

has been not much detail about the efficiency of these methods in separating the DSF 

un-encapsulated from the encapsulated DSF NPs. For example, Fasehee, et al., 

(2016), quantify the encapsulated DSF content by dissolving the loaded NPs in PBS 

solution with a small amount of the NPs suspension extracted in DMSO to release the 
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encapsulated DSF then adding methanol to precipitate the PLGA polymer. Also, 

Najlah, et al., (2017) measured percentage encapsulation efficiency by dissolving the 

loaded NPs in DCM to release DSF and dilute with ethanol to analyze DSF loading 

efficiency. Therefore, this study has contributed to knowledge by developing a 

repeatability and reproducibility method that separates the un-encapsulated DSF from 

the encapsulated DSF-loaded PLGA NPs. Also, this study confirms that the method is 

effective in separating the DSF un-capsulated from the DSF-loaded PLGA NPs and 

SLNs. The phenomenon of this efficient method is due to the NPs/SLNs insoluble in 

cold methanol (PLGA NPs and SLNs are easily precipitates in cold methanol) and 

allowing un-encapsulated DSF to dissolve in cold methanol freely. This method 

provided a simple separation for DSF-loaded PLGA NPs samples to be washed gently 

by ice-cold methanol to remove the un-encapsulated DSF.  

The loading efficiency of DSF NPS prepared by the D-Nano-Pr method demonstrated 

a significantly (p < 0.05) increased drug loading effect and was considered superior 

compared to the SE method followed by particle size reduction using the HPH and PS 

techniques (Figure 3.19). While the particle size reduction by the HPH and PS 

techniques showed no significant (p > 0.05) change in percentage drug encapsulation 

efficiency from each other. The mechanical force used for particle size reduction may 

have caused reduce percentage encapsulation efficiency. As ascribed in Figure 3.19, 

the energy force applied to reduce particle size causes the drug to diffuse out during 

sonication/shear forces (O'Donnell and McGinity, 1997).  
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Figure 3.19. Demonstrating mean percentage encapsulation efficiency for DSF-loaded PLGA NPs 
prepared by using the D-Nano-Pr and SE methods (particle size reduced by the HPH and PS techniques) 
(Mean ± SD, n=3). 

3.4.7 Cumulative release of DSF from DSF-loaded PLGA nanoparticles 

The in vitro release study was performed using a dialysis bag to compare the 

cumulative release of free DSF and DSF-loaded PLGA NPs (Figure 3.20). As shown 

in Figure 3.20, the experimental results of the DSF release were compared to the free 

DSF solution. The incubated in vitro DSF release was determined by measuring the 

cumulative release of DSF solution under PBS (phosphate buffer solution, pH 7.4) with 

1% Tween80 at 37 oC for 24 hours. The percentage encapsulation efficiency values 

for loaded PLGA NPs formulations were used to calculate the cumulative percentage 

release of free DSF and loaded PLGA NPs. As shown in Figure 3.20, the release 

profiles of the free DSF and DSF-loaded PLGA manufactured by using the SE method 

then reduced particle size through the HPH technique demonstrated a much faster 
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release than the DSF-loaded PLGA NPs manufactured by the D-Nano-Pr method and 

SE method of the PS technique. Approximately, 98% of DSF was released from the 

free DSF after being immersed for 24 hours, which indicates the free DSF is unable to 

maintain a sustained release. As ascribed in Figure 3.20, NPs manufactured by the D-

Nano-Pr method incubation for24 h had 54% of DSF cumulative release. While DSF-

loaded PLGA NP formulation manufactured by using the SE method with particle size 

reduced through the HPH and PS techniques showed increased cumulative release of 

DSF at 94% and 75%, respectively (Figure 3.22). Loaded PLGA NPs reduced using 

the SE method followed by particle size reduction through the HPH and PS techniques, 

demonstrated DSF release at an initial burst within 30 and 60 minutes, respectively. 

The mechanical force might have affected the loaded PLGA NPs formulation during 

particle size reduction. As ascribed in Figure 3.19 showing low drug encapsulation for 

loaded PLGA NPs formulations of the SE method followed by particle size reduction 

through the HPH and PS techniques can be attributed to the considerable amount of 

free drug (bounded drug to the surface of the NPs) during preparation and particle size 

reduction process. As a result, the relatively rapid release of the free drug compared 

to that of the NPs manufactured by using the D-Nano-Pr method showed more 

extended drug release, and this is regardless of the unloaded drug bounded to the 

loaded PLGA NPs. Therefore, the loaded NPs prepared by the D-Nano-Pr method 

might be able to protect the drug for a more extended period and allow the sustainable 

release of DSF for 24 hours. 
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Figure 3.20. Cumulative release of the free DSF and DSF-loaded PLGA NPs re-suspended in PBS with 
1% Tween 80 solution using a dialysis membrane. The DSF-loaded NPs were prepared by using the D-
Nano-Pr method and SE method followed by particle size reduction through the HPH and PS techniques 
(Mean ± SD, n=3). 

 

3.5 Conclusion 

PLGA-based nano-carrier systems have been widely studied due to their many 

advantages for drug delivery. This study developed efficient methods used to fabricate 

unloaded PLGA and DSF-loaded PLGA NPs using different manufacturing 

methods/techniques. The data obtained after NPs characterization demonstrated that 

the two water-miscible organic solvents with the right, proportional volume showed 

superiority. It produces small particle size, uniform particle shape, high charged 

surface particle, increased encapsulation efficiency and sustainable drug release 

compared to the SE method followed by particle size reduction through the HPH and 

PS techniques.  

Also, selecting the right choice of hydrolyzed PVA stabilizer effected particle size and 

zeta potential. However, the low DSF encapsulation efficiency on reduced particle size 
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NPs through the HPH and PS techniques was due to the energy force applied after the 

development of DSF-loaded NPs formulations by using the SE method. Therefore, this 

affected the release profile of DSF, causing an early burst of the biodegradable DSF-

loaded PLGA NPs. This study confirms for the first time the development of an efficient 

method that can be used to quantify the amount of un-encapsulated drug bounded to 

the polymer and the amount of encapsulated drug for all NPs formulations 

manufactured by the D-Nano-Pr and SE methods.  

The D-Nano-Pr method was superior for its production of smaller particle size, narrow 

PDI, positively charged surface particle, increased drug loading, and sustainable drug 

release. Finally, due to the lack of mechanical energy force, the PLGA NPs developed 

by the D-Nano-Pr method potentially prolong DSF half-life, and then improve its 

stability and enhance bioavailability. 
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Chapter 4: Development and Characterisation of Disulfiram-Loaded PLGA 

PEGylated Nanoparticles by the Direct Nanoprecipitation Method, and In Vitro 

Cytotoxicity on Breast Cancer Cells 
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4.1 Introduction 

This study will make use of adjustable ratios of PLGA, PCL, and encapsulated DSF 

coated with mPEG2k-PLGA or DSPE PEG2k NPs fabricated by using the D-Nano-Pr 

method. Freshly manufactured DSF NPs were characterized to determine particle 

sizes, PDI, zeta potential, thermal degradation using differential scanning calorimetry 

(DSC), and functional group confirmation of chemical compounds using Fourier 

transform infrared spectroscopy (FTIR). The use of HPLC method evaluated the 

percentage encapsulation efficiency, cumulative drug release and stability studies (in 

horse serum media) of DSF NPs. 

4.2 Aims 

To manufacture DSF loaded PLGA NPs using adjustable mixed ratios of 

biodegradable polymeric materials (PCL and PEG-PLGA) for enhanced drug 

biostability using D-Nano-Pr method. DSF NPs will be PEGylated using mPEG2k-PLGA 

or DSPE PEG2k to enable DSF long circulation and improve cellular interaction by 

increasing drug cytotoxicity on cancer cells.  

4.3 Experimental Design 

The D-Nano-Pr method was adapted from Ford, et al., (2015) as previously mentioned 

in chapter 3, to prepare the following named NPs, DNP1 (PLGA/DSF), DNP2 (mPEG2k-

PLGA/PLGA/DSF), DNP3 (DSPE PEG2k/PLGA/DSF), DNP4 (mPEG2k-

PLGA/PLGA/PCL/DSF), and DNP5 (PLGA/PCL/DSF) which includes the 

corresponding blank (unloaded DNP1E-DNP5E NPs) NPs, (Table 4.1). The method of 

preparation was described in section 2.2.1.1. The following PEGs, mPEG2k-PLGA or 

DSPE PEG2k were selected to compare their stability, release profile and in vitro long 

circulation of the encapsulated DSF in cancer cells. Also, to investigate the effect of 
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polymeric and phospholipid PEGs on the surface charge of the nanoparticle or lipid-

based nanoparticle.  

Table 4.1. Different formulation ratios of disulfiram (DSF) loaded PLGA with polycaprolactone (PCL), and 
PEGylated nanoparticles were manufactured by the direct nanoprecipitation (D-Nano-Pr) method. 

Ingredient 
(ratio) 

 
Formulation* 

PLGA PCL 
mPEG2k-

PLGA 
DSPE 

PEG2k 
DSF Total 

DNP1E 10 - - - - 10 

DNP1 9 - - - 1 10 

DNP2E 9.5 - 0.5 - - 10 

DNP2 8.5 - 0.5 - 1 10 

DNP3E 9.5 - - 0.5 - 10 

DNP3 8.5 - - 0.5 1 10 

DNP4E 4.5 4.5 0.5 - - 10 

DNP4 4.25 4.25 0.5 - 1 10 

DNP5E 5 5 - - - 10 

DNP5 4.5 4.5 - - 1 10 

*DNP represented nanoparticles (NPs) of different formulations prepared by using the direct nanoprecipitation (D-
Nano-Pr) method. E denotes the empty NPs of different formulations. 

 

Prepared NPs were also characterized by drug encapsulation efficiency, drug release 

profiles, and drug stability in horse serum. As described in section 2.2.7.2, the In vitro 

cytotoxicity was performed against MCF 7, MDA-MB-231 and MDA-MB-231PTX10 

breast cancer cells using MTT assay. 

4.4 Results and discussion 

4.4.1.1 Size, PDI, surface morphology and zeta potential of the PEGylated 

nanoparticles 

Previous results in chapter 3 of the manufactured DSF-loaded PLGA NPs by using the 

D-Nano-Pr method showed superiority over the SE method, followed by a size 

reduction of NPs using the HPH and PS techniques. Therefore, in this study, the D-
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Nano-Pr method was selected to prepare PEGylated, and non-PEGylated DSF-loaded 

NPs (Table 4.1). 

As ascribed in Figure 4.1, PEGylated and non-PEGylated PLGA NPs were prepared 

in a binary mixture (acetone/methanol, 3:1) with a drug to polymer ratio 1:9 showed an 

average particle size ranging from 172.5 ± 12.56 nm to 224.5 ± 25.46 nm. This is 

similar to the published results for DSF NPs developed by using the D-Nano-Pr method 

(Fasehee, et al., 2016). The formulation of DNP1 NP showed non-significant (p > 0.05) 

effect on the particle size of DNP2, DNP3, and DNP4 NPs (Figure 4.1). More explicitly, 

using mPEG2k-PLGA for PEGylation in DNP2 NP had a significant (p < 0.05) 

decreased particle size compared to DNP5 NP (Figure 4.1). Previous studies have 

demonstrated that using PCL enhanced DSF stability, due to slow degradation 

dependent on the molecular weight (Löbler, et al., 2009). Similar findings of the 

increased particle size of the combined PLGA and PCL were previously reported 

(Fasehee, et al., 2016; Najlah, et al., 2017; Wang, et al., 2017). 

In addition, DNP1 NP demonstrated significant (p < 0.05) decreased particle size than 

the DNP5 NP (Figure 4.1). Moreover, previous studies have suggested the strategy of 

coating a surface particle with mPEG2k-PLGA, or DSPE-PEG2k forms protection of NPs 

from opsonization and prevent the initial clearance by the RES and enhanced 

permeability retention (EPR) effects (Immordino, Dosio and Cattel, 2006). A recent 

study showed developed PEGylated (mPEG2k-PLGA DSF-loaded PLGA NPs) NPs 

demonstrating passive targeting to trigger potent anticancer effects into tumour-

bearing nude mice. It, therefore, enhanced sustainable drug release via the EPR effect 

(Madala et al., 2018). The use of PEGylated NPs is to overcome opsonization of the 

hydrophobic negatively charged bared PLGA NPs vulnerable to rapid clearance from 

blood circulation (Sheng et al., 2009). This shows that PEGylated NPs are capable of 
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protecting DSF from the rapid removal of bared NPs in the circulatory system, which 

might affect DSF delivery into cancer cells.  

Mostly, loaded NPs were larger than its corresponding blank (DNP1E-5E) NPs, and 

this might be the effect of the drug embedded within the polymeric matrix and adsorbed 

on the surface during the nanoprecipitation formulation process. DNP1E NP showed 

significant (p < 0.05) decreased particle size than DNP3E (DSPE PEG2k PLGA NPs) 

NP, and this is due to the presence of the functionalized DSPE PEG2k, phospholipid 

coated onto the PEGylated DNP3E NP than being part of the particle structure 

produces larger particle size. In addition, the bifunctional DSPE-PEG2k with its 

hydrophobic chain inserted into the lipid membrane and the hydrophilic end extends to 

the surface in forming a thick hydrogel layer (Dos Santos, et al., 2007; Salvador-

Morales, et al., 2009). Also, DNP1E NP demonstrated a significantly (P < 0.05) 

decreased particle size compared to DNP4E NP, which mPEG2k-PLGA introduction 

produces a large particle size. The increased particle size of DNP4E NP shows 

confirmation of mPEG2k-PLGA coating on NP surface (similar PEGylation to that of 

DNP2E NP). Adding PCL to DNP5E NP formulation showed no significant (p > 0.05) 

change on the particle size for DNP1E NP. On the other hand, DNP2E NP produces 

no significant (p > 0.05) change on particle size over DNP3E NP. PEGylated blanks of 

DNP2E and DNP3ENPs demonstrated no effect regardless of the different types of 

PEGs attached to the particle surface (Figure 4.1). However, the DNP2E NP 

demonstrated a significantly (P < 0.05) decreased particle size than the DNP4E NP. 

The PEGylated blank of DNP2E NP without PCL was expected to maintain decreased 

particle size than DNP4E NP with PCL present. The non-differences for both DNP2E 

and DNP4E NPs, therefore, indicate the use of less PLGA (PLGA/PCL, with a 1:1 ratio) 

of DNP4E NP (Figure 4.1). DNP2E NP had a significant (p < 0.01) decreased particle 

size than DNP5E NP. Also, the interaction between PLGA and mPEG2k-PLGA might 
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have caused the decrease in particle size. The non-significant (p > 0.05) effect of 

particle size between DNP1E and DNP2E NPs confirm a similar polymeric interaction 

of mPEG2k-PLGA in both formulations. For this reason, the presence of PCL on DNP4E 

NP makes no difference in particle size. 

DNP3E NP demonstrated a significantly (P < 0.05) decreased particle size than 

DNP4E and DNP5E NPs (Figure 4.1). DNP3E NP decreased particle size might be 

explained by the interaction between PLGA and DSPE-PEG2k. While the DNP4E NP 

showed a significantly (P < 0.05) increased particle size compared to the DNP5E NP 

(Figure 4.1). Also, the increase in particle size of DNP4E NP is due to the introduction 

of mPEG2k-PLGA as supposed to the absence of mPEG2k-PLGA on the DNP5E NP, 

which causes decreased particle size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Particle sizes of DSF-loaded PLGA (DNP1 to DNP5 NPs) and unloaded PLGA (DNP1E to 
DNP5E) nanoparticles with a 1:9 drug/polymer ratio were prepared in different organic solvents by using 
the D-Nano-Pr method (Mean ± SD, n=3). 
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All DSF NPs showed a narrow size distribution (PDI < 0.3) regardless of drug loading 

and PEGylationon NPs surface (Figure 4.2). The results obtained are consistent with 

the published kinds of literature (Song, et al., 2016; Wang, et al., 2017). DNP1 NP had 

no significant (p > 0.05) change on PDI particle size distribution compared to the DNP2 

NP (Figure 4.2). This is different for DNP1 NP, showing a significant (p < 0.05) 

decreased PDI particle size distribution compared to the DNP3, DNP4, and DNP5 NPs 

(Figure 4.2). While, the DNP2 NP showed a significantly (P < 0.05) decreased PDI 

particle size distribution compared to DNP3, DNP4, and DNP5 NPs (Figure 4.2). DNP3 

NP had no significant (p > 0.05) change on PDI particle size distribution compared to 

the DNP4 and DNP5 NPs. Similarly, no significant (p > 0.05) difference in PDI 

observed between DNP4 and DNP5 NPs (Figure 4.2).  

In contrast, the PDI blank NPs are significantly lower than loaded NPs, and this is 

except for the blank, DNP2E NP having no significant effect than the loaded DNP2 NP 

(Figure 4.2).  Adding the drug to the formulation resulted in a high increase PDI which 

indicates the tendency for NPs to aggregate after drug loading. Nevertheless, the 

reason is still not very clear, especially when no significant changes observed in zeta 

potential values after drug loading with exception to DNP4E and DNP4 NPs (Figure 

4.3). The zeta potential values had no major changes overall formulations (all below - 

30 mV) apart from significant, but not effective, drop for DNP4 and DNP4E NPs with 

zeta potential values of -28.7 mV, and 26.6 -mV, respectively. There is no 

unambiguous evidence on the impact of different composition, PEGylation, or drug 

loading (Figure 4.3). The unloaded DNP1E NP, demonstrated non-significant (p > 

0.05) change on zeta potential value compared to the DNP2E, DNP3E, and DNP5E 

NPs. Except for DNP1E NP, which shows a significantly (P < 0.05) increased zeta 

potential value than DNP4E NP. The decrease in zeta potential is due to the addition 

of the positively charged amphiphilic polymer (mPEG2k-PLGA) reducing the negative 
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charged PLGA (Figure 4.3). No significant (p > 0.05) change on zeta potential value 

observed between DNP2E and DNP3E NPs. The DNP2E NP showed a significantly 

(P < 0.05) increased zeta potential than the DNP4E NP. Also, the DNP3E NP had a 

significantly (p < 0.01) increased zeta potential than the DNP4E NP. While the DNP4E 

NP had a significantly (P < 0.05) decreased zeta potential value than the DNP5E NP. 

This might be due to the presence of the mPEG2k-PLGA polymer used to modify the 

bared DSF-loaded PLGA/PCL NP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Polydispersity index (PDI) of the non-PEGylated and PEGylated blanks and DSF-loaded PLGA 
NPs with a 1:9 drug/polymer ratio were prepared by using the D-Nano-Pr method (Mean ± SD, n=3). 
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Figure 4.3.The zeta potential of the non-PEGylated and PEGylated blanks and DSF-loaded PLGA NPs 
with a 1:9 drug/polymer ratio were prepared by using the D-Nano-Pr method (Mean ± SD, n=3). 

 

The morphology of NPs was examined by scanning electron microscopy (SEM) as 

shown in Figure 4.4-4.9. The SEM images demonstrated DSF-loaded and unloaded 

NPs have well-defined spherical particles with smooth surface and diameter size 

ranging from 200 nm to 300 nm. For example, Figure 4.4 shows blank, DNP1E NP of 

particle sizes mostly at 300 nm compared to the corresponding zeta sizer 

measurement at 143.5 ± 2.22 nm. The difference in particle sizes between the SEM 

and zeta sizer based on the particulate estimation of the diameter for a solid NP (dried 

state) under a high vacuum. Whereas, using the Stokes-Einstein equation, the zeta 

sizer can be employed to measure the particle size of NPs through the diffusion 

coefficient of particulate in suspension (Ito, et al., 2004). Figure 4.5-4.8 demonstrated 

moderately monodispersed particle size distribution with a size of 200 nm for DNP1 
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NP. SEM images relatively confirm the measured sizes and PDIs of the 

monodispersed particle size distribution for all NPs. For instance, Figure 4.9 shows a 

“zoom-out” picture of DNP5 NPs, uniformly size distributed smooth particles that tend 

to aggregate like clustered sand.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Scanning electron microscope (SEM), demonstrating the surface morphological images of 
DNP1E NP (unloaded PLGA NP) prepared by using the D-Nano-Pr method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Scanning electron microscope (SEM), demonstrating the surface morphological images of 
DNP1 NP (DSF-loaded PLGA NP) prepared by the D-Nano-Pr method. 
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Figure 4.6. Scanning electron microscope (SEM), demonstrating the surface morphological images of 
DNP2NP prepared by the NPs D-Nano-Pr method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7. Scanning electron microscope (SEM), demonstrating the surface morphological images of 

DNP3 NP prepared by the D-Nano-Pr method. 
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Figure 4.8. Scanning electron microscope (SEM), demonstrating the surface morphological images of 
DNP4 NP prepared by the D-Nano-Pr method. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Scanning electron microscope (SEM), demonstrating the surface morphological images of 
DNP5 NP developed by using the D-Nano-Pr method. 
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4.4.1.2 Differential scanning calorimetry 

Differential mechanical strengths of the blanks and loaded DSF NPs formulations were 

evident from DSC spectra analysis performed to determine the stability of NPs as a 

crystalline or amorphous state. An equal amount of measurement for standards and 

NPs were used to define their physical states and detect drug-polymer interactions 

under consistent heat flow. Representative DSC thermograms of pure DSF, PLGA, 

PCL, mPEG2k-PLGA, DSPE-PEG2k, sucrose, physical mixture (DSF, PLGA, PCL, 

mPEG2k-PLGA, DSPE-PEG2k, and sucrose) and NPs showed individual endothermic 

peaks (Figure 4.10). DSC thermograms of PLGA, PCL, mPEG2k-PLGA, DSPE-PEG2k 

and sucrose standards demonstrated endothermic peaks at temperature range tested. 

The DSF and physical mixture standards exhibited an endothermic peak at 70 oC used 

to compare DSC thermograms of the blanks (unloaded NPs) and loaded NPs (Figure 

4.10). Loaded NPs showed a small endothermic peak at 70 oC compared with pure 

DSF and physical mixture having a typically sharp and long DSF peaks (Figure 4.10). 

The endothermic peak at 70 oC confirms DSF crystalline state and its encapsulation to 

the PLGA polymer indicated a PLGA shift of the loaded NPs formulations which 

demonstrates DSF interaction with the PLGA polymeric material. Previous studies, 

showed the DSF endothermic melting peak at 70oC, indicates DSF incorporation in the 

matrix of the nano-carrier system as a crystalline form (Boyd, et al., 2014). The DSC 

thermograms of the non-PEGylated and PEGylated DSF-loaded PLGA NPs 

formulations present a crystalline state in a homogeneous dispersion of the PLGA 

matrix. Also, Figure 4.10 showed a broad endothermic melting peak of PLGA loaded 

and unloaded NPs. However, Figure 4.10-i showed thermogram of DNP1E NP without 

DSF peak when compared to the DSF standard peak (Figure 4.10-c).As shown in 

appendix-B; DSC thermograms of the loaded DNP3 NP (Figure 4.18), DNP4 NP 

(Figure 4.20), and DNP5 NP (Figure 4.22) showed a DSF peak at 70 oC. While the 
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corresponding unloaded (blanks) DNP3E NP (Figure 4.19), DNP4E NP (Figure 4.21), 

and DNP5E NP (Figure 4.23) demonstrated non-DSF peak.DSC thermograms 

suggested the encapsulated DSF nano-carrier systems were in crystalline form as the 

glass transition temperature was the same as the standard drug (Mainardes, Gremião 

and Evangelista, 2006; Mello and Ricci-Júnior, 2011). 

 

 

Figure 4.10. A representative of DSC thermal analysis of (a) sucrose standard, (b) PLGA standard, (c) 
disulfiram (DSF) standard, (d) PCL standard, (e) mPEG2k-PLGA standard(f),DSPE PEG2K standard (g) 
physically mixed standards of raw DSF, PLGA, DSPE PEG2K, mPEG2k-PLGA, and sucrose, (h) DSF- 
mPEG2k-PLGA loaded PLGA nanoparticle (NP), and (i) blank mPEG2k-PLGA PLGA NPs formulations. 
Both NPs formulations, and physically mixed standards were prepared in a drug/polymer 1:9 ratio by using 
the D-Nano-Pr method. 



133 

 

4.4.1.3 Fourier transform infrared spectroscopy 

FTIR analysis was employed to evaluate the occurrence of any chemical interaction of 

the loaded NPs between the drug and polymeric materials. FTIR spectrum of the 

unloaded (DNP2E-i NP) NP shown in Figure 4.11 had no DSF peak. In chapter 3, 

PLGA was the only polymer used to encapsulate DSF. At the same time, Figure 4.11d-

f showed the addition of the following standards, mPEG-PLGA2k, DSPE-PEG2k, and 

polycaprolactone (PCL). Therefore, the PEGs and PCL polymer standards were added 

to compare to the prepared NPs by the D-Nano-Pr method. The DSF-loaded NPs of 

DNP2 NP in Figure 4.11-h demonstrated a sharp and broad vibrational DSF peak at 

2974 cm-1 corresponding to the methyl (CH3) stretching vibration compared to the 

unloaded DSF and mixed standards. This is an indication that DSF appeared in a 

crystalline form. FTIR spectra of DSF-loaded NPs indicated the incorporation of DSF 

demonstrated typical methyl stretching broad vibrational peaks of DSF and polymer 

interaction occurred in the nano-carrier system. Appendix-B showed FTIR 

spectroscopic analysis of DNP3 NP (Figure 4.24), DNP4 NP (Figure 4.26), and DNP5 

NP (Figure 4.28) showed DSF peak at 70 oC, but the DNP3E NP (Figure 4.25), DNP4E 

NP (Figure 4.27), and DNP5E NP (Figure 4.29) show no DSF peak. 
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Figure 4.11.  A representative of FTIR analysis of (a) sucrose standard, (b) PLGA standard, (c) disulfiram 
(DSF) standard, (d) PCL standard, (e) mPEG2k-PLGA standard,(f) DSPE PEG2K standard, (g) physically 
mixed standards of raw DSF, PLGA, DSPE PEG2K, mPEG2k-PLGA, and sucrose, (h) DSF- mPEG2k-PLGA 
loaded PLGA nanoparticle (NP), and (i) blank mPEG2k-PLGA PLGA NPs formulations. Both NPs 
formulations and physically mixed standards were prepared in a drug/polymer 1:9 ratio by using the D-
Nano-Pr method. 

 

4.4.1.4 Encapsulation efficiency of DSF-loaded PLGA nanoparticles 

Drug percentage encapsulation efficiency plays a vital role in drug delivery of nano-

carrier systems as it determines the feasibility of the formulation for clinical application. 

As shown in Figure 4.20, DNP1 NP had a reasonable percentage encapsulation 

efficiency of 54% ± 1.41with a significant (p < 0.05) decreased drug encapsulation 

compared to the higher drug encapsulation of the DNP5 NP. Regardless of the method 

used to determine drug encapsulation. The reported results in the literature show 
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cytotoxicity effects of manufactured DSF loaded PLGA NPs on breast cancer cells 

demonstrated drug encapsulation efficiency at 58% (Fasehee et al., 2017), which is 

slightly higher than DNP1 NP as ascribed in Figure 4.12. Simply, the smaller the 

particle size, the lower the DSF encapsulation (Halayqa 2014), and this is reflective of 

particle size shown in Figure 4.1. The DNP1 NP had no significant (p > 0.05) effect on 

drug encapsulation of the DNP2, DNP3, and DNP4 NPs (Figure 4.12). Similarly, DNP2 

NP showed no significant (p > 0.05) influence in DSF encapsulation compared with the 

DNP3 and DNP4 NPs. The DNP2 NP showed a significant (p < 0.01) decreased drug 

encapsulation of DSF thanDNP5 NP. However, there is no significant (p > 0.05) effect 

on drug encapsulation between DNP3 and DNP4 NPs. DNP3 NP showed a significant 

(p > 0.05) decreased in drug encapsulation compared to the DNP5 NP. The DNP4 NP 

had a significant (p < 0.05) decreased drug encapsulation of DSF compared to the 

DNP5 NP (Figure 4.12). Therefore, adding mPEG2k-PLGA and PLGA/PCL (1:1) 

affected DSF loading with increasing drug encapsulation efficiency at 59% and 76%, 

for DNP4 and DNP5 NPs, respectively (Figure 4.12). DNP4 and DNP5 NPs indicated 

PCL addition enhances drug loading. Similar results were reported by Song et al. 

(2016), as they reported that PCL showed a significant effect on the loading efficiency, 

and this was due to the addition of PCL below 50% ratio. The addition of PCL above 

50% ratio suggested decreased encapsulation capability. 

DSF-loaded PLGA (DNP1 NP) and PEGylated NPs (DNP2, DNP3, and DNP4 NPs) 

obtained a satisfactory DSF loading results; all above 50% without significant 

differences (p > 0.05) among all (Figure 4.12). Therefore, the decreased DSF loading 

of DNP4 NP compared to the DNP5 NP might be due to the inclusion of the mPEG-

PLGA polymer with PLGA and PCL core-shell amphiphilic and hydrophilic chain.  
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Figure 4.12. The mean percentage encapsulation efficiency of the DSF-loaded PLGA NPs (DNP1 to DNP5 
NPs), prepared by using the D-Nano-Pr method, (Mean ± SD, n=3). 

  

4.4.1.5 Cumulative release of DSF-loaded nanoparticles 

As previously ascribed in chapter 3 (Figure 3.20), DSF-loaded PLGA NPs with a 

drug/polymer 1:9 ratio developed by the D-Nano-Pr method shows the ability to the 

sustainable release of DSF within 24 hours after incubation at pH 7.4. The stability 

nature exhibited by PLGA polymer/DSF interaction under physiological pH conditions 

(pH 7.4) may increase intracellular DSF concentration for more than 24 hours 

incubation. Therefore, the cumulative in vitro release behaviour of free DSF and DNP1-

5 NPs was performed in PBS containing 1% Tween80 solution for 96 hours. To 

investigate the cumulative release of DSF under physiological conditions of pH 7.4, at 

different time intervals measurement was taken to evaluate DSF content. As shown in 

Figure 4.13, the release behaviour of the free DSF exhibited strong evidence of faster 

release rate of the drug. The higher release rate of the free DSF compared to the 

loaded NPs was attributed to the non-encapsulated DSF enhancing its faster 

cumulative release at 24 hours. The loaded NPs had a satisfactory loading capacity 
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and sustainable release for 96 hours. Therefore, the polymers have provided 

thermodynamic stability of DSF within the hydrophobic core-shell without drug leakage 

(Nishiyama and Kataoka, 2006). As shown in Figure 4.13, DNP1 NP demonstrated the 

fast release of DSF (26%) owing to possible quick hydrolysis of the naked PLGA within 

12 hours in aqueous solution. While DNP2 NP released 15% of DSF within the first 12 

hours shows the stable drug release under physiological conditions (Figure 4.13). 

Adding the PEG chain to DNP2 NP increases the layer (thickness of NPs due to coated 

PEG), and this slow down the DSF release out to the dissolution media (Zhao J; Feng 

S 2014). All NPs release profile undergoes two phases; (1) the first 12 hours 

demonstrated an initial burst release of the DSF at a high amount, and (2) the DSF 

release profile after 12 hours shows sustained release, especially, DNP1, DNP2 and 

DNP3 NPs. DNP3 NP cumulative release behaviour of DSF between the PLGA 

polymer and DSPE-PEG2k matrix showed a biphasic form of slow initial release within 

the first 24 hours, then continue with a sustainably slower drug release (Figure 4.13). 

PLGA is known as a biodegradable polymer. The PLGA copolymer ratio between LA 

and GA can be manipulated to determine the rate of degradation (Engelberg and Kohn, 

1991). In this study, PLGA of 50:50 Mw ratios to LA and GA was used. Therefore, it is 

expected for the resulting formulations to be hydrolysed or degraded within 96 hours, 

and this was confirmed by Anderson and Shive, (2012). DNP4 and DNP5 NPs 

formulations indicated obvious DSF quick self-catalyzed hydrolysis in aqueous solution 

and demonstrated a significantly faster release than that of DNP1, DNP5 NPs which 

experienced a high burst within 24 hours and 96 hours of 33% and 57%, respectively 

(Figure 4.13). Regardless of mPEG2k-PLGA and PCL addition, encapsulated DSF 

cumulative release was facilitated by an early burst of NPs due to the strong interaction 

of water with mPEG2k-PLGA and PCL (Song, et al., 2016). This study shows the 

modulation of naked NPs with PEG effectively improve DSF release profile. The 
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chemical properties of PCL showed the advantage of its semi-crystalline, and it 

provides slow hydrolytic degradation that is suitable for sustainable control release 

(Sinha, et al., 2004). 

Figure 4.13. DSF Cumulative release of DSF-loaded DNP1 to DNP5 nanoparticles re-suspended in PBS 
with 1% Tween80 solution using a dialysis membrane, were prepared by using the D-Nano-Pr 
method(Mean ± SD, n=3). 

 

4.4.1.6 Stability of DSF-loaded nanoparticles and free DSF standard 

The establishment method of DSF-loaded PLGA (DNP1 to DNP5 NPs) NPs and free 

DSF standard stability study performed in serum might be considered a breakthrough, 

as there is limited information available in most published articles about the techniques 

used to determine DSF stability. In a recent study, Wang, et al., (2017) investigated 

the stability of DSF-loaded PLGA NPs and free DSF standard in horse serum at 37 oC.  

In their report, they demonstrated rapid degradation of the free DSF in horse serum at 

30 seconds. In comparison to the stability of the free DSF, this study reported less than 
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half of the free DSF remained intact in the horse serum media at 30 seconds (Figure 

4.14).  

The manufactured NPs with widely used high molecular weight polyester of PLGA, 

PCL, and mPEG2k-PLGAderived hydrophilic and hydrophobic segment-based core-

shell structure nano-carriers suitable for DSF loading showed increased protection of 

DSF in horse serum media. Entrapped DSF was stable in the PLGA hydrophobic core 

by protecting against DSF rapid degradation in serum for over three hours compared 

to the free DSF that was rapidly degraded within the first 30 minutes. This is a 

confirmation that DSF-loaded PLGA NPs delivery systems in horse serum proved 

effective for the protection of DSF instability in a physiological environment. For the 

first time, this study has developed a method that determines in vitro stability rate-

limiting step of DSF loaded PLGA NPs in serum that may be used as an effective 

treatment option to circumvent DSF vulnerability in the bloodstream. After 4 hours of 

incubation in horse serum media, whereby, DNP1 and DNP4 NPs protected DSF up 

to 69% and 68%, respectively (Figure 4.14). The resultant DNP3 NP provided less 

protection to the encapsulated DSF (Figure 4.14) after 4 hours of incubation, and only 

42% remained intact. This might be temperature-dependent DSF release at 37oC 

between the PEGylated-phospholipid (DSPE PEG2k) and PLGA in formulation gives 

less robust structure (Zeng, et al., 2012). A study was conducted to test the PEGylated 

formulation based phosphatidyloligoglycerol (DPPGOG) and phospholipid DSPE 

PEG2k for in vitro experiment that can be used as an alternative clinical approach, and 

their findings demonstrated DPPGOG was able to prolong the drug than DSPE PEG2k 

exhibiting fast drug release and instability in serum (Hossann et al., 2007).The release 

of DSF from DNP3 NP (Figure 4.13) showed the slowest release amongst all NPs and 

derived as the lowest stability, which contradicts the release study (Figure 4.14). 

Another explanation, which might be more applicable, is that coating with PEGylated 



140 

 

phospholipid is possible to accelerate drug release rate due to increase permeability 

in serum. This might also explain why DNP1, naked NP, have higher stability than that 

of PEGylated NPs (DNP2). DNP4 consist of PLGA, PCL, and mPEG2k-PLGA showed 

a good moderate release profile (Figure 4.14) and the highest stability amongst all NPs 

(p < 0.05). This confirms the importance of using PCL in DSF PLGA NP and highlights 

the advantages this polymer mentioned in the previous section.    

 

 

Figure 4.14. DSF stability of the free drug and DSF-loaded PLGA of (DNP1 to DNP5 NPs) nanoparticles 
produced by using the D-Nano-Pr method, (Mean ± SD, n=3). 

 

4.4.1.7 MTT cytotoxicity assay 

Cytotoxicity of the free DSF, DSF/Cu, and DNP1-5 NPs against MCF 7, MDA-MB-231 

and MDA-MB-231PTX10 cell lines was investigated by using the MTT assay (Figure 

4.15-17). The cytotoxicity curves of MTT assay were extrapolated to determine IC50 

values known as the required concentration to inhibit cell growth by 50% (Table 4.2). 

DSF/Cu complex was used as a positive control.   

The incubated breast cancer cells were treated in different concentrations at 37 oC for 

72 h. In a comparison of in vitro cytotoxicity by DNP1 NP indicates cytotoxicity against 

the MCF7 cell line with an IC50 value of 48.73 ± 4.32 (Table 4.2), which is highly 
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significant (P < 0.05) than the free DSF (Figure 4.15). This is showing that the 

increased cytotoxicity effect might be attributed to PLGA stability in serum (Figure 4.14) 

followed by excellent biocompatibility denatured bared PLGA NPs. Also, DNP1 NP 

showed significant (p < 0.01) cytotoxicity effect than DNP3 and DNP5 NPs, but no 

significant cytotoxicity effect compared to DNP2 NPs, DNP4 NPs, and DSF/Cu. It is 

indicating that DNP1 NP had a fast release with more than 70% of DSF was released. 

Based on the results obtained, DNP1 NP is likely to be effective within 48 hours and 

not beyond 72 hours incubation. 

The cytotoxicity effects, of the DNP2 NP against MCF 7had an IC50 value of 83.57 ± 

5.09 (Table 4.2), with no significant (p > 0.05) cytotoxicity effect compared to the free 

DSF, DSF/Cu, DNP3 NPs and DNP5 NPs. Also, DNP2 NP showed a highly significant 

(p < 0.01) decreased cytotoxicity effect and an increasing IC50 than the DNP4 NP. 

Therefore, the decrease cytotoxicity of DNP2 NP may be attributed to the slow, 

sustained release of DSF in the physiological condition of pH 7.4 (Figure 4.13). The 

moderate stability in serum indicates benefit for loaded NPs long circulation. Due to 

DNP2 NP moderate stability in horse serum, it was demonstrating the ability to impact 

the cytotoxicity effect for more than 72 hours. Introducing mPEG2k-PLGA to DNP2 NP 

formulation showed the prolonged circulation of DSF release compared to the naked 

DNP1 NP (Figure 4.13). 

The DNP3 NP had a significantly (P < 0.05) decreased cytotoxicity effect with an 

increasing IC50value of 101.35 ± 9.29 (Table 4.2), compared to the DNP4 NP. Similarly, 

the DNP3 NP demonstrated significant (p < 0.01) decreased cytotoxicity effect with an 

increasing IC50 than the DSF/Cu standard. The DNP3 NP had no significant (p > 0.05) 

cytotoxicity effect between the DNP5 NP and free DSF standard (Figure 4.13). The 

decrease in cytotoxicity of DNP3 NP might be due to slower sustained release of DSF 
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as DSPE PEG2k exhibits high solubility in the physiological condition of pH 7.4 (Figure 

4.13). As shown in Figure 4.14, DNP3 NP demonstrated the least stable in horse 

serum, and this is because of the phospholipid DSPE PEG2k showing less stable in 

serum.  

The DNP4 NP showed a highly significant (P < 0.05) increased cytotoxicity effect with 

a low IC50 value of 28.16 ± 2.56 (Table 4.2) than the DNP5 NP, and this due to the fast 

release of DSF accompanied by better stability, therefore, increases cell viability at 

high concentration (Figure 4.15). In addition, the DNP4 NP with mixed formulation 

ratios of PLGA/PCL (1:1) and 0.5% mPEG2k-PLGA demonstrated the ability to exert a 

therapeutic effect at moderate concentration. 

Finally, the free DSF standard showed a significant (p < 0.01) decreased cytotoxicity 

effect against the MCF 7 breast cancer cells with an increasing IC50 value of 110.65 ± 

14.62 (Table 4.2), compared to the DSF/Cu standard. Under the physiological 

condition of pH 7.4, the free DSF standard had the fastest release amongst the loaded 

NPs, and for the first 30 minutes, over 90% of DSF was released (Figure 4.13). Also, 

more than 50% of DSF was rapidly degraded in serum (Figure 4.14). This study 

confirms the instability of the free DSF standard in physiological environments which 

is in support with published kinds of literature. It shows the need for nanotechnology 

to encapsulate DSF with the ability to enhance higher cytotoxicity and apoptotic effect 

against cancer cells. The survival curve of cancer cells after being treated by DSF, 

DSF/Cu confirmed that the cytotoxic effect of DSF is dependent on Cu+2 and follows a 

dose-dependent manner (Figure 4.15 to 4.17). Cu sensitivity in tumour cells is higher 

compared with normal cells, therefore, treating Cu with DSF-loaded PLGA NPs thus 

enhance cancer therapy (Navrátilová, et al., 2009; Tisato, et al., 2010). 
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Table 4.2. Demonstrating IC50 of DSF-loaded PLGA (DNP1 to DNP5 NPs) nanoparticles, DSF, and 
DSF/Cu standards treated against three cancer cell lines, MCF 7, MDA-MB-231 and MDA-MB-231PTX10 
nM. (Mean ± SD, n=3). 

 

 

 

 

 
 
 

 

Figure 4.15. MTT assay cytotoxicity of the free DSF, DSF/Cu standards and DSF-loaded PLGA (DNP1 to 
DNP5) nanoparticles prepared the D-Nano-Pr method were treated against the MCF 7 cancer cells, (Mean 
± SD, n=3). 

 

Cytotoxicity effect of the free DSF standard, DSF/Cu standard and loaded NPs treated 

against the MDA-MB-231cancer cells was investigated by MTT assay, and Figure 4.16 

showed the cytotoxicity activity curves after treatment at different concentrations with 

cells incubated at 37 oC for 72 hours. 

Standards (nM) MCF 7 MDA-MB-231 MDA-MB-231(PTX 10nm) 

DSF 110.65 ± 14.62 145.18± 29.93 338.25± 22.41 

DSF/Cu 53.81± 14.62 97.77± 1.75 79.00± 1.78 

DNP1 48.73± 4.32 119.51± 29.55 358.91± 19.72 

DNP2 83.57± 5.09 86.23± 10.52 306.71± 64.06 

DNP3 101.35± 9.29 114.04± 1.68 183.55± 82.55 

DNP4 28.16± 2.56 32.77± 7.05 31.27± 5.31 

DNP5 102.00± 23.08 69.56± 31.21 300.84± 17.51 
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As ascribed in Figure 4.16, DNP1 NP had a highly significant (P < 0.05) increased 

cytotoxicity effect with a low IC50 value of 119.51 ± 29.55 (Table 4.2) than the free DSF 

standard. But, DNP1 NP showed a significantly (p < 0.01) decreased cytotoxicity effect 

and an increasing IC50 (Table 4.2) than the DNP4 NP. Therefore, it is indicating that 

DNP1 NP had excellent stability and biocompatibility of denatured PLGA in horse 

serum (Figure 4.14). In contrast, the cytotoxicity of DNP1 NP showed no significant (p 

> 0.05) effect in cell viability compared to the DNP2 NP, DNP3 NP, DNP5 NP, and 

DSF/Cu standard (Figure 4.16). This also confirmed that the DNP1 NP might be 

effective within 48 hours, as more than 70% of DSF was released in physiological 

conditions of pH 7.4 (Figure 4.13). 

DNP2 NP only had a highly significant (P < 0.05) increased cytotoxicity effect at a 

maximum concentration of 1000 nM, and a low IC50 value of 86.23 ± 10.52 (Table 4.2) 

compared to the free DSF (Figure 4.16). In contrast, DNP2 NPs showed no significant 

(p > 0.05) cytotoxicity effect and IC50 (Table 4.2) compared to the DNP3 NP, DNP4 

NP, DNP5 NP, and DSF/Cu standard (Figure 4.16). As previously stated, DNP2 NP 

had the ability to impact cytotoxicity beyond 72 hours due to the attached mPEG2k-

PLGA showing the slower sustainable release of DSF at 96 hours with more than 80% 

of the drug was released. Therefore, DNP2 NP has the ability to enhance long 

circulation in cancer therapy.  

The DNP3 NP showed a highly significant (P < 0.05) increased cytotoxicity effect at a 

maximum concentration of 1000 nM with a low IC50 value of 114.04   ± 1.68 (Table 

4.2), compared to the free DSF. In addition, the DNP3 NP also demonstrated a 

significant (p < 0.01) decreased cytotoxicity effect with an increasing IC50, compared 

to the DNP4 NP. But, the DNP3 NP showed no significant (p > 0.05) cytotoxicity effect 

compared to the DNP4 NP and DSF/Cu standard (Figure 4.16). Adding the PLGA/PCL 
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(1:1) and mPEG2k-PLGA in the DNP4 NP exhibits excellent stability by protecting DSF 

in horse serum with the ability to prolong DSF half-life exerts cytotoxicity beyond 72 

hours incubation. This is attributed to the slowest sustainable release of DSF at 96 h 

with more than 70% of the drug released. The DNP4 NP can also enhance long 

circulation to target tumour cells. 

The DNP4 NP showed a highly significant (P < 0.05) increased cytotoxicity effect with 

a low IC50 value of 32.77 ± 7.05 (Table 4.2), than the free DSF standard (Figure 4.16). 

Mostly, the DNP4 NP demonstrated a significantly increased cytotoxicity effect at 

moderate concentrations than the DSF/Cu standard (Figure 4.16). In addition, there is 

no significant (p < 0.05) cytotoxicity effect at higher concentrations between DNP4 and 

DNP5 NPs, as shown in Figure 4.16. 

Finally, the free DSF standard showed a highly significant (P < 0.05) decreased 

cytotoxicity effect with an increasing IC50 value of 145.18 ± 29.93 (Table 4.2) than the 

DNP5 NP (Figure 4.16). Interestingly, no significant (p > 0.05) cytotoxicity effect 

observed between the free DSF and DSF/Cu standards (Figure 4.16). 
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Figure 4.16. MTT assay cytotoxicity of the free DSF, DSF/Cu standards and DSF-loaded PLGA (DNP1 to 
DNP5) nanoparticles prepared the D-Nano-Pr method were treated against the MDA-MB-231 cancer 
cells, (Mean ± SD, n=3). 

 

The in vitro inhibitory effects of the free DSF standard, DSF/Cu standard, and DNP1-

5 NPs against the MDA-MB-231PTX10paclitaxel (PTX)-resistant cancer cells was dose-

dependent after 72 hours incubation and then exhibited cell viability as shown in Figure 

4.17. 

As shown in Figure 4.17, DNP1 NP demonstrated no significant (p > 0.05) cytotoxicity 

effect between the DNP2 NP, DNP5 NP, and free DSF standard. After 72 hours of 

incubation, the dose-dependent manner of DNP1 NP against the MDA-MB-231PTX10 

showed a highly significant (P < 0.05) decreased cytotoxicity effect at low 

concentrations with an increasingIC50 value of 358.91 ± 19.72 (Table 4.2), compared 

to the DNP4 NP and DSF/Cu standard (Figure 4.17).As revealed in Figure 4.17, DNP1 

NP demonstrated a significantly (p < 0.01) decreased cytotoxicity effect at lower 

concentrations, than the DNP3 NP. This is further indicating that DNP1 NP was slowly 

penetrating the PTX-resistant breast cancer cells compared to the cytotoxicity effect 

exhibited by the DNP1 NP formulation against the MCF 7 in Figure 4.15. 
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The DNP2 NP showed no significant (p > 0.05) cytotoxicity effect between the free 

DSF and DNP5 NP (Figure 4.17). As ascribed in Figure 4.17, the DNP2 NP 

demonstrated a highly significant (P < 0.05) decreased cytotoxicity effect at higher 

concentrations with an increasing IC50 value of 306.71 ± 64.06 (Table 4.2), compared 

to the DSF/Cu standard and DNP4 NP. The DNP2 NP showed significantly (p < 0.05) 

decreased cytotoxicity effect, compared to the DNP3 NP. The mPEG2k -PLGA PEG 

played a significant role in DNP2 NP to slowly penetrate the PTX-resistantMDA-MB-

231PTX10 cancer cells (Figure 4.17) than the MDA-MB-231 (non-resistance) indicating 

less penetration (Figure 4.16). This is a clear indication that DNP2 NP may exhibit high 

cellular uptake against MDA-MB-231PTX10at above 72 hours incubation. 

DNP3 NP showed a significantly (p < 0.01) increased inhibitory effect with a low IC50 

value of 183.55 ± 82.55 (Table 4.2), than the free DSF standard (Figure 4.17). Also, 

the results of DNP3 NP showed a significantly (p < 0.01) decreased cytotoxicity effect 

than the DNP4 NP. In contrast with the DNP3 NP demonstrated significant (p < 0.05) 

increased cytotoxicity effect than the DNP5 NP. The increased cytotoxicity effect of 

DNP3 NP formulation is attributed to the PTX-resistant MDA-MB-231PTX10 cancer cells, 

which exhibits slight accumulation of DSF, and this might be the effect of phospholipid 

DSPE PEG2k increasing cellular uptake that might enhance DSF influence to inhibit P-

gp activity by blocking its maturation (Loo et al., 20004). However, there is no 

significant cytotoxicity effect between the DNP3 NP and DSF/Cu standard. 

The DNP4 NP had a highly significant (P < 0.05) increased cytotoxicity effect at lower 

concentrations against the PTX-resistant MDA-MB-231PTX10 cancer cells, which 

consists of a lower IC50 value of 31.27 ± 5.31(Table 4.2), compared to the free DSF 

standard and DNP5 NP (Figure 4.17). 
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The free DSF standard showed a highly significant (P < 0.05) decreased cytotoxicity 

effect with an increasing IC50 value of 338.25 ± 22.41 (Table 4.2), compared to the 

DSF/Cu standard (Figure 4.17). 

In summary, for all three cell cultures, the IC50% values (Table 4.2) of the DNP1-5 NPs 

(Table 4.1) demonstrated comparable values with DSF/Cu standard. Therefore, the 

result mirrors the release profile for NPs that had a slow release. In addition, the DNP1, 

DNP2, DNP3, and DNP5 NPs demonstrated increased IC50% against the PTX-resistant 

MDA-MB-231PTX10 cancer cells. But, DNP4 exhibited the strongest (p < 0.05) inhibitory 

activity amongst all NPs due to its sustainable controlled release of DSF as ascribed 

in Figure 4.13. Most importantly, this was also confirmed by the surviving curves for all 

three cell cultures (Figure 4.15-17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. MTT assay cytotoxicity of DSF-loaded PLGA (DNP1 to DNP5 NPs) nanoparticles on to the 
MDA-MB-231PTX10cancer cells (Mean ± SD, n=3). 
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4.5 Conclusion 

In this study, we have successfully manufactured nano-carrier delivery systems of 

DSF-loaded PLGA/PCL coated with mPEG2k-PLG and DSPE PEG2k by using the D-

Nano-Pr method. The NPs formulations produce increased encapsulation efficiency, 

sustainable cumulative drug release and DSF stability in horse serum. The DSF-

loaded PLGA/PCL coated with mPEG2k-PLG produced increased drug entrapment, a 

prolonged sustainable release, increased DSF protection in horse serum media and 

high cytotoxicity towards breast cancer cells including those that are resistant to 

chemotherapy agent (PTX). Production of NPs by the D-Nano-Pr method can be an 

alternative to solve issues surrounding DSF, such as stability and the ability to enable 

long circulation of DSF NPs to target cancer cells. Therefore, DSF NPs formulations 

by the D-Nano-Pr method could be used or introduced into clinical trials and the 

pharmaceutical industry. The encapsulated DSF-loaded PLGA and coated PEGylated 

nano-carrier delivery systems can enhance cancer therapy.  
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Chapter 5 Development and Characterizations of Disulfiram Solid Lipid Nanoparticles 

Using the Direct Nanoprecipitation and Single emulsion/solvent evaporation methods 
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5.1 Introduction 

SLNs have been identified as the new generation of novel colloidal drug delivery carrier 

systems (Wan, et al., 2008). The hot homogenization technique is commonly used in 

the preparation of SLNs (Al-Haj and Rasedee, 2009). However, depending on the 

chemical and physical properties of the active ingredient which is sensitive to 

temperature; therefore, the cold homogenization technique can be utilized as an 

alternative (Wissing and Müller, 2002).  

For over two decades, published articles have reported DSF NPs development against 

cancer therapy. But, the research field of nanomedicines provides less information 

about the methods used to fabricate and characterize nano-carrier delivery systems of 

DSF. Previous studies have shown inconsistency in the determination of percentage 

encapsulation efficiency of DSF prepared by the SE method then estimated 

encapsulated DSF using the centrifugation method. Similarly, reported methods for 

DSF stability in horse serum media lacks clarity (Wang, et al., 2017).This study 

confirms the new development of standard methods required to determine both 

encapsulated and un-encapsulated drug contents, and efficient step-by-step 

procedure to determine DSF stability in horse serum.  

In the present study, DSF-loaded SLNs were prepared by using the D-Nano-Pr method 

and the SE method. Both the D-Nano-Pr and SE methods used the hot homogenizer 

(HH) technique to develop the SLNs formulations. The particle sizes of SLNs prepared 

by the SE method were reduced by the mechanical force of the HPH and PS 

techniques. The newly manufactured SLNs were characterized using the zeta-sizer 

nano-series to determine particle sizes, polydispersity index (PDI), and zeta potential. 

Whereas the thermal degradation and functional group confirmation of chemical 

compounds were analyzed using differential scanning calorimetry (DSC) and Fourier 

transform infrared spectroscopy (FTIR), respectively. The percentage encapsulation 
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efficiency, cumulative release, and the stability SLNs in horse serum media were 

evaluated. 

5.2 Aims 

Up till the time of submitting this thesis, this is the first attempt for the preparation of 

DSF-loaded SLNs. Therefore, this study aims to manufacture particulates of un-

encapsulated and encapsulated DSF SLNs using the FDA approved biodegradable 

and biocompatibility phospholipids materials. In addition, previously used methods and 

techniques as described in section 2.2.1.2 (D-Nano-Pr method), and 2.2.2.3 (SE 

method) will be employed to determine decreased particle size as described in section 

2.2.2.2 (PS technique), and 2.2.2.4 (HPH technique), increased loading efficiency, 

control drug release and stability of free DSF and loaded NPs in horse serum.  

5.3 Experimental Design 

5.3.1 Preparation of disulfiram-loaded solid lipid nanoparticles by direct 

nanoprecipitation method 

The D-Nano-Pr method and hot-homogenization (HH) technique was used to 

manufacture unloaded (DSN1E NP) SLNs and DSF-loaded (DSN1 NP) SLNs nano-

carrier delivery systems. As shown in Table 5.1, the total weight of 300 mg between 

the phospholipids and DSF was dissolved in acetone (6 ml) (lipid phase) as referred 

to in chapter 2. The aqueous phase consists of ultrapure water (54 ml). DSN1E and 

DSN1 NPs were prepared at an isothermal temperature under a hot water bath at 80 

oC, as described in section 2.2.1.2.  

 

 

Table 5.1. The formulation ratios of disulfiram (DSF)-loaded solid lipid nanoparticles were manufactured 
by direct nanoprecipitation (D-Nano-Pr) method using the high-speed homogenization technique. 
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Ingredient 

(ratio) 

 
Formulation* 

Preciprol Compritol 

Hydrogenated 

Phosphatidylcholine from 

soybean (HPCS) 

DSF Total 

DSN1E 6.5 2.5 1 - 10 

DSN1 5.5 2.5 1 1 10 

*DSN represents solid lipid nanoparticles (SLNs) formulations prepared by the D-Nano-Pr method using high-speed 

homogenization technique. E denotes the empty SLNs formulation. 

 

5.3.2 Preparation of unloaded solid lipid nanoparticles and disulfiram-loaded solid 

lipid nanoparticles by single emulsion/solvent evaporation method 

To compare the final products prepared by the D-Nano-Pr method (DSN1/DSN1E 

SLNs), unloaded DPS1E, DPS2E, and DPS3E SLNs and DSF-loaded DPS1, DPS2, 

and DPS3 SLNs were developed by the SE method using the HH technique as 

described in section 2.2.2.4. Samples were manufactured in three stages, (i) unloaded 

DPS1E and DSF-loaded DPS1 SLNs by using the SE method/HH technique (ii) the 

pre-formulated DPS2E and DSF-loaded DPS2 SLNs by SE method/HH technique then 

subjected to further particle-size reduction by HPH technique and (iii) unloaded DPS3E 

and DPS3 SLNs carrier particles were reduced by PS technique. Total weight of 

300mg was used to manufacture unloaded and DSF-loaded SLNs using adjustable 

ratios shown in Table 5.2. Samples were weighed and dissolved in 6 ml of 

dichloromethane (DCM) (lipid phase), then immersed in a water bath (80 oC) as 

described in section 2.2.2.5.  
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Table 5.2. The formulation ratios of the DSF-loaded solid lipid nanoparticles were manufactured by using 
the single emulsion/solvent evaporation (SE) method. The DPS1E/DPS1 SLNs were prepared without 
particle size reduction. While, the DPS2E/DPS2 SLNs and DPS3E/DPS3 SLNs were prepared by the SE 
method with particle size reduction by the PS and HPH techniques, respectively. 

Ingredient 

(ratio) 

 
Formulation* 

Preciprol Compritol 

Hydrogenated 

Phosphatidylcholine 

from soybean 

(HPCS) 

DSF Total 

DPS1E  6.5 2.5 1 - 10 

DPS1 5.5 2.5 1 1 10 

DPS2E 6.5 2.5 1 - 10 

DPS2 5.5 2.5 1 1 10 

DPS3E 6.5 2.5 1 - 10 

DPS3 5.5 2.5 1 1 10 

*DPS represent solid lipid nanoparticles (SLNs) formulations prepared by the single emulsion/solvent 
evaporation (SE) method, whereby the particle sizes were reduced using probe sonication (PS) and high-
pressure homogenization techniques. E denotes the empty SLN formulation. 
 

 

5.4 Results and discussion 

5.4.1 Particle size, PDI, Morphology of particles, and zeta potential. 

To compare the SLNs formulations prepared between the D-Nano-Pr method and SE 

methods, the characterization of particle size, PDI, and zeta potential was performed 

immediately after synthesis. Hot homogenization (HH) technique was employed to 

prepare SLNs dispersion through precipitation in miscible mixed solvent and water 

(nanoprecipitation), or o/w emulsions (solvent evaporation) (Sjöström and 

Bergenståhl, 1992). The SLNs carrier systems are mostly produced by the HH 

technique for poorly water-soluble pharmaceutical drugs (Ugazio, Cavalli and Gasco, 

2002). To obtain nano-scale particle size, SLNs were prepared at approximately 5 oC 

to 10 oC above the melting point of the lipid and drug (Liu, et al., 2008).  

The mean particle size, PDI and zeta potentials of with or without DSF produce by the 

D-Nano-Pr, and SE methods were presented in Figures 5.1, 5.2, and 5.8, respectively. 

The mean diameter of DSN1 NP was 412.0 ± 23.24 nm, had a significantly (P < 0.05) 
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increased particle size compared to the DPS2 and DPS3 SLNs (Figure 5.1), which is 

due to reduce particle size, therefore, decreased particle sizes were observed as 

described in Figure 5.1. But, the DSN1 SLN showed no significant (p > 0.05) change 

in particle size compared with the DPS1 SLN, and this is because of DSN1, and DPS1 

SLNs prepared by the D-Nano-Pr, and SE methods, respectively, were only 

homogenized without particle size reduction. However, all SLNs were subjected to hot-

homogenization technique, and the only difference after the preparation of 

DPS2/DPS2E SLNs and DPS3/DPS3E SLNs particulates by the SE method were 

particle size reduced using the PS and HPH techniques. While the blank (DSN1E SLN) 

prepared by the D-Nano-Pr method had a mean diameter of 342.7 ± 12.32 nm, and a 

significantly (P < 0.05) increased particle size compared to the DPS1E, DPS2E, and 

DSL3E SLNs (Figure 5.1).  

A similar increase in particle size was observed for DSL1SLN prepared by the SE 

method, had a mean diameter of 383.0 ± 69.29 nm, which demonstrates a significantly 

(P < 0.05) increased particle size compared to the DPS2, and DPS3 SLNs. As 

previously stated, that decreased particle sizes of DPS2, and DPS3 SLNs was due to 

particle size reduction by the, PS and HPH techniques, respectively. Whereas, the 

DPS1E SLN had a mean diameter of 335.2 ± 8.21 with a significantly (P < 0.05) 

increased particle size compared with DPS2E, and DPS3E SLNs as ascribed in Figure 

5.1. Regardless of particle size reduction by the HPH, and PS techniques, no 

significant (p > 0.05) change in particle sizes between DPS2E and DPS3E SLNs 

(Figure 5.2).  

Reduced particle sizes of DPS3 and DPS3E SLNs using the HPH technique produced 

a mean diameter of 144.9 ± 13.45 nm and 115.1 ± 5.27 nm, respectively (Figure 5.1). 

The use of HPH technique decreased particle size in the range from 28 to 100 nm 
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without clogging the valve (Lee, et al., 2009; Kaushik and Singh, 2011). In this 

technique, SLNs are subjected to turbulence, cavitation and high shear stress to 

produce reduced mean nano-scale particle diameter (Harris, Martin and Modi, 2001; 

Silva, et al., 2010).  

As ascribed in Figure 5.1, the reduced mean diameter of DPS2 and DPS2E SLNs 

using the PS technique had the following mean diameters, 139.7 ± 7.44 nm and 124.9 

± 11.45 nm, respectively. The reduced particle sizes by PS technique shown in Figure 

5.1 are as per their published results after the particle size of encapsulated SN-38 SLN 

was reduced by the PS technique (Mosallaei, et al., 2016). 

Generally, particles of DSN1/DSN1Eand DSL1/DSL1E SLNs produced by the D-Nano-

Pr and SE methods without further size-reduction were significantly larger than the 

particle size reduction of DPS2/DPS2E and DPS3/DPS3E SLNs (Figure 5.1). Adding 

the drug, such as DSF in the molten state of the phospholipid at elevated temperature 

enables DSF incorporation into the hydrophobic core of the phospholipid colloidal 

particulate and it decreases particle size than the blanks (Mosallaei, et al., and 2016).   
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Figure 5.1. Particles sizes of DSF solid lipid nanoparticles, DSN1/DSN1E (D-Nano-Pr method), 
DPS1/DPS1E (SE method), DPS2/DPS2E (SE method/ PS technique) and DPS3/DPS3E (SE method/ 
HPH technique) (Mean ± SD, n=3). 

 

As shown in Figure 5.2, all SLNs demonstrated narrowed PDI that is less than 0.6.  

DSN1 and DSN1E SLNs prepared by the D-Nano-Pr method demonstrated no 

significant (p > 0.05) change in PDI compared to all the SLNs prepared by the SE 

method.DSN1E SLNs exhibited a significant (p < 0.05) increased PDI than DPS2E 

(Figure 5.2).  Also, there are no significant (p > 0.05) changes in PDIs between DPS1, 

and DPS3 SLNs. But, DPS1 SLN showed a significant (p < 0.05) change in PDI than 

the DPS2 SLN. There is no significant (p > 0.05) change in PDI between DPS2E and 

DPS3E SLNs prepared by the SE method and reduce particle sizes using the PS, and 

HPH techniques, respectively. Using the techniques such as the HPH or PS decreased 

the sizes of SNLs but increase the PDI, which is due to particle aggregation. This can 

be proven in Figure 5.2, where DSL3 and DPS2 SLNs have higher PDI compared to 

DPS1 SLN. 
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Figure 5.2. Polydispersity index (PDI) of DSF solid lipid nanoparticles, DSN1/DSN1E (D-Nano-Pr method), 
DPS1/DPS1E (SE method), DPS2/DPS2E (SE method/HPH technique) and DPS3/DPS3E (SE 
method/PS technique) (SE-PS) (Mean ± SD, n=3). 

 

Figure 5.3 shows the surface morphology of DSF-loaded SLN (DSN1) prepared by the 

D-Nano-Pr method demonstrated spherical particles with less aggregation. The sizes 

were approximately 400 nm with narrowed PDIs. The unloaded DSN1E SLN prepared 

by the D-Nano-Pr method showed few huge lipid SLNs with few particulates of a 

spherical surface (Figure 5.4). This might explain the large size and relatively high PDI 

shown by the zeta sizer. This also might highlight the role of DSF as a hydrophobic 

drug during the construction of the SLNs prepared by the D-Nano-Pr method as the 

preparation of empty SLNs almost failed without the drug.  DPS1 SLN prepared by the 

SE method demonstrated aggregated oval shape particulates (Figure 5.5). The SEM 

images confirm the large size SLNs of an approximately 400 nm and the good PDI. 

However, this aggregation was dispersed to give a smaller particle size (less than 150 

nm) but higher PDI after reducing the size by the PS technique (DPS2 SLN), (Figure 
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5.6). The reduced particle size of DPS3 SLN by the HPH technique demonstrated 

smooth surfaces and aggregated patched particles (Figure 5.7).  

 

Figure 5.3. Scanning electron microscopy (SEM) surface morphology images of DSF-loaded solid lipid 
nanoparticles of DSN1 prepared by the D-Nano-Pr method. 

 

Figure 5.4. Scanning electron microscopy (SEM) surface morphology ofunloaded solid lipid nanoparticles 
of DSN1E prepared by the D-Nano-Pr method. 
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Figure 5.5. Scanning electron microscopy (SEM) surface morphology of DSF-loaded solid lipid 
nanoparticles of DPS1 by SE method and hot homogenization (HH) technique. 

 

Figure 5.6. Scanning electron microscopy (SEM) surface morphology of DSF-loaded solid lipid 
nanoparticles of DPS2 prepared by SE method followed by PS. 

 

Figure 5.7. Scanning electron microscopy (SEM)surface morphology of DSF-loaded solid lipid 
nanoparticles of DPS3 prepared by SE method followed by HPH. 
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The zeta potential is a vital parameter for the stability of particle formulations. Studies 

have shown that higher values of zeta potential can exhibit high electric charges on 

the surface of particle by causing strong repellent forces among particulates to prevent 

aggregation (Harris, Martin, and Modi, 2001). Figure 5.8 demonstrates that all 

formulations have similar zeta potential values regardless of drug loading, and this 

including methods of preparations and techniques for size reduction. Nonetheless, 

zeta potential values for all formulations were below 25 -mV; this may indicate good 

stability of SLNs in aqueous dispersion (Müller, Mäder and Gohla, 2000). SLNs 

produced by the D-Nano-Pr and SE method showed no significant (p > 0.05) changes 

of zeta potential (Figure 5.8). 

 

Figure 5.8. Zeta potential of DSN1/DSN1Eprepared by the D-Nano-Pr method, DPS1/DPS1Eprepared by 
the SE method, DPS2/DPS2E and DPS3/DPS3Ewere prepared by theSE method then particle size 
reduced by the PS and HPH techniques, respectively. (Mean ± SD, n=3). 
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5.4.2 Differential scanning calorimetry 

DSC studies of SLNs were carried out to investigate the physicochemical state of 

encapsulated DSF nano-carrier systems. Figure 5.9 demonstrated DSC thermograms 

of the following standards, DSF, Precirol, Compritol 888 ATO, and sucrose. As shown 

in Figure 5.9, DSF-loaded SLN (DSN1 SLN) prepared by the D-Nano-Pr method 

showed no DSF peak, this is indicating DSF amorphous state. The reason for the 

disappearance of DSF peak in loaded SLNs is due to manufactured loaded SLNs 

above the melting point of DSF. Also, this is an indication that DSF manufactured 

above its melting point at 70 oC can maintain complete stability when in the amorphous 

state which allows limited recrystallization (Hancock and Zografi, 1997; Leuner and 

Dressman, 2000). Figure 5.13 showed no DSF peak of DSN1E SLN. The DSC 

measurements from a published article using similar phospholipid materials 

demonstrated no peak of SN38-loaded SLN prepared by using the SE method 

(Mosallaei, et al., 2016). 

In Figure 5.9a-e, the DSC curves of samples indicated by an arrow showed sharp and 

broad peaks of Precirol, Compritol, DSF, and sucrose standards. Similar peaks were 

observed from the physical mixtures. Therefore, the DSC spectra heating curves of 

DSF-loaded DSN1 and unloaded DSN1E SLNs (Figure 5.9 f and g) did not show DSF 

at 70 oC. This effect was attributed to the formulation of the empty or loaded SLNs 

dissolved at 80 oC. The overlapping calorimetric peak of Precirol/Compritol and the 

broad peak of sucrose are shown in appendix-C (Figure 5.14 – 5.19). The incubation 

of SLNs formulation at the same temperature of the lipid phase at 80 oC induces no 

DSF peak compared to the physical mixture and DSF standards. Considering the 

disappearance of the DSF peak from the loaded SLNs indicates complete dissolution 

in the lipid phase at a temperature (80 oC) above the DSF melting point (70 oC). The 

only DSF peak that is constant among the DSC spectra can be observed between the 
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standards (Figure 5.9 b, and e). The disappearance peak of DSF suggested that the 

hydrophobic drug was preferentially dissolved in the lipid phase and that DSF was 

inside the lipid matrix of the SLN. Regardless of the high temperature affecting the 

SLNs, which constituted aggregates SLNs inside the lipid particles (Figure 5.5 – 5.7), 

hence produce satisfactory percentage drug encapsulation efficiency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. A representative of DSC thermograms of (a) sucrose standard, (b) DSF standard, (c) Precirol 
standard, (d) Compritol standard, (e) physically mixed standards (f), DSF loaded solid lipid nanoparticles 
(SLNs), and (g) blank SLNs. Both NPs formulations and physically mixed standards were prepared in a 
drug/polymer 1:9 ratio by SE method followed by HPH technique (particle size reduction).  

5.4.3 Fourier transform infrared spectroscopy 

The thermal results of SLNs and standards were confirmed by FTIR analyses in Figure 

5.10. The SLNs formulations were used to make a comparison in terms of DSF 

functional groups to the following standards, Precirol ATO-5, Compritol 888 ATO, and 

mixed (DSF, Precirol AT0-5, Compritol 888 ATO, mPEG-PEG2k, DSPE-PEG2k, and 

sucrose). In Figure 5.10, DSF showed no characteristic of CH3 stretching vibrational 

bands. The FTIR analysis of the blank SLNs showed confirmation of DSF 
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disappearance vibrational stretches of CH3 as it was observed from the DSC 

thermograms. Appendix-C the following Figures 5.20, 5.22, and 5.24 presented no 

characteristic band for DSF but suggesting DSF encapsulation in the lipid matrix core. 

Also, in appendix-C of the corresponding blanks in Figure 5.21, 5.23, and 5.25 were 

like the same FTIR spectra as the DSF-loaded SLNs. The blank SLNs demonstrated 

that the formulations were not influenced by the phospholipid concentration in the lipid 

phase. The characteristic band of DSF standard showed a crystalline state than the 

amorphous state of DSF-loaded SLNs. At high temperature of the lipid phase enabled 

DSF formation of amorphous state region inside the lipid matrix core.  

The FTIR thermograms of the loaded SLNs confirmed DSF encapsulation in the 

following compatibility excipients, preciprol, and compritol solid lipid matrix core, which 

enhances the entrapment of DSF. The FTIR spectra of blank (DSN1E) SLNs 

containing preciprol and compritol excipients showed a different length with a 

characteristic band of 1,638 cm-1 on the C=O stretch vibration, compared to the 

standards (Figure 5.10g).The FTIR spectra of the unloaded and loaded SLNs matched 

the published results of SLNs.  
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Figure 5.10. A representative of FTIR spectroscopic analysis demonstrated(a) sucrose standard, (b) DSF 
standard, (c) Precirol standard, (d) Compritol standard, (e) physically mixed standards (f), DSF loaded 
solid lipid nanoparticles (SLNs), and (g) blank SLNs. Both NPs formulations and physically mixed 
standards were prepared in a drug/polymer 1:9 ratio by SE method followed by HPH technique (particle 
size reduction). 

 

5.4.4 Encapsulation efficiency 

Irrespective of the different methods employed to prepare DSF-loaded SLNs the 

encapsulated drug needs to be adequately partitioned into lipid droplets of nano-scaled 

size so that to achieve increased drug loading efficiency (Mehnert and Mäder, 2012). 

As shown in Figure 5.11, the encapsulation efficiency of 69% for DSN1 SLN 

demonstrates a significant increased (p < 0.05) drug loading efficiency compared to 

DPS1 and DPS3 SLNs with an encapsulation efficiency of 57% and 56%, respectively. 

DPS2 SLN encapsulation efficiency was approximately 65% with no significant 
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differences (p > 0.05) compared to DPS1 and DPS3 SLNs (Figure 5.11). DSN1 SLN 

showed no significant difference (p > 0.05) compared to the DPS2 SLN (Figure 5.11). 

This means the produced SLNs by the D-Nano-Pr and SE methods demonstrated 

highest percentage encapsulation efficiency, which indicates that the D-Nano-Pr 

method hadDPS1 SLN of high percentage encapsulation efficiency, but large particle 

size (around 400 nm).Irrespective of drug concentration in the lipid phase DSF 

entrapment increases in the lipid matrix due to DSF amorphous state. The SE method 

followed by particle size reduction using the PS technique produced high percentage 

encapsulation efficiency of DSL2 SLN exhibited a smaller size (less than 150 nm) but 

with a relatively high PDI (around 0.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. The encapsulation efficiency of DSN1 SLN prepared by the D-Nano-Pr method, the DPS1 
SLN prepared by the SE method, while the DPS2 and DPS3 SLNs were also prepared by the SE method, 
then particle sizes reduced using the PS and HPH techniques, respectively.(Mean ± SD, n=3). 
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5.4.5 Cumulative release 

The in vitro drug release of thefree DSF standard and DSF-loaded SLNs were 

performed in PBS (pH 7.4) with 1% Tween80. As shown in Figure 5.12, all SLNs 

demonstrated a slow control DSF cumulative release at an interval time of three hours 

obtained percentage release of 13% 16%, 12% and 17%, respectively. Within 24 

hours, the free DSF standard showed fast release compared to all SLNs incubated. 

Overall, the DPS2 SLN had no significant (P > 0.5) change, but markedly the slowest 

release amongst all SLNs. The slow drug release demonstrates the high stability of 

DSF-loaded SLNs (Zur Mühlen and Mehnert, 1998). This is indicating the preparation 

of SLNs for controlled delivery of DSF is suitable to enhance the prolonged circulation 

of DSF for therapeutic effect.  At 24 hours time, a slow release of DSN1, DPS1, DPS2, 

and DPS3 SLNs demonstrated burst release of DSF at  35%, 32%, 25% and 39%, 

respectively, (Figure 5.12). 

 

Figure 5.12. Cumulative release of the free DSF standard,DSN1 SLN prepared by the D-Nano-Pr method, 
the DPS1 SLN prepared by the SE method, while the DPS2 and DPS3 SLNs were also prepared by the 
SE method, then particle sizes reduced using the PS and HPH techniques, respectively.(Mean ± SD, 
n=3). 
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5.4.6 Stability 

The stability of DSF-loaded DSN1 and DPS1-3 SLNs prepared by the D-Nano-Pr 

method and the SE method was evaluated in horse serum after incubation. The 

incubated DSF-loaded SLNs in serum were taken at different time-period, and DSF 

peak was detected using the HPLC method. As shown in Figure 5.13, the freeze-dried 

manufactured samples demonstrated higher stability in horse serum than the free DSF 

standard.  At a time interval of one minute, the stability of free DSF in horse serum was 

very low with over 50% of DSF is degraded, whereas more than 50% of all SLNs 

remained intact after 2 hours of incubation. No significant differences in the stability 

profiles for DPS2 and DPS3 SLNs and both have less stability than DPS1 SLN. This 

is expected as DPS1 SLN has a larger particle size than both, hence less surface area, 

and higher stability. Previous studies indicated that 50% of DSF loaded liposomes 

were degraded within 20 min (Wang et al., 2012). In this study, solid lipid nanoparticles 

extended this time to more than two hours incubation. This might be because SLNs 

are more rigid and tolerant than liposomes. 
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Figure 5.13.Stability of the free DSF standard,DSN1 SLN prepared by the D-Nano-Pr method, the DPS1 
SLN prepared by the SE method, while the DPS2 and DPS3 SLNs were also prepared by the SE method, 
then particle sizes reduced using the PS and HPH techniques, respectively.(Mean ± SD, n=3). 

 

5.6 Conclusion 

The D-Nano-Pr and SE methods were used prepared DSF-loaded solid lipid 

nanoparticles (SLNs) by the hot homogenization (HH) technique at elevated 

temperature above the melting point of both the phospholipids and DSF. The precirol 

and compritol excipients were used to manufacture and characterized DSF-loaded and 

unloaded SLNs. Due to high temperature, the SLNs produced aggregated and 

collapsed morphology and lipid matrix core-shell structure. The D-Nano-Pr method 

produced relatively large nanoparticles but with narrow PDI. Also, DPS1 SLN prepared 

by using the SE method assisted by hot melt mixing without particle size reduction has 

a larger particle size. The increase in drug concentration may be attributed to the large 

particle sizes. The reported particle size results from the literature markedly reflected 

the results obtained after characterization. However, reducing the size of SLNs 

prepared by the SE method, then particle sizes reduction were performed using the 
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HPH, and PS techniques produced SLNs with nano-size less than 150 nm with 

acceptable PDI. A good percentage of drug encapsulation efficiency was achieved 

irrespective of particle size reduction by the HPH, and PS techniques. Therefore, DSF-

loaded SLNs prepared from both methods showed suitability to enhance bioavailability 

for therapeutic effect towards cancer therapy. 

All SLNs had high negative zeta potentials indicating high dispersion stability. All 

prepared SLNs showed a slow release profile and increased stability in horse serum. 

SLNs prepare using the SE method followed by particle size reduction using the HPH 

technique proves superiority over the rest due to its smaller particle size, high 

encapsulation efficiency, and increased stability in horse serum.   
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Chapter 6: Development and Characterisation of PEGylated Disulfiram Encapsulated 

Solid Lipid Nanoparticles Prepared by the Single Emulsion/Solvent Evaporation 

Method and High-Pressure Homogenization Technique 
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6.1 Introduction 

In this study, DSF loaded SLNs, including PEGylated (mPEG-PLGA2k and DSPE-

PEG2k) and unloaded (blanks) SLNs carrier systems were developed and 

characterized for DSF delivery against breast cancer cells. Freshly prepared samples 

were characterized in terms of particle size, zeta potential, percentage encapsulation 

efficiency, DSC, and FTIR. The cumulative drug release between DSF SLNs and 

PEGylated SLNs was evaluated. The MTT assay was employed to investigate the anti-

cancer effect of free DSF and DSF-loaded SLNs/PEGylated SLNs in MDA-MB-231 

cancer cells. 

6.2 Aims 

To prepare and characterize long circulation nano-carrier delivery systems of DSF 

loaded PEGylated SLNs prepared by the SE method then particle size reduced using 

the high-pressure homogenization technique (HPH) technique. This is to investigate 

the anti-cancer activity of non-PEGylated, and DSF-loaded PEGylated SLNs in cancer 

cells.     

6.3 Experimental Design 

6.3.1 Preparation of PEGylated disulfiram-loaded solid lipid nanoparticles 

From the previous experiments in chapter 5, the SE method followed by HPH 

technique was superior to other methods of preparation such as the D-Nano-Pr 

method. Also, the use of PS technique for particle size reduction procedures reported 

in the literature suggested the presence of alloy aluminium and titanium dioxide (TiO2) 

contaminated the NPs/SLNs suspensions from tip erosion during direct sonication.  

Therefore, unloaded/DSF-loaded SLNs (DSL1E/DSL1 SLN) and unloaded/PEGylated 

DSF-loaded SLNs (DSL1aE/DSL1a and DSL1bE/DSL1b SLNs) colloidal particulates 

were prepared by the oil-in-water (O/W) SE method (Najlah, et al., 2017), through the 
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HH technique (Mehnert and Mäder, 2012). After the preparation of SLNs, particle sizes 

were reduced by using the HPH technique, as described in section 2.2.2.5. Table 1 

shows the ratios of materials used in the preparation of non-PEGylated and PEGylated 

SLNs. 

Table 6.1.Different formulation ratios of disulfiram (DSF) PEGylated loaded solid lipid nanoparticles 
(SLNs) manufactured by single emulsion/solvent evaporation (SE) method. 

Ingredient 

(ratio) 

 
Formulation* 

Preciprol Compritol HPCS 
mPEG2k-

PLGA 

PEG2k-

DSPE 
DSF Total 

DSL1aE 6.5 2.5 1 0.5 - - 10 

DSL1a 5 2.5 1 0.5 - 1 10 

DSL1bE 6.5 2.5 1  0.5- - 10 

DSL1b 5 2.5 1 - 0.5 1 10 

*DSL(a & b) represent PEGylated solid lipid nanoparticles (PEG-SLNs) formulations prepared by the single emulsion/solvent 

evaporation (SE) method, then particle sizes were reduced using the high-pressure homogenization (HPH) technique. E 

denotes the empty SLN formulation. 

 

6.4 Results and discussion 

6.4.1 Particle size and PDI 

Also, this is the first study to manufactured PEGylated DSF-loaded SLNs using 

different ratios of phospholipids, DSF, and the two types PEGylation (mPEG2k-PLGA 

and DSPE PEG2k) into a molten solution by using the SE method. For all formulations, 

the blank SLNs had smaller particle sizes than its corresponding loaded ones (Figure 

6.1).  This might be an initial indicator of an interaction between the drug and the lipid 

used in the preparation. Such interaction may be a solid in solid solution or dispersion, 

or simply drug adsorption on the surface. In this context, all loaded SLNs were of size 

below 250 nm.  

After particle size reduction by using the HPH technique, DSL1 SLN had a mean 

diameter of 144.9 ± 13.45 nm with a significant (P < 0.05) decreased particle size than 

DSL1a SLN. The increased particle size of DSL1a SLN was due to the attached 
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PEGylation (mPEG2k-PLGA). DSL1 SLN had a similar significant (p < 0.01) decrease 

in particle size than DSL1b SLN. Reduced particulates of DSL1a SLN showed a 

significant (p < 0.01) increased particle size than DSL1b SLN when phospholipid DSPE 

PEG2k diffuses at higher temperature the particle size increases. 

The blank DSL1E SLN had a mean diameter of 105.2 ± 2.61 nm with a significantly (P 

< 0.05) decreased particle size than the DSL1aE SLN (Figure 6.1). Similarly, the 

DSL1E SLN had a significant (p < 0.01) decreased particle size than the DSL1bE SLN. 

The DSL1aE SLN demonstrated significant (p < 0.05) increased particle size 

compared to the DSL1bE SLN (Figure 6.1).  

Furthermore, there are significant differences in the sizes among the loaded SLNs in 

the following order DSL1a > DSL1b > DSL1 SLN. More explicitly, PEGylated SLNs are 

larger than the naked SLN, which might be due to the PEG grafts expansion in the 

aqueous solution because of its hydrophilic nature. Unsurprisingly, DSL1a SLN 

PEGylated by the mPEG2k-PLGA polymer was significantly (p < 0.05) larger than the 

DSL1b SLN PEGylated by the DSPE-PEG2k. Also, this might be explained by the 

difference of DSF interaction with the lipids used to manufacture the SLNs. Besides, 

the mPEG2k-PLGA might have coated the SLNs resulting in larger nanoparticles, while 

DSPE-PEG2k was of a similar lipid nature and contributed to the particle construction.  

  
 
 
 
 
 
 
 
 
 
 
 



175 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Particle sizes of PEGylated DSF solid lipid nanoparticles prepared by SE followed by HPH, 
(Mean ± SD, n=3). 

 

As shown in Figure 6.2, all SLNs produced PDIs below 0.5 and were considered as 

narrow particle size distribution. DSL1 SLN showed significant (p < 0.01) increased 

PDI than the DSL1a SLN (Figure 6.2). But, no significant (p > 0.05) change in PDI 

between DSL1 and DSL1b SLNs. In comparison, DSL1a SLN showed significant (p < 

0.01) increased in PDI compared to the DSL1b SLN. 

The blank of DSL1E SLN showed significant (p < 0.01) decreased PDI than the 

DSL1aE SLN. While the DSL1E SLN had a significant (p < 0.05) decreased PDI 

compared to the DSL1bE SLN. But, no significant (p > 0.05) change in PDI observed 

between DSL1aE and DSL1bE.This also might be due to the difference in lipid 

composition among the three SLNs. 
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Figure 6.2. Figure 6. 1. Polydispersity index (PDI) of the PEGylated DSF solid lipid nanoparticles prepared 
by the SE followed by the HPH technique, (Mean ± SD, n=3). 

 

6.4.2 Zeta potential 

The Unloaded/DSF-loaded (DSL1/DSL1E) SLNs and unloaded PEGylated/DSF-

loaded PEGylated (DSL1b/DSL1bE) SLNs demonstrated satisfactory zeta potential 

values than unloaded PEGylated/DSF-loaded PEGylated DSL1a/DSL1aE SLNs. No 

significant difference was found between each blank and its loaded counterpart. This 

might indicate that the drug is entrapped inside the loaded particles rather than 

adsorbed on the surface. 

As shown in Figure 6.3, DSL1 SLN showed a significant (p < 0.05) increased the zeta 

potential value of 27.0.2 ± 6.27 nm than DSL1a SLN with a zeta potential value of 9.1 

± 1.19 nm. The addition of surface modifiers such as the amphiphilic mPEG2k-PLGA 

on bare solid lipid nanoparticles significantly reduced zeta potential values, and this 

was due to the hydrophilic polymer chain masking the surface particle (Garcia-

Fuentes, Torres and Alonso, 2005). The SLN was modified in DSL1a formulation by 

using the mPEG2k-PLGA copolymer acting as protection towards the naked SLN, 
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therefore, resulted in a reduced charged particle of a lower zeta potential due to the 

PLA copolymer long-chain masking the carboxyl end groups of the phospholipid 

surface area (Gombotz et al., 1991). In contrast, the DSPE PEG2k added in DSL1b 

demonstrated higher charged surface of zeta potential, which indicates the formation 

of lower ionic force (Gombotz et al., 1991). The masked DSL1a SLN produced a thicker 

surface area of mPEG2k-PLGA coiling around the naked SLN created a barrier that is 

assumed as efficient steric protection (Gombotz et al., 1991). This resulted in an 

increase particle size of DSL1a SLN than the naked DSF-loaded SLN formulation 

(DSL1 SLN) (Figure 6.1). This study showed PEGylated DSL1a/DSL1aE SLNs 

masked particle surface area of reduced zeta potential are in good agreement with 

similar results reported on drug-loaded PEGylated SLNs (Pignatello, et al., 2013; 

Mosallaei, et al., 2016).  

There is no significant (p > 0.05) change in particle size between DSL1 and DSL1b 

SLNs.DSL1a SLN had a significant (p < 0.01) decreased particle size than the DSL1b 

SLN with a zeta potential value of 38.4 ± 6.46 nm (Figure 6.3). Adding the 

phospholipids’ PEG, such as DSPE-PEG2k in DSL1b SLN enhances zeta potential 

value compared to that of the DSL1a and DSL1 SLNs (Figure 6.3). DSPE-PEG is a 

well-known establish electrostatic, steric stabilizer that increases zeta potential values 

(Woodle, et al., 1992; Lim and Kim, 2002). Previous studies reported that formulations 

prepared by the inclusion of DSPE-PEG2k at different ratios had their zeta potential 

values increased as the DSPE-PEG2k ratio increased (Lim and Kim, 2002). The 

unloaded DSL1E SLN produced significant (p < 0.01) increased zeta potential than the 

DSL1aE SLN (Figure 6.3). Whereas, the DSL1E SLN showed no significant (P > 0.05) 

change in zeta potential compared to the DSL1bE SLN. Finally, there is a significant 

(p < 0.05) change in zeta potential than the DSL1bE SLN.  
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Figure 6.3. Zeta potential of the PEGylated DSF solid lipid nanoparticles prepared by the SE followed by 
the HPH technique, (Mean ± SD, n=3). 

 

6.4.3 Differential scanning calorimetric 

The thermograms of free DSF, preciprol, compritol, mPEG2k-PLGA, DSPE PEG2K, 

sucrose, physical mixture, non-PEGylated SLNs, PEGylated and the corresponding 

blank SLNs are shown in Figure 6.4. Free DSF had a sharp endothermic peak at 70.0 

°C melting point of free DSF suggesting its crystalline state. DSC was utilized to 

determined DSF stability from the loaded PEGylated SLNs shown in Figure 6.4. In 

contrast, only sucrose, preciprol, compritol, mPEG2k-PLGA, DSPE PEG2K, and blank 

SLNs characteristic peaks are detected at different melting points. The DSC 

thermograms of loaded SLNs demonstrated no endothermic peak of DSF, which 

indicates an amorphous state. The blank and DSL1a (mPEG2k-PLGA) SLN had a 

broad endothermic peak through 55.0-67.0 °C, and this is suggesting an overlap of 

precirol and compritol (Figure 6.4). Therefore, sharp endothermic peaks of sucrose 
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and combine Precirol/Compritol showed sharp melting points at 186.0-189.0 °C, and 

289.0-320.0 °C. Appendix-D, showed the DSC thermal analyses of DSL1b SLN (Figure 

6.12), and DSL1bE SLN (Figure 6.13) showed no DSF peak for the loaded and 

unloaded SLNs. The melting endothermic DSC thermograms of freeze-dried DSF-

loaded/PEGylated SLNs had no DSF endothermic peak indicating DSF has 

incorporated amorphously within the matrix of the colloidal particulate system (Figure 

6.4). DSC thermograms of SN38-loaded solid lipid nanoparticles demonstrated similar 

endothermic peak domain (Mosallaei, et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. A representative of DSC thermograms demonstrating (a) sucrose standard, (b) DSF standard, 
(c) Precirol standard, (d) Compritol standard, (e) mPEG2k-PLGA (f), DSPE PEG2k, (g) physically mixed 
standards, (h) DSF-loaded SLNs (mPEG2k-PLGA), and (i) blank SLNs (mPEG2k-PLGA). Both NPs 
formulations, and physically mixed standards were prepared in a drug/polymer 1:9 ratio using SE method 
followed by HPH (particle size reduction). 

6.4.4 Fourier transform infrared spectroscopy 

The intermolecular interactions between standards and SLNs were investigated by 

FTIR as ascribed in Figure 6.5. Typical spectrum in Figure 6.5 demonstrated FTIR 
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analysis of DSF-loaded SLNs with characteristic peaks of O-H stretch (3453 cm−1), 

C=O stretch (1719 cm−1) from Precirol, Compritol, and PEGs. The corresponding blank 

SLNs exhibited similar characteristic peaks, as the loaded SLNs. In appendix-D, FTIR 

spectroscopic analyses of DSL1b SLN (Figure 6.14), and DSL1bE SLN (Figure 6.15) 

showed no DSF peak for the loaded and unloaded SLNs. The non-appearance of DSF 

indicates the amorphous state, and this is confirmed by the DSC thermograms of DSF 

non-melting peak as shown in Figure 6.4. The FTIR spectra of the solid lipid 

nanoparticles produced similar results compared to the published literature (Mosallaei, 

et al., 2016; Zeng, et al., 2018). After introducing the mPEG2k-PLGA in loaded DSL1a 

SLN showed a shift of characteristic peaks for C=O at 1758 cm-1 compared with the 

original standards of precirol, and compritol, which confirmed the successful 

incorporation of DSF amongst the loaded SLNs. The non-appearance of DSF peak 

from the loaded DSL1a SLN was found similar to the unloaded DSL1aE SLN, as shown 

in Figure 5.10.   
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Figure 6.5. A representative of FTIR spectroscopic analysis demonstrating (a) sucrose standard, (b) DSF 
standard, (c) Precirol standard, (d) Compritol standard, (e) mPEG2k-PLGA (f), DSPE PEG2k, (g) physically 
mixed standards, (h) DSF-loaded SLNs (mPEG2k-PLGA), and (i) blank SLNs (mPEG2k-PLGA). Both NPs 
formulations, and physically mixed standards were prepared in a drug/polymer 1:9 ratio using SE method 
followed by HPH (particle size reduction). 

 

6.4.5 Encapsulation efficiency of disulfiram solid lipid nanoparticles 

Figure 6.6showed the percentage encapsulation efficiency of DSF incorporated in 

DSL1a, DSL1b and DSL1 SLNs. As shown in Figure 6.6, the encapsulation efficiency 

percentages of DSL1 SLN (DSF-loaded SLN), DSL1a SLN (DSF-loaded mPEG2k-

PLGA SLN), and DSL1b SLN (DSF-loaded DSPE-PEG2k SLN) were 65 ± 5.91%, 59 ± 

7.37% and 37 ± 5.13%, respectively.  

There is no significant (p > 0.5) change in DSF encapsulation efficiency between DSL1 

and DSL1a SLNs. But, adding DSPE-PEG into the formulation of DSL1b SLN 
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demonstrated a significantly (p < 0.01) decreased loading efficiency compared to the 

non-PEGylated DSL1 SLN (Figure 6.6). Similarly, DSL1b SLN showed a significant (p 

< 0.05) decreased in DSF encapsulation efficiency than the DSL1a SLN (Figure 

6.6).This phenomenon suggested the obstruction of steric stabilization by decreasing 

drug incorporation in the innermost solid lipid core; therefore drug loading was 

decreased (Heiati, et al., 1997; Jenning and Gohla, 2001). Also, decreased DSF 

loading efficiency by the inclusion of DSPE-PEG2k might be, due to the increased 

electrostatic stabilization expelling DSF (Woodle, et al., 1992; Jenning and Gohla, 

2001). However, naked DSL1 SLN colloidal particulates had a satisfactory drug loading 

efficiency indicating high drug solubility in lipids (Müller, Mäder and Gohla, 2000). 

Similar studies reported the low percentage encapsulation efficiency of SN-38 loaded 

by PEGylated (PEG2K-DSPE) SLN (Mosallaei, et al., 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. The encapsulation efficiency of DSF-loaded SLN, DSF-loaded mPEG2k-PLGA SLN and DSF-
loaded DSPE-PEG2kSLN, (Mean ± SD, n=3). 
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6.4.6 Cumulative release of disulfiram solid lipid nanoparticles 

Figure 6.7 showed cumulative in vitro release of free DSF, DSL1a, DSL1b and DSL1 

SLNs in PBS (1% Tween80) solution exhibit temporal release of DSF. In the release 

medium, 1% Tween-80 (v/v %) was added to improve the stable condition of SLNs in 

PBS solution. Previous research study confirmed the stable release of encapsulated 

PTX NPs in Tween80 solution (Yang, et al., 2007). The free DSF release showed non-

sustainable drug release with high percentage cumulative release compared to DSF 

encapsulated SLNs. The three formulations demonstrated slow-release if DSF over 24 

hours (Figure 6.7). After three hours, DSL1b and DSL1 SLNs showed a similar release 

percentage of 12%. Whereas, DSL1a SLN demonstrated a significantly increased (p 

< 0.01) DSF release of 24% (Figure 6.7). After 24 hours, DSL1a SLN produced a 

significantly higher (P < 0.05) release of DSF (40%) compared to DSL1b and DSL1 

SLNs with DSF release of 23% and 25%, respectively, (Figure 6.7). The DSL1a SLN 

demonstrated the fastest release of DSF amongst all formulations. This can be 

explained by the fact that DSL1a SLN has the smallest particle size amongst the three 

formulations, hence larger surface area allowing faster diffusion. The SLNs indicated 

the ability to minimize the content of premature drug release by extending drug 

circulation to target cancer cells within the intracellular compartments of the human 

body.  
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Figure 6.7. The cumulative release of the free DSF standard and PEGylated DSF-loaded SLNs. (Mean ± 
SD, n=3). 

 

6.4.7 Stability 

Stability of naked and PEGylated DSF-loaded SLNs of DSL1, DSN1a, and DSL1b 

were evaluated in the presence of horse serum by developing methods explained in 

chapter 2. After 1 min of in vitro testing, almost half of the free drug (DSF) (57%) was 

rapidly reduced in the presence of horse serum (Figure 6.8). Whereas, after 1 min of 

incubationDSL1a, DSL1b and DSL1 SLNs demonstrated the stability of DSF in the 

presence of horse serum at around 94%, 90%, and 92%, respectively (Figure 6.8). The 

zeta potential is an important measure towards the physical stability of particle 

dispersions in distilled water of very low conductivity to obtain direct surface charge 

measurements. Regardless of the low amount of zeta potential on the DSL1a SLN 

(mPEG2k-PLGA), the reduced electrostatic repulsion improves stability in horse serum. 

Whereas, DSL1b SLN (PEGylated DSPE) shows stability in horse serum due to the 

hydrophilic branches of PEG, and steric repulsion that prevents the SLNs from 

aggregation or fusion (Nikolova and Jones 1996). As shown in Figure 6.8, the sterically 

stabilized non-PEGylated and PEGylated SLNs in physiological media are capable of 
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prolonging SLNs lifetime, which makes them suitable as nano-carrier delivery systems 

than free DSF. Therefore, non-PEGylated and PEGylated SLNs are capable of the 

delivery of DSF to enhance therapeutic efficiency. 

After four hours, the amount of DSF remaining from DSL1a, DSL1b and DSL1 SLNs 

produced 26%, 20%, and 32%, respectively (Figure 6.8). While the free DSF quickly 

degraded with just 3% of the drug remaining (Figure 6.8). Surprisingly, the naked SLNs 

demonstrated higher stability than both PEGylated SLNs. The hydrophilic PEG chain 

was supposed to protect DSF from the serum proteins and delay the interaction hence 

increase the stability. The masked surface charge of DSL1a SLN exhibited efficient 

steric stabilization by providing a better plasma protein adsorption to protect DSF from 

rapid degradation in the horse serum. However, the lower stability of PEGylated SLNs 

might indicate some structural defects and more formulation studies are required to 

develop PEGylated SLNs with higher stability. 

  

 

 

 

 

 

 

Figure 6.8. The stability of the free DSF, including DSF-loaded non-PEGylated and PEGylated SLNs were 

incubated in horse serum at 37 oC for 4 h, (Mean ± SD, n=3). 
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6.4.8 MTT cytotoxicity assay 

The cytotoxicity of the free DSF, DSF/Cu, manufactured DSL1,DSL1a, DSL1b SLNs 

and the corresponding blanks of the loaded SLNs treated against MCF 7 (Figure 6.9), 

MDA-MB-231 (Figure 6.10) and MDA-MB-231PTX10 (Figure 6.11) cells were 

investigated using the MTT assay. 

The MCF 7 cells, DSL1 SLNs, showed a significantly (P < 0.05) decreased toxicity 

at100 nM, and 1000 nM followed by decreased IC50% of 152.56± 17.39 than the free                 

DSF standard had an increasingIC50% of 257.57 ± 52.54 (Table 6.2). As shown in 

Figure 6.8, the use of lower concentrations of DSL1 SLN indicates decreased 

cytotoxicity effect than the highest concentration (1000 nM), which indicates an 

increased inhibitory effect. The toxic effect of DSL1 SLN showed significant (P < 0.05) 

decreased at 37 nM, 100 nM, and 1000 nM concentrations than DSF/Cu with an IC50% 

of 46.93 ± 11.41(Table 6.2). Similarly, DSL1 SLN showed a significant (P < 0.05) 

decreased cytotoxicity effect than the DSL1b SLN. But, the DSL1b SLN did not show 

any significant (p > 0.05) inhibitory effect between the DSL1 and DSL1a SLNs. 

Besides, DSL1 SLN was expected to be more toxic simply because of DSL1 SLN was 

shown to demonstrates increased percentage encapsulation efficiency (Figure 6.6), 

fastest drug release within 24 hours (Figure 6.7), also indicating the most stable in 

horse serum (Figure 6.8) among the PEGylated formulations (DSL1a and DSL1b 

SLNs). 

DSL1 SLN sensitivity towards MCF 7 cells might be attributed to higher surface 

charged (zeta potential) (Figure 6.3), shown cellular uptake at 100 nM and 1000 nM 

concentrations indicating lower repulsion with surface charged of SLNs formulation on 

cell membrane at a different incubation time. The SLNs prepared by hot 

homogenization with higher melting point lipids showed influence in physical structure 
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as ascribed from the SEM images in chapter 5 (Figure 5.5). Therefore, the HH 

technique performed above the melting point of lipids temperature might be due to 

accelerating drug and phospholipid carrier degradation (Lander et al., 2000). This is 

possible especially during particle size reduction when SLNs are subjected to several 

passes (like 3-5 passes) through the HPH technique, thus increases the temperature 

on SLNs (Muller Rainer H 1998). 

There is no significant (p > 0.05) inhibitory effect among DSF/Cu versus PEGylated 

formulations and PEGylated SLNs (Figure 6.8). The free DSF standard showed a 

significantly (p < 0.05) decreased inhibitory effect than the DSF/Cu standard (DSF/Cu 

is 5-fold potent than DSF, as shown in Table 6.2). PEGylated SLNs between 2000-

5000 molecular weights are capable of suppressing plasma protein adsorption, 

slowdown particulates clearance, and improve protection against liver uptake (Chen et 

al., 2001).  

Table 6.2. SLNs and standardsIC50% on breast cancer cell lines. (Mean ± SD, n=3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples (nM) MCF 7  MDA-MB-231  MDA-MB-231PTX10 

DSF 257.57    ± 52.54 174.83     ± 32.20 182.7    ± 17.25 

DSF-Cu 46.93      ± 11.41 50.35       ± 17.29 71.4      ± 11.41 

DSL1a 88.07      ± 25.63 45.02       ± 15.02 68.8      ± 25.63 

DSF1b 42.22      ± 6.01 29.78       ± 0.94 57.1      ± 6.01 

DSL1 152.56    ± 17.39 109.56     ± 28.39 97.6      ± 17.39 
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Figure 6.9. MTT cytotoxicity assay of MCF 7 treated with non-PEGylated and PEGylated SLNs (Mean ± 
SD, n=3). 

 

In MDA-MB-231 cells, the DSL1 SLN showed a significantly (P < 0.05) increased 

inhibitory effect of an IC50% (109.56 ± 28.39) than the DSF with an increasing IC50% of 

174.83 ± 32.20 (Table 6.2). In contrast, DSL1 SLN treated against MDA-MB-231 cells 

(Figure 6.9) demonstrated a slight decrease in IC50%, this is indicating a much lesser 

repulsion of DSL1a SLN on cell membrane enhances drug uptake than MCF 7 cells in 

Figure 6.8. While the DSL1 SLN showed a significant (P < 0.05) decreased inhibitory 

effect at a higher concentration than the DSF/Cu standard with an IC50% of 50.35 ± 

17.29 (Table 6.2). When compared with the DSL1 SLN to the PEGylated formulations, 

DSL1 SLN demonstrated a significant (P < 0.05) decreased cytotoxicity effect than the 

DSL1a SLN, and a similar significant (P < 0.05) decreased of the DSL1 SLN compared 

to the DSL1b SLN (Figure 6.9). Also, in Figure 6.9, DSF had significant (P < 0.05) 

decreased inhibitory effect than the DSL1a SLN, and DSL1b SLN (p < 0.05). While the 
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DSF standard showed significant (P < 0.05) decreased inhibitory effect than the 

DSF/Cu standard. But, the DSF/Cu standard versus DSL1a/DSL1b SLNs and 

PEGylated SLNs showed no significant (p > 0.05) inhibitory effect at 72 hours 

incubation. 

 

Figure 6.10. MMT cytotoxicity assay of MDA-MB 231 dosed with non-PEGylated and PEGylated SLNs, 
(Mean ± SD, n=3). 

 

In MDA-MB-231PTX10 cells, DSF showed significant (P < 0.05) decreased inhibitory 

effect and IC50% of 182.7 ± 17.25 than the DSF/Cu standard with an IC50% of 97.6 ± 

17.39 (Table 6.2). The DSF standard showed a significant (P < 0.05) decreased 

inhibitory effect than the DSL1 SLN. Also, the DSF standard showed significant (p < 

0.05) decreased inhibitory effect than the DSL1a and DSL1b SLNs (Figure 6.10). 

However, the DSF/Cu standard did not show any inhibitory effect (p > 0.05) among the 

DSL1 SLN and PEGylated formulations of DSL1a and DSL1b SLNs. In contrast, the 

DSL1b SLN had the lowest IC50 (Table 6.2) for all three cell lines compared to the 
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DSL1a and DSL1 SLNs. This is indicative that the presence of DSPE-PEG2k in the lipid 

matrix enhances the permeability across the cell membrane, hence increases DSF-Cu 

uptake into cancer cells (Zhao, et al., 2012). The formulation of poorly water-soluble 

drugs by using the HH technique can improve the drug solubility as the drug will be 

within the lipid in an amorphous state (Pokharkar, et al., 2006). Thus, the cytotoxicity 

effect will be increased as a result of enhanced interaction/incorporation with the 

cellular membrane (Wehbe, et al., 2016). Surprisingly, these results do not align with 

the release study as the DSL1b SLN showed the slowest release among the three 

formulations (Figure 6.9), hence it was expected to have the lowest cytotoxicity 

towards cells. However, the DSL1b SLN was the least stable among all as indicated 

by the stability study in the horse serum (Figure 6.10); this might support the idea that 

there is an improved interaction, mediated by DSPE-PEG2k, with the biological moieties 

for such protein or cell membrane. This led to lower stability in horse serum but higher 

cytotoxicity. Previous studies have demonstrated PEGylated SLNs nano-delivery 

carrier systems can enable drug long circulation in the bloodstream for effective cancer 

therapy (Stolnik, Illum and Davis, 1995). The cytotoxicity results confirm the potential 

use of SLNs delivery systems of DSF in cancer therapy.     
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Figure 6.11. MMT cytotoxicity assay of MDA-MB 231PTX10 cell line was treated with DSF PEGylated and 
non-PEGylated SLNs, (Mean ± SD, n=3). 

6.5 Conclusion 

In this study, non-PEGylated and PEGylated SLNs were developed by the SE method 

assisted using the HH technique, and after particle size reduction characterized by the 

DSF delivery into breast cancer cells. Aimed SLNs were reduced using the HPH 

technique. This technique was preferred due to non-residual contaminant of alloy 

aluminium and titanium from the tip erosion during direct sonication (nano-titanium 

dioxide particles in suspension with NPs/SLNs) compared to the PS technique. The 

PEGylated SLNs were performed either by adding mPEG-PLGA2k or DSPEPEG2k.  All 

formulated SLNs were of a satisfactory size, PDI, and Zeta Potential. All the 

manufactured SLNs confirmed DSF amorphous state by DSC thermograms. The 

formulations were of percentage encapsulation efficiency ranging from 40% to 65% 

and demonstrated a sustained release and good stability of DSF in horse serum. The 

incorporation of DSPEPEG2k resulted in SLNs that might have an ability to penetrate 

cell membranes; thus, allow DSF-loaded colloidal nano-carriers delivery into breast 



192 

 

cancer cells. PEGylated SLNs have shown the potential for developing a stable nano-

carrier delivery system of DSF for cancer treatment. 
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Chapter 7: General Conclusion and Future Work 
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7.1 General conclusion 

During the early discovery of DSF, it’s primarily known as a drug for alcoholism 

treatment. Presently, research studies have shown evidence of DSF anti-cancer 

activity as the potential for inhibition of tumour cell growth under in vitro and in vivo 

experiments. Such strong evidence of DSF potent anti-cancer activity has been 

considered for drug repurposing delivery to target haematological malignancy and solid 

tumours. Therefore, due to extreme instability of DSF in the gastric intestinal tract and 

bloodstream is critical of DSF rapid degradation in clinical trials. A successful 

application of DSF delivery into cancer cells is the development of an efficient carrier 

system. 

Moreover, few studies have demonstrated the need to improve DSF encapsulation 

efficiency and loading stability as it is critical of DSF delivery for cancer therapy. For 

this reason, this study showed successful incorporation of DSF into naked and 

PEGylated NPs/SLNs for DSF delivery into breast cancer cells. Besides, this study has 

developed simple and effective methods used to determine the amount of unloaded 

and DSF-loaded NPs/SLNs percentage encapsulated efficiency and DSF stability of 

loaded NPs/SLNs in horse serum.  

At the early stage of this study, the initial goal was to established methods that are 

essential in the development and characterization of unloaded and DSF-loaded 

NPs/SLNs nano-carrier delivery systems. However, the physicochemical properties of 

unloaded and DSF-loaded NPs/SLNs such as their particle size, PDI, zeta potential, 

morphological structure, and the determination of stability and chemical interactions 

among physical materials play a vital role in achieving efficient nano-carrier drug 

delivery systems for cancer therapeutic application. The development of successful 

NPs/SLNs using FDA approved biocompatible and biodegradable 
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polymers/phospholipid materials by the D-Nano-Pr, and SE methods have helped to 

obtain smaller particle sizes. However, smaller particle sizes have reported gaining 

access in the intracellular compartments of tumour sites exhibiting higher retention 

time to overcome the EPR effect compared with normal tissues. Such obstacles 

occurring during blood vessel, the formation could result in leaky vessels having a gap 

size at approximately, 220 nm to 1.2 μm at a distance that is adjacent within endothelial 

cells. Therefore, previous studies have suggested that particle sizes ranging below 220 

nm are more likely to gain access to tumour sites. Still, particle sizes lesser than 10 

nm are vulnerable towards rapid renal clearance. This study mostly produced 

NPs/SLNs particle sizes that are above 220 nm with the advantage for higher retention 

and less likely to pass through the leaky vasculature system of tumours.   

Moreover, mPEG2k-PLGA and DSPE-PEG2k were used to coat bared DSF-loaded 

NPs/SLNs to prevent NPs/SLNs clearance from the bloodstream by phagocytic uptake 

and RES system effect. The drug versus polymer/phospholipid 1:9 ratio was used 

throughout this study to develop NPs/SLNs by using the D-Nano-Pr and SE methods. 

Both methods demonstrated best particle sizes and PDIs for DSF delivery into MCF 7, 

MDA-MB-231, and MDA-MB-231PTX10 breast cancer cell lines. The NPs developed by 

D-Nano-Pr method resulted in a smoothly uniform morphological structure capable of 

escaping the passage of leaky vessels in the intracellular compartments of tumour 

sites through the EPR effect. The PEGylated NPs also produced best particle sizes 

and adding DSF in the formulation makes slight changes to the particle size, but no 

larger sizes reported. The D-Nano-Pr method produces smaller particle sizes with a 

satisfactory percentage drug encapsulation efficiency of DSF-loaded NPs/SLNs. The 

efficient method of D-Nano-Pr had reduced PDI and increased electrically charged 

surface between NPs/SLNS. The resulted NPs/SLNs are reflective of most published 

results investigated by various research studies using the D-Nano-Pr method.  
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For the SE method, particulates are reduced to nano-scale using HPH and PS 

techniques. The non-PEGylated bared and PEGylated DSF-loaded PLGA (50:50 M/W, 

GA/LA copolymer with a molecular weight of 31k) NPs developed by SE method were 

characterized to determine particle size, PDI and zeta potential. To start with, finding 

the appropriate volume of the organic solvent to dissolve the hydrophobic DSF, and 

polymer/phospholipid materials are critical of the final drug versus 

polymer/phospholipid concentration in the organic phase, as it is a vital parameter to 

produce acceptable nanoparticle sizes. Previous studies have indicated the use of low-

volume organic solvent demonstrates the best particle size and PDIs than the high-

volume organic solvent, which produces larger nanoparticle sizes. 

Also, selecting the right type of PVA stabilizers enhances stable particle sizes and 

increased drug loading depending on the method employed during formulations. This 

study found the blank PLGA/PVA (31-50K, Mw) 1:1 ratio to produce a relatively smaller 

monodispersed particle size distribution. It included increase zeta potential after size 

reduction of 5 minutes sonication. In contrast, the PVA products of 20-30K and 95K 

molecular weight produces increased particle sizes. Chapter 3 and 4 showed SEM 

images of PVA 31-50K molecular weight as the most superior. Therefore, it prevents 

coalescence and agglomerates in the emulsification process of NPs/SLNs 

formulations.  

The SE method followed by the PS particle size reduction technique demonstrated the 

use of PVA mid-range molecular weights, such as 31-50K could efficiently be absorbed 

in the interface to avoid coalescence by lowering the interfacial tension and the energy 

of the surface area. The results are in support of the published articles using less 

sonication time to obtain reduced particle size. Monodispersed distribution of 
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NPs/SLNs and increased drug-loading efficiency compared with the high sonication 

time of 8 minutes.  

After method development and characterization of smaller particle sizes with 

monodispersed PDIs, and increased zeta potential prepared by the D-Nano-Pr, and 

SE methods, the next phase was to develop unloaded and DSF-loaded PLGA nano-

size carrier systems for long circulation. DSF anticancer activity on breast cancer cell 

lines was evaluated using NPs/SLNs, PLGA/PCL, and phospholipids coated 

PEGylations to enhance long circulation. D-Nano-Pr and SE methods were compared 

to select the required method for the production of smaller particle sizes 

monodispersed PDIs and increased zeta potential. The morphological structure by 

SEM, thermal analysis by DSC, Chemical interactions between functional groups of 

substances by FTIR,  percentage encapsulation efficiency, and stability of DSF 

encapsulated NPs in horse serum were evaluated to compare between non-PEGylated 

and PEGylated PLGA NPs manufactured by the D-Nano-Pr and SE methods. 

Producing the best particle size can determine the destination of NPs/SLNs in the 

human body as previous studies have demonstrated size-dependent intracellular 

uptake of smaller-sized particulates efficiently transfected intracellularly. Moreover, 

both developing methods showed particle sizes of nano-carrier delivery systems that 

are above the recommended range of 220 nm for the delivery of DSF into solid 

tumours.  

The D-Nano-Pr method was found superior over the SE method of particle size 

reduction through HPH, and PS techniques. The manufactured NPs/SLNs by D-Nano-

Pr method were within the range of best particle size with the monodispersed 

distribution. Lower PDI for both NPs and SLNs formulations was observed, and this is 

regardless of drug-loading, and addition of PEGs. In contrast, particulates prepared 
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using the SE method followed by reduced particle sizes through HPH, and PS 

techniques produced increased particle sizes and PDIs. D-Nano-Pr method 

maintained monodispersed distribution and the SEM images confirmed this.  

The D-Nano-Pr method had increased zeta potential than the SE method with reduced 

particle size by PS and HPH techniques. The reduced particle size of SLNs indicated 

mechanical energy force which effected on the electrical surface charge of NPs/SLNs 

particulates. Also, mPEG2k-PLGA demonstrated reduced zeta potential, showing the 

effect of the amphiphilic copolymer conjugates with the anion PLGA/phospholipid. Both 

DSF non-PEGylated and PEGylated NPs/SLNs demonstrated satisfactory percentage 

encapsulation efficiency. NPs/SLNs have controlled release properties capable of 

delivering an increased amount of DSF over an extended period from 24 hours to over 

48 hours. The initial fast release of DSF from NPs/SLNs indicates adsorbed drug on 

the surface of the nano-carrier systems. After the initial burst release of DSF, the 

NPs/SLNs demonstrated sustainable drug release for the period of 96 h incubation. 

Compritol 888 ATO, Precirol ATO-5, and hydrogenated phosphatidylcholine (HPCS) 

(derived from Soybean) were used to prepared PEGylated and non-PEGylated SLNs. 

Therefore, the use of phospholipids influences particle size, PDI, and zeta potential. 

This study successfully developed efficient methods that can be used to produce the 

smaller particle size of DSF-loaded NPs/SLNs by the D-Nano-Pr method and SE 

method with a defined molecular weight of the stabilizer and sonication time. In 

addition, the development methods established to determine DSF stability in horse 

serum and DSF entrapment efficiency by separating the free drug form encapsulated 

NPS/SLNs.  

This study shows DSF-loaded NPs/SLNs are capable of protecting DSF in horse 

serum. DSF encapsulated NPs/SLNs showed over 40% of DSF remain stable after 
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four hours incubation in horse serum. DSF free drug degraded in horse serum rapidly 

with less than 20% of DSF remains at four hours.  

The MTT assays of DSF-loaded NPs/SLNs demonstrated advantage over the free 

DSF by exhibiting increased cytotoxicity due to high uptake of DSF by breast cancer 

cells. DNP4 NPs with mPEG2000-PLGA shows more apoptosis in all three breast cancer 

cell lines (MCF 7, MDA-MB-231, and MDA-MB-231PTX10). It seems that DSF-loaded 

NPs PEGylated mPEG2k-PLGAdemonstrated increased cytotoxicity in breast cancer 

cells. The high inhibitory effect of DNP4 NPs can be attributed tomPEG2k-PLGA ability 

to interact with the cell membrane without detection by the phagocytic cells from rapid 

clearance in the bloodstream. Also, this is apparent that DNP4 NPs can be quickly 

delivered into cancer cells of the intracellular compartments without the trigger of ROS. 

Therefore, the MTT assay results demonstrated that DSF-loaded NPs/SLNs have the 

ability to exert more cytotoxicity effect against breast cancer cells, and this including 

PTX-resistant MDA-MB-231 cancer cells compared to free DSF and DSF/Cu. This is 

an indication that mPEG2k-PLGAis a potential nano-carrier delivery system for 

nanomedicine application towards cancer treatment, which is due to the PEGylated 

NPs (DNP4) internalization of DSF into cancer cells. The use of mPEG2k-PLGA is to 

help circumvent the bared NPs from the effect of P-glycoprotein (P-gp) pumps and 

increases the inhibitory effect against cancer cells. Another advantage of using 

mPEG2k-PLGA is to act as an intracellular drug depot by facilitating the slow release 

of the encapsulated DSF for enhancing therapeutic efficacy. 

For the fact that DSF is well-tolerated in the human body, the development of DSF-

loaded NPs/SLNs could provide drug accumulation into cancer cells. The low price of 

DSF and its availability in the market can improve clinical cancer therapy. 
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7.2 Future Work 

The next stage of this study might include testing the stability of DSF-loaded NPs/SLNs 

in an animal model such as rats to confirm the enhanced stability of DSF in vitro (in 

horse serum) by the reported NPs/SLNs. Also, the in vivo anticancer activity will be 

necessary to confirm the feasibility of using both NPs and SLNs as nano-carriers of 

DSF for anticancer treatment, and mostly confirming the hypothesis that the 

PEGylating NPs/SLNs will facilitate prolonged circulation in vivo. 

 

This study indicated satisfactory drug entrapment efficiency, but all the experiment was 

conducted in a ratio of1:9 between the drug and polymer/phospholipid. This will lead 

eventually to challenges in delivering the dose in vivo as large amount of excipients 

will be required to deliver an effective dose of the drug. This still considered as of the 

limitation of the nanomedicine in general; nevertheless, more work to enhance the 

loading efficiency of polymeric NPs and other nano-drug delivery systems will worth 

investigating.   
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Appendix A (Chapter 3 supplementary data) 

DSC thermograms of PLGA NPs by SE method/PS technique 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 3.21. DSF-loaded PLGA NPs prepared by solvent evaporation method and reduced particle size 
through probe sonication technique. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22. Blank PLGA NPs prepared by solvent evaporation method and reduced particle size through 
probe sonication technique. 
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DSC thermograms of PLGA NPs by SE method/HPH technique 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. DSF-loaded PLGA NPs prepared by solvent evaporation method and reduced particle size 
through high-pressure homogenization technique. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24. Blank PLGA NPs prepared by solvent evaporation method and reduced particle size through 
high-pressure homogenization technique. 
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FTIR spectroscopic analysis of PLGA NPs by SE method/PS technique 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25. DSF-loaded PLGA NPs prepared by solvent evaporation method and reduced particle size 
through probe sonication technique. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.26. Blank PLGA NPs prepared by solvent evaporation method and reduced particle size through 
probe sonication technique. 
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FTIR spectroscopic analysis of PLGA NPs by SE method/HPH technique 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.27. DSF-loaded PLGA NPs prepared by solvent evaporation method and reduced particle size 
through high-pressure homogenization technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28. Blank PLGA NPs prepared by solvent evaporation method and reduced particle size 
through high-pressure homogenization technique. 
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Appendix B (Chapter 4 supplementary data) 

DSC thermograms of PEGylated and non-PEGylated PLGA NPs by D-Nano-Pr 
method 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. DSF-loaded PLGA/DSPE-PEG (DNP3) NPs prepared by D-Nano-Pr method. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19. Blank PLGA/DSPE-PEG (DNP03) NPs prepared by D-Nano-Pr method. 

 

 

 

Sucrose DSF PLGA 

Sucrose PLGA 

 



240 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20. DSF-loaded PLGA/PCL/mPEG-PLGA (DNP4) NPs prepared by D-Nano-Pr method. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21. Blank PLGA/PCL/mPEG-PLGA (DNP04) NPs prepared by D-Nano-Pr method. 
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Figure 4.22. DSF-loaded PLGA/PCL (DNP5) NPs prepared by D-Nano-Pr method. 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23.  Blank PLGA/PCL (DNP05) NPs prepared by D-Nano-Pr method. 
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FTIR spectroscopic analysis of PEGylated and non-PEGylated PLGA NPs by D-
Nano-Pr method 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24. DSF-loaded PLGA/DSPE-PEG (DNP3) NPs prepared by D-Nano-Pr method. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25. Blank PLGA/DSPE-PEG (DNP03) NPs prepared by D-Nano-Pr method. 
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Figure 4.26. DSF-loaded PLGA/PCL/mPEG-PLGA (DNP4) NPs prepared by D-Nano-Pr method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27. Blank PLGA/PCL/mPEG-PLGA (DNP4) NPs prepared by D-Nano-Pr method. 

 

 

 

PCL Sucrose PLGA 

PCL DSF Sucrose PLGA 



244 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28. DSF-loaded PLGA/PCL (DNP5) NPs prepared by D-Nano-Pr method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29, Blank PLGA/PCL (DNP05) NPs prepared by D-Nano-Pr method. 
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Appendix C (Chapter 5 supplementary data) 

DSC thermograms of SLNs by SE method followed by hot homogenization technique 

 
 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. DSF-loaded SLNs prepared by solvent evaporation method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. Blank SLNs prepared by solvent evaporation method. 
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DSC thermograms of PLGA NPs by SE method/PS technique 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.16. DSF-loaded SLNs prepared by solvent evaporation method and reduced particle size 
through probe sonication technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. Blank SLNs prepared by solvent evaporation method and reduced particle size through probe 
sonication technique. 
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DSC thermograms of SLNs by SE method/HPH technique 

 

Figure 5.18. DSF-loaded SLNs prepared by solvent evaporation method and reduced particle size through 
high-pressure homogenization technique. 

 

Figure 5.19. Blank SLNs prepared by solvent evaporation method and reduced particle size through high-
pressure homogenization technique. 
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FTIR spectroscopic analysis of PLGA NPs by SE method followed by hot 
homogenization technique 

 

Figure 5.20.  DSF-loaded SLNs prepared by solvent evaporation method. 

 

 

 

Figure 5.21. Blank SLNs prepared by solvent evaporation method. 
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FTIR spectroscopic analysis of PLGA NPs by SE method/PS technique 

 

 

Figure 5.22. DSF-loaded SLNs prepared by solvent evaporation method and reduced particle size through 
probe sonication technique. 

 

 

Figure 5.23. Blank SLNs prepared by solvent evaporation method and reduced particle size through probe 
sonication technique. 
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FTIR spectroscopic analysis of PLGA NPs by SE method/HPH technique 

 

 

Figure 5.24. DSF-loading SLNs prepared by solvent evaporation method and reduced particle size 

through high-pressure homogenization technique. 

 
 

Figure 5.25. Blank SLNs prepared by solvent evaporation method and reduced particle size through high-
pressure homogenization technique. 
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Appendix D (Chapter 6 supplementary data) 

DSC thermograms of DSPE-PEG SLNs by SE method/HPH technique 

 
 

Figure 6.12.DSF-loaded DSPE-PEG SLNs prepared by solvent evaporation method and reduced particle 
size through high-pressure homogenization technique. 

 

Figure 6.13. Blank DSPE-PEG SLNs prepared by solvent evaporation method and reduced particle size 
through high-pressure homogenization technique. 

 

Sucrose 

Precirol/ 
Compritol 

Sucrose 

Precirol/ 
Compritol 

 



252 

 

FTIR spectroscopic analysis of DSPE-PEG SLNs by SE method/HPH technique 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14. DSF-loaded DSPE-PEG SLNs prepared by solvent evaporation method and reduced particle 
size through high-pressure homogenization technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15. Blank DSPE-PEG SLNs prepared by solvent evaporation method and reduced particle size 
through high-pressure homogenization technique. 
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