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ABSTRACT 

The study details the experimental work on the development of rhenium(III) oxide 

nanoradiopharmaceuticals for imaging and therapy of disease states. The nanoparticles (NPs) 

were capped with covalently linked tetraaminophthalocyanine-folate and ethylenediamine-

folate to enhance their targeting ability. The capping agents were successfully synthesised and 

structurally characterised using Ultraviolet-Visible Spectroscopy (UV-Vis), Fourier Transform-

Infrared Spectroscopy (FT-IR), Proton Nuclear Magnetic Resonance (1H-NMR), and Liquid 

Chromatography-Mass Spectroscopy (LC-MS). The nanoparticles were characterised using UV-

Vis, spectrofluorimetry, Transmission Electron Microscopy (TEM), dynamic light scattering (DLS) 

and Zeta potential. Nanoparticles of sizes between 10 and 100 nm size were envisaged to be 

suitable for applications in biological systems. The preferred surface charge for the uptake of 

NPs must be between -30 and +30 mV, Re2O3 NPs capped with ethylenediamine were found to 

have a surface charge of -49 mV as compared with NPs capped with ethylenediamine-folate 

which gave -18.6 mV. The cytotoxicity studies of the nanoparticles were tested against four 

different cell lines: MDA-MB-468, MDA-MB-231, MCF-7, and MCF-10A. The cell survival rate 

after treatment was done with different capped rhenium(III) oxide nanoparticles obtained at a 

10 µM concentration showed more than 80% cell viability. A comparison was conducted based 

on different nanoparticle sizes of capping agents across the four cell lines of varying folate 

receptor. All the cell lines were compared, and it was observed that MCF-7 had high percentage 

of cell viability especially with the cells treated with folate conjugated nanoparticles. Further 

investigation was done on the effects of folate conjugates and the effects of size. It was 

observed that the tetraaminophthalocyanine-folate favoured the MCF-7, for large-sized 

nanoparticles. However, further work is required to test the cancer cell internalisation of the 

nanoparticles using TEM as well as the correct size for endocytosis. Thereafter, the mice model 

study will be carried out for investigation of biodistribution of particles in tumour tissue using 

hot isotopes (186/188Re) and this will be done in a radiophamarceutical laboratory. 

Key words: Radiopharmaceuticals, rhenium nanoparticles, capping agent, biomolecules, cell lines 
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 : Introduction Chapter 1

 

1.1 Motivation 

Cancer is defined as a class of diseases that is characterized by out of control cell growth 

(Figure 1.1: [B]). There are over 100 different types of cancer, each being classified by the type 

of cell that is initially affected (Figure 1.1: [A]). Cancer damages the body, as the cells that are 

rapidly dividing (Figure 1.1: [C]) form lumps called tumours and it eventually prohibits normal 

function. Leukaemia is an exception as it does not create a tumour but prohibits normal blood 

function. Tumours grow and interfere with the nervous, digestive and circulatory systems with 

release of hormones that affect the body function [1, 2].  

 

Figure 1.1: [A] Different kinds of cancer for both man and woman [3], [B] Cancer growth and 

progression [4], [C] Cancer cells dividing rapidly, [D] Cancer cells metastasised to other parts of the 

body [5]. 
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Tumours that stay in one area and demonstrate limited growth are generally considered to be 

benign. A malignant tumour is considered as a developed cancer where the cancer cells have 

entered the blood vessels and invaded neighbouring tissues. Metastatic cancerous cells 

manage to move throughout the body using the blood or lymph systems, destroying healthy 

tissue in a process called invasion. When a cell manages to divide and grow, it makes new 

blood vessels and thus feed itself through a process called angiogenesis, where a tumour 

develops and spreads to other parts of the body. It invades and destroys other healthy tissues 

and it is then said to have metastasised [6] (Figure 1.1: [D]). 

1.2 Statistics of cancer 

In 2018, roughly 1,735,350 new cancer cases and 609,640 cancer deaths are projected to 

occur in the United States. Over the past decade of data, the cancer incidence rate was stable 

in women and declined by approximately 2% annually in men, while the cancer death rate 

declined with about 1.5% annually in both men and women in 2006 to 2015. It was estimated 

that 135 430 cases of colorectal cancer were diagnosed in 2017 with 50 260 deaths in the 

United State [7].  

 

Without action, the worldwide cancer burden is expected to reach 21 million new diagnoses 

and 13 million deaths by 2030, with the most rapid increases occurring in low- and middle-

income countries [8]. Cancer deaths worldwide for 2017 were estimated at over 25 000 per 

day, of which this also includes the economically developing countries. South Africa is one of 

these countries [9].  

 

Cancer affects every South African either financially or emotionally in some way. Cancer in 

South Africa is an emerging health problem, with breast cancer being one of the leading 

cancers in women, following similar worldwide statistics. Lifetime risks of developing breast 

cancer vary from a low of one in 81 African women (similar to Japan) to a high of one in 13 

among white women, which is similar to the rates in Western countries. Age and stage at 

diagnosis vary considerably between the different races and populations (urban or rural) living 

in South Africa [9, 10]. 
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Millions of people diagnosed with cancer extend their life due to early identification and 

treatment. The most common causes of cancer death are cancers of the lung and bronchus, 

prostate, and colorectal in men, and breast and colorectal cancers in women. The lifetime 

probability of being diagnosed with an invasive cancer is higher for men than women [11]. The 

disease is not contagious. It cannot be spread from person to person through the air, by 

contact or via transfusion of blood. Rather the risk of cancer can be inherited. This means that 

it can be passed genetically from parents to children. This risk factor increases the chance of 

getting cancer. Other factors are tobacco use, high fat diet, being overweight, excessive 

exposure to sunlight, drinking too much alcohol, X-ray sources of radioactivity, certain 

geographic areas, chemicals and other substances in the environment (carcinogens) [11, 12].  

1.3 Treatment of Cancer 

The treatment for cancer patients has come a long way in the past decades. It started with 

surgery, and now it is more precise and less harmful due to the new techniques that are being 

developed. Detecting cancer at its early stages increases the chances of it being treated or 

even cured using chemicals instead of surgery, especially patients that are diagnosed with 

breast and colon cancer. Radiation therapy can be tailored to patients, depending on the 

tumour type, the size and location of the tumour. This technique can cure several early-stage 

cancers. Patients are now receiving a specific combination of surgery along with 

chemotherapy and other treatments like immunotherapy, hormone and nuclear medicine 

[13]. 

 

These techniques are being used although they are still presenting a lot of drawbacks. For 

example, radiotherapy is a special technique that uses X-rays/gamma rays/beta rays to 

destroy the DNA of cancer cells, thus stopping them from dividing and growing. Unfortunately, 

the side effect of radiation occurs for both cancer cells and the normal cells, however normal 

cells repair faster than the cancer cells, although not all the good cells (normal cells) are 

repaired. During radiation therapy the patient can experience severe side effects like losing 

weight, vomiting, losing hair, etc. [14].  
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All controlled drug delivery systems aim to improve the therapeutic drug efficacy and reduce 

the side effects by the augmentation of the local drug concentration (control of distribution), 

the desired control, and sustained release (control of time). Conventional anti-cancer drugs 

exhibit a lack of specificity, poor solubility and distribution, unfavourable pharmacokinetics 

and high tissue damage or toxicity [15].  

 

Modern medicine demands progressively more sophisticated methods for the accurate 

diagnosis and treatment of disease states, and there is a massive worldwide research effort 

into developing and improving imaging techniques. Images can be produced either by 

measuring the absorption of externally applied radiation (e.g. X-ray, ultrasound, MRI imaging), 

or by administering a small amount of a radioactive compound and detecting the radiation 

escaping from the body. In addition, development of anticancer agent that localise specifically 

on cancer tumours is important [14]. 

1.3.1 Nuclear medicine 

Nuclear medicine is a medical speciality of radiology that involves administering a small 

amount of radioactive material (called radiopharmaceutical or radiotracers) to a patient by 

injection, inhalation or pill. The radiopharmaceutical accumulates in an organ or area of the 

body where it gives off energy in the form of gamma or beta rays. Targeted therapy with a 

radiopharmaceutical (radioactive compounds) used in nuclear medicine has a great potential 

for the treatment of cancer, especially for cancer cells that have migrated from primary 

tumours to lymph nodes and secondary organs such as bone marrow [16, 17]. These 

disseminated tumour cells can be difficult to treat with a single targeting agent, hence there 

are dramatic differences in the number of targetable receptors on each cell [18, 19]. 

1.3.1.1 Radiopharmaceuticals 

Cancer continues to claim more lives every year despite the efforts that have been attempted 

to find a cure for many years. Most of the conventional ways of treating cancer still present 

many side effects. However, current research in the field of nuclear medicine continues to 
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yield promising results. In modern medicine, early diagnosis of disease plays an important part 

in improving the lives and reducing health care costs to society [20].  

 

Properties of potential radionuclides are presented in Table 1.1. Technetium-99m (99mTc) is 

one of the most commonly used radioisotopes for diagnostic and imaging purposes in nuclear 

medicine worldwide. The coordination chemistry of Tc has been successfully extended to 

rhenium (Re) since they are congeners [21]. Of particular interest are two Re radioisotopes 

(186Re and 188Re), due to their nuclear properties that can be applied in the diagnosis and 

therapy of cancer. With the growing interest of employing nanoparticles in medicine coupled 

with nuclear properties of 186Re/188Re, the focus is on the development of novel rhenium 

nanoradiopharmaceuticals (NRPs). There are several reviews available on Tc but Re is still 

under investigation [22]. More research in being carried out on the radionuclides such as 

186Re, 188Re, 64Cu, 67Cu, 198Au, 199Au, 77As, 105Rh, 11Ag, 194Ir and 99mTc. 99mTc is being used as a 

source of gamma radiation in SPECT image analysis for bone, kidney and brain imaging, and 

only one analogue of Re for bone metastasis is in the clinic today [21]. 
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Table 1.1: Profiles of potential radionuclides for nanotargeted therapy and imaging [23]. 

Radionuclide  Emission type E max (keV) Half-life production 

99mTc γ 140 6.0 h 99Mo/99mTc-generator 

111In Auger, γ 171,245 67.2 h 111Cd(p,n)111In 

67Ga γ 93, 184, 300, 393 78.3 h 68Zn(n,p) 67Ga 

131I γ (81.2%), β 284, 364, 637 8.0 days 130I(n,y) 131Te(β) 131I 

123I Auger, γ 159 13.2 h 121Sn(α, 2n) 123I 

5mTe γ -  57.4 days 125Sn(β-)125Sb (β-) 

11C Positron 960 20.4 min 14N(p, α) 11C 

15O - 1720 2.07 min 14N(d,n) 15O 

13N - 1190 9.96 min 16O(P, α) 13N 

124I - Eβ+2134, 1533 100.2 h 124Te (p,n)124I 

18F - Eβ+635 1.83 h 18O( p,n)18F 

76Br - Eβ+ 3961 16.0 h 76Se(p,n) 76Br 

64Cu - Eβ+656 12.7 h 64Ni(p,n) 64Cu 

67Cu β 0.42 67 h 111Cd (n, p) 111In 

111In Auger, γ 0.19 2.6 d 64Ni (α, p) 67Cu 

90Y β 2.28 64.1 h 90Sr/99Y- generator 

188Re β, γ (15.1%) 2.12 17 h 188W/188Re-generator 

186Re β, γ (15.1%) 1.07 89.2 h 185Re (n, γ) 

225Ac α 5.83 10 h 225Ra-genegetor 

177Lu β 0.49 16 h 176Lu (n, γ) 177Lu 

166Ho β, γ (6.7%) 1.85 26.9 h 165Ho(n, γ) 166Ho 

89Sr β 1.46 52.7 d 88Sr (n, γ) 89Sr 
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Table 1.1: Continued. 

32P β 1.71 14.3 d 12S (n, p) P 

211Pt α 5.87 7.2 h Accelerator 

213Br α 5.869 45.7 min 225Ra-generator 

 

1.4 Nanotechnology 

Having witnessed the advances and successes in the field of nanotechnology, scientists across 

various disciplines have applied nanotechnology as another approach to address the issue of 

diseases. Nanotechnology is the “work horse” of nanoscience, that is, nanoscience focuses on 

discovering novel behaviours and properties of materials with dimensions in the nanoscale, 

which varies roughly between 1 and 100 nm [24]. Nanotechnology is the application of the 

discoveries made in nanoscience. In other words, nanotechnology is the art of building and 

using materials, devices, and machines at the nanometer scale. “Nano”- is a Greek word for 

“dwarf”, which means (10-9), or one-billionth. In the case of nanotechnology, it means one-

billionth of a meter or 1 nanometer (nm). To put the nano-size into context, 1 nanometer is 

equivalent to 3 atoms long [25]. 

 

Nanotechnology offers potential prospects to produce better materials and products. 

Scientists have discovered different nanomaterials using different materials such as metal-

based nanocomposites, thin films, carbon and dendrimers to name a few (Figure 1.2). In 

recent years, nanomaterials have attracted a significant attention in the vast array of scientific 

disciplines, by the virtue of their unusual magnetic, electrical, optical and  mechanical 

properties [26]. 
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Figure 1.2: Some few examples of nanomaterials used in different fields [27, 28]. 

There are many different types of nanomaterials that have been produced by researchers 

across the world such as carbon-based nanomaterials with varied applications, gold 

nanoparticles (GNPs) capped with different capping agents for targeted therapy, and 

dendrimers used as drug delivery systems [27] (Figure 1.2). 

 

Nanomaterials are being exploited in many other areas due to their fascinating physical and 

chemical properties and for their application in devices. Among these materials, transition 

metals are of interest because they represent an important family of elements that are proven 

to be useful as thermo-electric, magnetic semiconductor, superconductors, sensors and 

photovoltaics [28]. 

1.4.1 Nanoparticles 

Nanoparticles (NPs) are defined as particles with a diameter smaller than 100 nm. They are 

increasingly used in different applications, including drug carrier systems and to pass organ 

barriers such as the blood-brain barrier. Nanoparticles are typically very small pieces of 

material that can be measured by a few atoms across. They are small enough that they can 

 



P a g e  | 9 

SINELIZWI V. JOSEPH 216666945 MASTER OF NANOSCIENCE 

easily interact on the same level with macroscopic pathogens such as bacteria and viruses 

[29]. 

 

Nanoparticles have surfaces that are easily modified, a small size, large surface area to volume 

ratio, are highly reactive to the living cells, stable over high temperatures and can undergo 

translocation into the cells [30]. Nanoparticles also display unique optical properties, making 

them capable of producing the quantum effects suitable for imaging applications [31, 32]. The 

properties of bulk materials change when they are reduced to nanoparticles. This is due to 

nanoparticles having a greater surface area per weight than the larger particle thus this causes 

the nanoparticles to be more reactive when they react with other molecules [33]. 

1.4.1.1 A brief history of nanoparticles 

Nanoparticles have been around for centuries, this is evident from the presence of gold 

nanoparticles from the sculptures and paintings even before the 4th century AD (anno domini). 

The most famous example is the Lycurgus cup (fourth century AD) in Figure 1.3. Gold and 

silver nanoparticles are found in the windows of old cathedrals that were built in the middle 

ages [34]. 

  

Figure 1.3: Photographs of the famous Lycurgus cup which displays a different colour depending on 

whether it is illuminated, externally A or internally B, colour changes depend on the size and shape of 

gold and silver nanoparticles [34]. 

 



P a g e  | 10 

SINELIZWI V. JOSEPH 216666945 MASTER OF NANOSCIENCE 

Since the 1990’s the nanomaterial field has grown as a research field. The oldest gold 

nanoparticle synthesis was reported as early as the 19th century [35, 36], and the recent 

interest now is focusing on the miniaturization of electronic devices to nanometer scale. It has 

been established that the properties of nanoparticles such as melting point and the band gap 

of a semiconductor are dependent on the size of a crystal, thus the nanometer material does 

not share the same properties as bulk material based on two factors that are responsible for 

this phenomenon, namely surface area and quantum size effects of the crystal [37]. 

 

Although the nanocrystals can be very small, a large fraction of the atoms are present on their 

surface. Thermodynamic properties of the material are affected by the surface atoms that 

have a contribution of free energy and the density of the electronic energy is transformed. 

This is known as a quantum size effect. This can affect the excited state in the material, 

although it increases the size of the energy spacing between the states. Thus, the optical 

excitations and the electrical transport properties are affected by the metal size and the 

semiconducting material [38]. 

 

Carbon nanotubes were first discovered in the 1990’s with their unique properties 

(mechanical, thermal and electrical) which make them easily used to fabricate composites 

[39]. Carbon nanotubes form closed tabular structures consisting of a nested cylindrical 

graphitic layer sometimes capped with fullerene-like ends with a hollow internal cavity. 

Nanotubes consist of either one cylindrical graphene sheet i.e. single wall (SWNT), or several 

nested cylinders with an interlayer spacing of 0.340.40 nm, termed multi wall nanotube 

(MWNT). The discovery of nanotubes has revolutionised research in several directions. Light 

or high strength nanotubes are considered to be an ideal structure for designing 

nanostructured instruments [40]. 
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1.4.2 Different methods of synthesizing nanoparticles 

Nanoparticles synthesis can be achieved using materials of various chemical nature, such as 

biomolecules, carbon, metals, metal oxide, non-oxide ceramics, organics, polymers and 

silicates. Nanoparticles exist with greatly different morphology such as spheres, cylinders, 

platelets and tubes. Nanoparticles are generally designed in such a way that their surfaces can 

be modified to meet the needs of specific applications. 

 

The enormous diversity of the nanoparticles are arising from their wide chemical nature, 

shape and morphologies, the medium in which the particles are present, the state of 

dispersion of the particles and most importantly the numerous possible surface modifications 

the nanoparticles can be subjected to make this an important active field of science now-a-

days [41]. The same chemical can generate a wide variety of nanoparticles [42]. The 

composition of nanoscale structures and other devices can be achieved via bottom up and top 

down methods. 

1.4.2.1 Bottom-up (chemical approach) 

Small building blocks are assembled to prepare a large structure in the bottom up approach. A 

few examples of this method are chemical synthesis, laser induced assembles (laser trapping), 

self-assembly and colloidal-aggregation. Eventually, physical limits may be included such as 

perturbations, e.g. molecular vibrations that can influence the smallest of the nanoscopic 

structures. Since in the bottom up approach molecular components arrange themselves to 

become more complex assembles, the concept of molecular self-assembly is being used. An 

example of a bottom up approach that is mostly used to synthesize nanoparticles is a colloidal 

dispersion. Although a bottom up and a top down approach may seem to be approaches that 

are opposite, there is an approach where both techniques are utilized it is known as a hybrid 

approach. Lithography is an example (of a hybrid approach) in which the thin films that are 

growing refers to a bottom up approach and etching refers to a top down approach [43]. 
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1.4.2.2 Top-down (physical approach) 

In top down synthesis, large scale production is limited. In this approach the nanoparticles 

become reactive after they are being processed and they have a high surface energy which is 

decreased by adsorption or agglomeration of a certain species, hence some additional 

reaction occurs. During the synthesis of nanoparticles specific materials are being used up to 

coat the nanomaterials and this controls a further interaction with other particles. High-

energy mechanical milling is used to synthesize metal-ceramic composite powders that allow 

the metal and the ceramic phases to unite in the same particle. A suitable precursor is chosen 

to produce a nanoparticle of a particular material [44]. 

 

Large objects are modified to compose smaller features in the top down method such as 

lithography techniques, e.g. ultraviolet (UV), electron or ion beam, scanning probe, optical 

near field, film deposition and growth, laser beam processing and mechanical techniques, e.g. 

machining, polishing and grinding [45]. 

1.4.3 Nanoparticles in medicine 

Recently, there has been an exponential growth in the use of nanoparticles in biomedical 

research [31]. The use of nanoparticles in nanomedicine will radically change the way we 

approach diagnosis and therapy of diseases states such as cancer and others, since they 

possess the ability to overcome the shortcomings that are presented by traditional drugs such 

as drug resistance at the cellular level, distribution, clearance of anticancer drugs in the body, 

drug resistance at the tumour level due to physiological barriers and biotransformation [46]. 

 

Important properties of nanoparticles in the development of radiopharmaceuticals include 

particle size, dispersity, shape, surface, crystallinity and composition. The nanoparticle’s ability 

to penetrate biological membranes, accessibility to remote tissues and increased residence 

time in the body offer a more diverse portfolio of treatment options and improve efficacy 

through both local and systemic targeting [46]. The size of nanoparticle controls its 

interactions with biological systems, this includes absorption distribution, cellular 

internalisation, metabolism and excretion of nanoparticles from the body [47].  
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Nanoparticles with a diameter of 50 nm are more efficiently internalized by cells than smaller 

(15–30 nm) or larger particles (70–240 nm) [48]. Nanoparticles with a diameter of 30–50 nm 

efficiently interact with membrane receptors and are subsequently taken up by receptor-

mediated endocytosis [49]. Nanoparticles with sizes around 400 nm is the upper boundary for 

harnessing the effect of EPR [50]. Particles with diameters less than 200 nm will be cleared 

much less rapidly than particles with diameters over 200 nm. Varying particle sizes of 50 nm 

and above showed higher levels of agglomeration of the larger nanoparticles in the liver [51]. 

Therefore, to be an effective drug carrier, the nanoparticle should have a diameter of 10–150 

nm. This size range will ensure longer circulation time and increased accumulation in the 

tumour interstitial [52].  

1.4.3.1 Nanomedicine 

Cancer nanotherapeutics is progressing at a steady rate; research and development in this 

field has experienced an exponential growth since the early 2000’s [53]. Although the path to 

a successful cancer drug is still long to be discovered, there is considerable excitement that 

nanotechnologies may contribute to the success of the oncology drug development. The pace 

at which pharmaceutical companies have formed partnerships to use proprietary nanoparticle 

technologies has accelerated considerably. It is now recognized that by enhancing the efficacy 

of new drug candidates, nanotechnology can meaningfully contribute to create differentiated 

products and improved clinical outcome [54].  

 

More than 40 years ago, the foundation was established for nanotechnologies to deliver 

therapeutic and diagnostic agents in a safer and more efficient manner [55]. Achieving this 

nanotechnology vision of delivering therapeutic and diagnostic agents became more realistic 

in recent years, with increasing numbers of nanotherapeutics and nanodiagnostics having 

reached the clinical stage. In 2010, the first clinical evidence of gene silencing was obtained by 

systemically-administered targeted nanoparticles (NPs) delivering siRNA therapeutics [56]. 

 

Nanoparticles offer the possibility to encapsulate poorly soluble drugs [57], protect 

therapeutic molecules [58], and modify their blood circulation and tissue distribution profiles 
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[48, 55]. These properties are attractive in oncology to encapsulate drugs exhibiting wide-

ranging toxicities and physicochemical properties. The parameters governing effective passive 

transport and retention of NPs in tumours hold through actively-targeted NPs which are 

decorated with ligands [59]. The active-targeted NPs recently made its way to human clinical 

trials, a prominent clinical example of an active targeting ligand, is a transferrin (Tf), 

glycoprotein responsible for delivering iron to cells. The transferrin receptor (TfR) is highly 

expressed on the surface of many cancer cells [60], therefore incorporation of Tf in 

nanoparticle formulations allows for preferential uptake. Nanoparticles are also tailorable 

such that they can be synthesized to bind and stabilize difficult-to-formulate hydrophobic 

drugs.  

 

Several nanoparticle-based drugs have moved into clinical trials [61]. Two well-known 

passively targeted nanoparticle therapies are Doxil and Abraxane. Doxil is a liposomal drug 

containing doxorubicin and Abraxane is a formulation of paclitaxel and albumin. The 

nanoparticles help to improve the solubility of the chemotherapeutics, allowing them to 

remain in circulation longer, while ameliorating some of the adverse side-effects of the free 

drugs [62]. While Doxil has been approved for treatment of ovarian cancer, recent clinical 

trials have been focused on combinational therapies, with efficacy seen when Doxil is 

combined with panitumumab to treat platinum-resistant epithelial ovarian cancer [63]. 

Abraxane is currently used to treat metastatic breast cancer [64] and ovarian cancer [65], and 

is finding clinical success against pancreatic cancer [66], non-small cell lung carcinoma [67] and 

drug resistant metastatic cervical cancer [68]. Camptothecin is most efficacious when applied 

continuously to the tumour cells; however, prolonged exposure is associated with severe bone 

marrow suppression and hemorrhagic cystitis. Incorporation of camptothecin into polymeric 

nanoparticles improved delivery to solid tumour cells and was well tolerated in patients, with 

stable disease reported in 64% of patients [69].  

 

Understanding the biological processes involved in the distribution and retention of 

nanomaterials inside the tumours is therefore essential to the development of personalized 
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nanomedicine approaches. The concepts apply to therapeutic nanomaterials in general, 

whether its drug carriers or nanoparticulate therapy mediators responding to external stimuli 

to exert therapeutic effects such as light [70], magnetic field [71] or ultrasounds [72]. 

1.4.3.2 Nanoradiopharmaceuticals 

The application of nanotechnology in medicine has been extended to radiopharmaceuticals. In 

this direction, a novel and promising science called nanoradiopharmaceuticals (NRPs) has 

been developed. Nanoradiopharmaceuticals are radiolabelled nanomaterials designed to 

deliver therapeutic doses of ionizing radiation to specific cancerous sites with high specificity 

in the body. These are already in clinical tests [73]. There are two possible approaches that are 

used to synthesize nanoradiopharmaceuticals. They can be prepared through direct nano-

encapsulation of radioactive radiopharmaceuticals. The second approach involves direct 

radiolabelling of nanoparticles coated with a non-radioactive ligand by a radioisotope. 

 

 

Figure 1.4: Engineered approach for prepared of tumour targeted stable nanoparticles for the siRNA 

delivery [74]. 

Trau et al. [74] reported the synthesis of nano-encapsulated microcrystalline nanoparticles for 

super-amplified biochemical assays (Figure 1.4). The radiolabelled molecules were 

encapsulated within ultra-thin polyelectrolyte layers of poly(allylamine hydrochloride) and 

poly(sodium 4-styrenesulfonate) that are functionalized with targeting molecules and are 

released in the tumour site [74].  
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Nanoparticles have been successfully radiolabelled with both α-emitters, e.g. 211At and 

225Ac  and β-emitters (e.g. 90Y, 67Cu, 131I, 186Re, and 188Re) [75]. Hong and other co-workers 

reported the synthesis of radiolabelled iron oxide nanoparticles which have been designed for 

use in SPECT/MRI and PET/MRI dual techniques. Both these approaches yield the 

nanoradiopharmaceuticals [76].  

1.4.3.3 Rhenium nanomaterials 

Even though molecular imaging techniques have advanced, there is no single technique that is 

ideal to acquire all the required information for experimental questions [76]. For example, 

there are drawbacks associated with quantifying fluorescence signals in biological systems, 

specifically in deep tissues; magnetic resonance imaging (MRI) has a very high resolution but it 

has low sensitivity; and radionuclide-based imaging methods possess high sensitivity yet they 

suffer from poor resolution [77]. The combination of various molecular imaging techniques 

can be advantageous compared to a single technique.  

 

Rhenium stands as a good candidate for nanoradiopharmaceuticals because of its good 

nuclear properties, physical half-life, and decay characteristics. Despite the plethora of 

literature available on the synthesis of metal oxide nanoparticles, little is known about 

rhenium oxide nanoparticles. Re2O7 based nanostructures that are immobilized within Al2O3 

and SiO2 have been synthesized for catalytic purposes [78]. Pawlak et al. reported on the 

synthesis of Re2S7 nanostructures, which have the potential to be applied in nuclear medicine 

[79].  

 

Most of the literature reports on the synthesis of rhenium nanoparticles from various 

precursors, using different approaches that do not employ sodium borohydride reduction 

processes. However, the synthesis of rhenium oxide nanoparticles from perrhenate (ReO4
-) ion 

using sodium borohydride as the reducing agent has been reported for catalytic applications 

[80]. The synthesis of transition metal nanostructures and their oxides has been widely 

explored due to their fascinating physical and chemical properties. Diverse methodologies for 
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the synthesis of transition metal nanoparticles such as gold [81], platinum [82], rhodium [83], 

silver [84] and palladium [85] as well as metal oxide nanoparticles [86] have been reported.  

 

The applications of these nanomaterials in different areas such as optics, electronics, catalysis, 

and medicine have been broadly studied and they show promising results. Rhenium, being 

part of the transition metals group, has gained significant attention as it poses a unique 

combination of properties that position it as a high-performance engineering material. A few 

examples of rhenium-incorporating nanoradiopharmaceuticals have emerged in the literature. 

Azadbakht and co-workers have studied rhenium-188 labelled with silane-polyethylene glycol 

that was coated with iron oxide nanoparticles, and the therapeutic effect and targeting 

efficacy were evaluated [87, 88].  

 

Figure 1.5: APTES-PEG coated iron oxide nanoparticles conjugated to rhenium 188Re labelled rituximab 

[88]. 

Rhenium and technetium with poly(pyrazolyl)borates have been extensively studied by several 

research groups, allowing the introduction of a great variety of oxo, carbonyl and polyhydride 

complexes but these compounds were difficult to obtain under the conditions required for the 

preparation of materials [21]. Anantharaj and co-workers synthesized ultra-small rhenium 

nanoparticles that were immobilised on DNA scaffolds and this material was used for surface 

enhanced Raman scattering and catalysis studies [89]. Rojas and Castano have achieved their 
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milestone of synthesising rhenium nanoparticles in the form of RexOy by gamma irradiation 

[90].  

1.5 Capping agents: Phthalocyanines versus diamines 

1.5.1 Phthalocyanines (Pcs) 

Phthalocyanines (Figure 1.6) are classified as aromatic macrocyclic compounds with 18 p-

electron cloud delocalised over an arrangement of staggered carbon and nitrogen atoms with 

tetrapyrrole rings [91]. Phthalocyanine forms upon heating various phthalic acid derivatives 

containing nitrogenous functional groups, e.g. phthalonitriles and diiminoisoindole [92, 93]. 

Interestingly, phthalocyanines are analogues of naturally occurring porphyrins and other 

compounds like chlorins. Pcs have a very wide range of usage in many different fields such as 

in producing inks, dyes, pigments and in laser technology [94]. 

 

Figure 1.6: Chemical structure of phthalocyanine. 

Phthalocyanine derivatives are currently under investigation for use in photodynamic therapy, 

which is a promising cancer treatment. These compounds display favourable uptake in 

cancerous cells and present high fluorescence yields that can be used for tumour detection 

[95]. The Pcs have also attracted many applications because of their redox flexibility, stability 

towards thermal-chemical conditions and intense colour. However, their poor solubility in 
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industrial organic solvents causes problems for different type of applications; and because of 

this reason improvement on the synthesis of soluble phthalocyanine derivatives is still an 

important task [95,96]. The solubility of Pcs can be increased by using substituents such as 

alkyl, alkoxy, aryloxy, and alkylthio chains and bulky groups [96]. These Pcs have intense 

absorptions at long wavelengths (above 670 nm) and an extraordinary ability for generating 

singlet oxygen with good yields. 

 

The major disadvantage of the Pcs in technological applications is intermolecular interactions, 

known as aggregation, between Pc macrocycles. Therefore, many structural modifications, 

such as modifying of the position and type of substituents have been made to prevent the 

aggregation of Pcs. Bulky substituents prevent the planar Pc rings from approaching each 

other [97–99]. In this application, an aminated Pc will be attached to the particle as a capping 

agent and conjugated to folate as a targeting biomolecule. 

1.5.2 Ethylenediamine (EDA) 

Ethylenediamine is an organic compound, known to act as a bidentate ligand in complexing 

with metals. This colourless sticky liquid is widely used in chemical synthesis. Ethylenediamine 

is manufactured industrially from 1,2-dichloroethane or ethanolamine and ammonia under 

high pressure at 180°C in an aqueous medium [100]. 

 

Mono-functionalisation of symmetrical or unsymmetrical diamines is an essential step for the 

synthesis of biologically important pharmacores and materials [101]. Recently there is more 

interest on chemical and biological chip production of monofunctionalised diamines to hold 

functional molecules at the one end while the other end is free to be attached on the solid 

surface of the nanoparticle [102]. Therefore, a facile and large-scale synthetic method is 

urgent for the preparation of a monoprotected diamine [103, 104].  

 

Ethylenediamine is used in different fields such as: as a precursor to chelation agents, drugs, 

agrochemicals. A most prominent derivative of ethylene diamine is the chelating agent, 
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ethylenediaminetetraacetic acid [100]. It is a pharmaceutical ingredient in the most common 

bronchodilator drugs [105]. It also plays an important role in the production of polymers [106]. 

In this study, a folate-conjugated diamine will be used to cap the rhenium oxide nanoparticles. 

1.6 Targeting biomolecules 

1.6.1 Folate (FA) 

Folic acid is known as pteroylglutamic acid with the chemical formula of C19H19N7O6 (Figure 

1.7). Folate (pteroylglutamate) is a stable, water-soluble, inexpensive, and non-immunogenic 

chemical, and has a high affinity for cell surface folate receptor [107, 108].  

 

 

Figure 1.7: The structure of folate showing the pteridine ring (red), 4-aminobenzoate (blue) and the 

glutamate (black). 

Folic acid is an important vitamin required for the healthy functioning of all cells. Folate is 

necessary for the DNA nucleotide synthesis and cell division. Folic acid is known to bind with a 

folate receptor existing on the surface of tumoural cells. Rapidly dividing cells require much 

more folate than a healthy cell. The deficiency of folate include fetal neural tube defects, 

cardiovascular disease and cancers [109, 110], hence it can be exploited for targeting cancer 

cells.  
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Folate antagonists are folate analogs that inhibit vitamin B9 (folic acid) cellular uptake, via 

widely expressed membrane transporters. Folate receptors (FRs) transport folate via 

endocytosis with high affinity and are proposed targets for the specific delivery of new classes 

of folate conjugates to tumours. There are specific antifolates that have been developed 

namely, pemetrexed, aminopterin, and methotrexate. They are commonly used since they 

have similar structures to that of folate [111]. 

Although all cells express the folate receptor for normal DNA replication and cell division, 

however cancerous cells express a much greater amount of folate receptors. Cancer cells 

overexpress the folate receptor as a result, the high affinity of folic acid for folate receptors 

provides a unique opportunity to use it as a targeting ligand to deliver nanoparticles to cancer 

cells [112]. Because of the low expression level of folate receptors in healthy cells and its 

overexpression in cancerous tissues, folate behaves as a suitable targeting biomolecule.  

The folate receptor is upregulated in many human cancers, to name a few malignancies of the 

ovary, brain, kidney, breast, myeloid cells and lung. The ability of folate to access these folate 

receptor locations can be limited due to the apical membrane of polarised epithelia and the 

density of folate receptor that appears to increase as the stage of cancer worsens [113]. 

1.7 Scope of the study 

The key to the development of nanoradiopharmaceuticals is selective localisation of the 

compounds to the cancerous sites. Therefore, the primary aim of this study was to design new 

radiopharmaceuticals based on the rhenium-nuclide. In this case, the size of the nanoparticles 

will be exploited due to enhanced permeation and retention effect (EPR effect) as well as the 

incorporation of folate for targeting. The hot isotopes of rhenium would be used at a later 

stage to fully assess the behaviour of nanoparticles in some biological systems for diagnosis 

and therapy of cancer tumours.  

 

The aim of the study was addressed by completing the following objectives:  

 Synthesis of diamines and phthalocyanine linked with folate for stabilisation and 

making nanoparticles recognisable by cells through folate receptors.  
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 The synthesis and characterization of the rhenium(III) oxide nanoparticles. 

 The viability studies using non-tumourigenic and cancerous cells to investigate the 

effects of the nanoparticles at non-cytotoxic concentrations.  

 The investigation of tumour internalisation ability of the Re2O3-diamine-folate NPs 

using the in vitro model (cancer cell lines). 

 

Due to the nature of the treatise, the investigation of the localisation of nanoparticles on 

cancer cells by TEM is currently being done as part of the bigger scope of the project. This mini 

thesis will present work achieved up to cell viability studies. 
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 : Materials, techniques and experimental methods Chapter 2

2.1 General reagents for synthesis 

Table 2.1 provides the list of reagents used in the study as well as their purity and suppliers. 

Table 2.1: General reagents used in this study.  

Chemical name % Purity Supplier 

Acetic acid Glacial Sigma-Aldrich 

Acetone 98.0 Merck-Chemicals 

Ammonium perrhenate 99.0 Sigma-Aldrich 

1,8-diazabicyclo [5.4.0] undec-7-ene 98.0 Sigma-Aldrich 

Diethyl ether 99.0 Merck-Chemicals 

Dichloromethane 99.0 Merck-Chemicals 

Dimethyl formamide 99.5 ACE Chemicals 

Dimethyl sulfoxide 99.0 Merck-Chemicals 

Ethyl acetate 98.8 Sigma-Aldrich 

Ethylenediamine 80.0 Sigma-Aldrich 

Folic acid 97.0 Sigma-Aldrich 

Hexane 97.0 Merck-Chemicals 

Hydrochloric acid 32.0 Sigma-Aldrich 

Methanol Analytical grade Sigma-Aldrich 

N-Boc-Ethylene diamine 99.9 Sigma-Aldrich 

N-Hydroxysuccinimide 98.0 Sigma-Aldrich 

N,N’-Dicyclohexylcarbodiimide 99.0 Fluka 

N,N’-Dimethyl formamide 99.9 Sigma-Aldrich 

4-Nitrophthalonitrile 99.9 Fluoro-Chem 

n-Octanol 99.0 Sigma-Aldrich 

Pyridine 90.0 Merck-Chemicals 

Pyridine-HCl 98.0 Alfar-Aesar 

Triethylamine 99.0 Merck-Chemicals 

Trifluoro acetic acid 99.0 Riedel-dehaen 

Sodium acetate 99.0 ACE Chemicals 

Sodium borohydride 98.0 Sigma-Aldrich 

Sodium chloride 99.5 ACE chemicals 

Sodium sulphide hydrate 98.0 Sigma-Aldrich 

Zinc(III) chloride 98.0 Sigma-Aldrich 
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Table 2.2: Reagents used for biological studies 

Chemical name % Purity Supplier 

Leibovitz’s L15 medium - Gibco 

Dulbecco modified eagle medium - Biowest 

Fetal bovine serum - Biowest 

Trypsin - Sigma-Aldrich 

Potassium chloride 99.0 Sigma-Aldrich 

Disodium phosphate 98.0 Sigma-Aldrich 

Monopotassium phosphate 99.5 Sigma-Aldrich 

Ethylenediaminetetraacetic 99.9 Sigma-Aldrich 

3-(4,5-Dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide 

- Sigma-Aldrich 

Ham’s F12 medium - Biowest 

Insulin - Gibco 

Hydrocortisone - Sigma-Aldrich 

 

2.2 Instrumentation 

2.2.1 Spectroscopic techniques 

2.2.1.1 Nuclear magnetic resonance (NMR spectroscopy) 

The capping agents and products were determined by using 1H NMR and 13C NMR 

spectroscopy on a Bruker AMX 400 MHz spectrometer and reported relative to 

tetramethylsilane (δ 0.00). 

2.2.1.2 Infrared spectroscopy 

The infrared spectra were recorded on a Bruker, Tensor 27 platinum ATR-FTIR 

spectrophotometer in the range 4000400 cm1. 

2.2.1.3 UV-Vis electronic spectroscopy 

The absorption spectra of the phthalocyanine derivatives were recorded on a Thermo 

Scientific UV-Vis spectrophotometer using a 1 cm quartz cells. The spectra were recorded in 

the wavelength range between 300900 nm using DMSO as a solvent. Absorption spectra of 
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rhenium(III) oxide nanoparticles were also recorded using the same instrument settings but in 

an aqueous medium. 

2.2.1.4 Spectrofluorimetry 

The excitation and emission spectra of the nanoparticles were measured with a Perkin Elmer 

LS45 Fluorescence spectrometer. The nanoparticles were excited at a wavelength of 331 nm. 

2.2.1.5 Powerwave spectrophotometer (Biotek) 

The Biotek Epoch|2 powerwave microplate reader spectrophotometer is a single channel 

absorbance microplate reader that has a capability of measuring absorbance after counting 

the cells on the microscope using a Haemocytometer. This monochromator-based instrument 

has a wavelength range of 200–999 nm. 

2.2.1.6 LC-MS 

Conjugating tetraaminophthalocyanine and ethylenediamine with folate was confirmed with 

the use of Water Synapt G2 liquid chromatography-mass spectroscopy using methanol as a 

solvent at 15 V. 

2.2.2 Transmission electron microscopy (TEM) 

TEM images of the rhenium nanoparticles were acquired with a Zeiss Libra 120 transmission 

electron microscope equipped with an EDAX detector and Gatan Crystorage. To prepare the 

samples, few drops of the nanoparticle suspension were placed on a 3 mm carbon-coated 

copper grid and left to dry at room temperature overnight. The images were captured using 

the embedded self-imaging system using a Mega-view III digital camera. 

2.2.3 Zeta potential 

Rhenium (III) oxide nanoparticles were confirmed using Zetasizer Nano ZS instrument 

(Malvern Instruments) that has a Direct Light Scattering (DLS) for measuring the size  of the 

nanoparticles and the surface charge. The nanoparticles were prepared in freshly deionised 

water. 
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2.2.4  Other instruments 

2.2.4.1 Melting point 

The melting points of the compounds were determined with the Stuart Lasec SM|30 Melting 

point apparatus. 

2.2.4.2 Centrifuge 

Labofuse 200 Heraeus sepatech centrifuge was extensively used for phthalocyanine 

purification and for Biochemistry studies, to rapidly sediment cells into a pellet before they 

were sectioned to be viewed on the TEM for cell uptake. 

2.2.4.3 Class 2 Microbiological safety cabinet 

Bioflow–II (hood) Labiotic model 650 was used for cell culture studies. 

2.2.4.4 Incubator 

Thermo Electron Corporation Forma Direct Heat CO2 Incubator 311 was used to grow and 

maintain cell cultures. In vitro cell cultures should mimic the in vivo environment therefore the 

incubator must maintain an optimal temperature (37°C), carbon dioxide (% CO2 = 5%), and 

humidity (95%). 

2.2.4.5 Microscope 

Regular monitoring of cells is essential as it will provide a lot of information regarding cell 

growth and general health of culture. 
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2.3 Methodology 

2.3.1 Synthesis N-boc-ethylenediamine-folate 

According to the literature [114], functionalisation of the diamines at one end is required as 

biological application require monofunctionalised diamines so that they can hold functional 

molecules such as targeting biomolecule at one end, while the other end is free to be attached 

on the solid surface (nanoparticle). Among the various amine protecting groups, tert-

butyloxycarbonyl (BOC) protecting group is extensively used due to its ability to protect one 

side with HCl and this protected form is the stable physical state can be used in subsequent 

reactions. The reaction scheme for preparation of ethylenediamine-folate are presented in 

Figure 2.1.  

 

 

Figure 2.1: Proposed synthetic route of protecting one side of ethylenediamine with tert-

butyloxycarbonyl protecting group. 

2.3.1.1 N-Boc-ethylenediamine-folate (N-BOC-EDA-FA) 

The protocol used for the conjugation of folate and ethylenediamine via amide bond 

formation was modified from Trindade [103] (Figure 2.2). Briefly, 640 mg of folic acid (1.34 

mmol, 1 eq. dehydrated powder) was dissolved in 25 mL of DMSO for approximately 30 

minutes with mild heating. To this 308 mg (2 eq.) of N-hydroxysuccinimide and 552 mg of 
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N,N’-dicyclohexylcarbodiimide were added successively. The reaction mixture was stirred for 

16 hours at room temperature. The urea which contained unreacted starting material was 

filtered off. The solution was then added to 0.376 mL (2 eq.) of triethylamine followed by 429 

mg (2 eq) of N-boc-ethylene diamine dissolved in 5 mL of DMSO. The mixture was left stirring 

overnight at room temperature. The solution was added to a mixture of 20% acetone in 

diethyl ether, enough to precipitate the product. The thin yellow precipitate was centrifuged 

and washed four times with acetone and two times with diethyl ether and dried under 

vacuum (0.56 g = 65.5% yield). Melting point = 292°C. 

 

 

Figure 2.2: Synthetic route of ethylenediamine-folate conjugate 

2.3.1.2 Synthesis of ethylenediamine-folate (EDA-FA) (deprotection step) 

N-Boc-ethylenediamine-folate conjugate (Figure 2.3) (205 mg) was dissolved in 2 mL of 

trifluoroacetic acid (10 mM) and stirred for 2 hours. The solvent was removed under pressure 

with the aid of dichloromethane, the red residue was dissolved with a minimal amount of dry 

5 mL of DMF and then 2 mL of triethylamine was added. The addition of triethylamine 

resulted in the precipitation of a yellow powder, which was washed and centrifuged four times 

with acetone and two times with diethyl ether (1.36 g = 80% yield). Melting point = 294.8°C. 
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Figure 2.3: Synthetic route of deprotecting the tert-butyloxycarbonyl (BOC) protecting group. 

 

2.3.2 Synthesis of Tetraamino-phthalocyanine (TAPc) 

Tetraamino phthalocyanine (TAPc) was synthesised according to the method by Ogbodu and 

co-workers [115] which involves three steps: (i) synthesis of tetranitro-zinc-phthalocyanine 

(TNZnPc), (ii) reduction of tetranitro-zinc-phthalocyanine to tetraamino-zinc-phthalocyanine 

(TAZnPc); and (iii) removal of zinc(II) to form tetraamino phthalocyanine. 

2.3.2.1 Tetranitro-zinc-phthalocyanine (TNZnPc) 

The synthesis of TNZnPc was prepared according to the method by Ogbodu and the co-

workers [115]. Zinc chloride (1.23 g, 7.42 mmol) and 4-nitrophthalonitrile (5.14 g, 29.7 mmol) 

were added to n-octanol (8 mL), and catalytic amounts of 1,8-diazabicyclo-[5.4.0]-undec-7-ene 

(DBU) (0.226 g, 1.485 mmol) was added into the reaction mixture (Figure 2.4). The reaction 

was allowed to proceed at 180°C for 4 hours. Thereafter, the reaction mixture was cooled and 

diluted with toluene (80 mL), and the precipitate that resulted was collected by centrifugation 

at 6400 rpm for 30 minutes. The solid was filtered and washed with 10 mL of toluene, water, 

MeOH/ether (1:9) and then EtOAc/hexane (2:1). The dark green precipitate was dried and 

weighed (3.85 g = yield of 68%). The melting point was measured with melting point 

apparatus, and it was observed that the phthalocyanine compounds are thermally very stable 

up to 500°C.  
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Figure 2.4: The synthesis of tetranitro-zinc-phthalocyanine (TNZnPc) from 4-phthalonitrile. 

2.3.2.2 Tetraamino-zinc-phthalocyanine (TAZnPc) 

TAZnPc was synthesised under a nitrogen atmosphere at 65°C by dissolving 4.08 g (5.35 mmol) 

of TNZnPc in 80 mL DMF, followed by addition of 15.88 g (66.1 mmol) of sodium sulfide 

hydrate. The reaction mixture was allowed to continue heating overnight, and then cooled to 

room temperature (Figure 2.5). Cold water (200 mL) was added and the resulting precipitate 

was collected by centrifugation at 6400 rpm for 30 minutes. The precipitate was washed three 

times with MeOH/ether (1:9), EtOAc and dried (1.968 g = 57% yield). 
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Figure 2.5: The synthesis of tetraaminophthalocyanine (TAPc) and tetranitrophthalocyanine (TNPc). 

2.3.2.3 Tetraaminophthalocyanine (TAPc) and  and tetranitrophthalocyanine (TNPc). 

The synthesis of TNPc was achieved by dissolving TNZnPc (0.65 g) in a mixture of pyridine (2 

ml) and pyridine.HCl (1 g) while being stirred, under nitrogen, at 110°C for 18 hours. After the 

reaction run to completion, 10 ml of ice-cold H2O was poured in the mixture. Centrifugation 

was used to collect the dark green precipitate at 6400 rpm for 30 minutes, followed by 

filtration and washing repeatedly with H2O, MeOH and EtOAc. The tetranitrophthalocyanine 

was not used to conjugate to folate due to solubility challenges. TAZnPc was demetalated by 

dissolving 0.75 g in a solution of pyridine (4 mL) and pyridine.HCl (2 g) while being stirred, 

under nitrogen, at 110°C for 17 hours (Figure 2.5). The reaction was stopped, and 20 mL of 

H2O was used to cool the mixture. Centrifugation was used to collect the dark green 

precipitate at 6400 rpm for 30 minutes, followed by filtration and washing three times with 15 

mL of each of H2O, MeOH and EtOAc (0.35 g = 50% yield).  
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2.3.2.4 Synthesis of TAPc-folate conjugate 

The synthesis of folate-conjugated tetraaminophthalocyanine was performed according to a 

literature method [116], with minor adjustments. Briefly, 100 mg of folic acid (0.23 mmol) was 

added to 25 mL of H2O and DMSO (1:9) and was stirred along with 70 mg N,N’-

dicyclohexylcarbodiimide (DCC) and 39 mg N-hydroxysuccinimide (NHS) for 24 hours. A 

solution of 313 mg of TAPc (0.55 mmol) in DMSO was then added and the solution was stirred 

at room temperature for 48 hours (Figure 2.6). The solid precipitate was acquired through 

centrifugation at 7000 rpm for 10 minutes, and it was washed four times with 10 mL of 

acetone and two times with 10 mL of diethyl ether (0.25 g = 59.5% yield). The synthesis of 

folate-conjugated ethylenediamine was performed according to method. 

 

 

Figure 2.6: Conjugation of tetraaminophthalocyanine (TAPc) to folate, 1:1 ratio. 

2.3.3 Synthesis of rhenium(III) oxide nanoparticles 

The synthesis of rhenium(III) oxide nanoparticles followed a reported procedure [117] (Figure 

2.7) with some modifications. In a typical synthesis of rhenium(III) oxide nanoparticles, 80 µL 

of ammonium perrhenate (100 mM), 2 mL acetate buffer and 450 µL deionized water were 
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mixed and stirred under nitrogen for 30 minutes at room temperature. After 30 minutes, 400 

µL of freshly prepared NaBH4 (100 Mm) was added drop wise to the reaction mixture over a 

period of a minute. After which, FA-TAPc solution in DMSO (10 mg/mL) was added slowly. The 

solution was further stirred for another 30 minutes under nitrogen (Figure 2.8). 

 

 

Figure 2.7: Synthetic route of capped rhenium (III) oxide nanoparticles with ethylenediamine-folate. 

Four capping agents are shown for simplicity. 

The solution was then transferred to polyethylene tubes and centrifugated at 3500 rpm. The 

nanoparticles pellet was washed with deionised water. The NPs were kept in solution and 

prepared for TEM analysis. The rhenium(III) oxide nanoparticles production was optimised by 

controlling temperature, amount of capping agent, amount of reducing agent and 

concentration of rhenium salt.  Refer to page 49 for quantification used for Re-EDA NP, Re-

EDA-FA NP, Re-TAPc-FA NP, Re-TAPc NP and Re NP. 
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Figure 2.8: Photographs of the sample vials containing ammonium perrhenate in water (100 mM), (A)  

before and after adding ethylenediamine, ethylenediamine-folate (capping agents) and sodium 

borohydride (reducing agent), and (B) before and after adding tetraaminophthalocyanine, 

tetraaminophthalocyanine-folate (capping agents) and sodium borohydride (reducing agent). 

2.3.4 Cell culture and maintenance  

The cells lines used in this study were MCF-7, MCF-10A (non-tumourigenic), MDA-MB-231, 

and MDA-MB-468. MCF-7 cell lines were cultured in DMEM media supplemented with 10% 

(v/v) FBS, while MDA-MB-231 and MDA-MB-468 were cultured in L15 (Leibovitz) media 

supplemented with 10% (v/v) FBS and Hams F12 media supplemented with 5% v/v Donor 

horse serum, 20 µg/mL EGF, 10 µg/mL Insulin, 0.5 µg/mL hydrocortisone was used for MCF-

10A. The cells were grown in Thermo Electron Corporation Forma Direct Heat CO2 incubator at 

37°C with 5% CO2. The cell monolayer was washed 23 times using PBS (pH 7.4) to remove 

media, free/unattached nanoparticles and cellular debris. PBS was prepared as follows: 400 

mL of distilled water was prepared in a suitable container. A 4 g of NaCl (0.137 M), 100 mg of 

KCl (0.0027 M), 720 mg of Na2HPO4 (0.01 M) and 120 mg of KH2PO4 (0.0018 M) were added to 

the solution. The solution was adjusted to a pH ≈ 7.4 using a pH meter. Then the solution was 

filled with distilled water up to 500 mL. 



P a g e  | 35 

SINELIZWI V. JOSEPH 216666945 MASTER OF NANOSCIENCE 

Table 2.3: Preparation of the media for cell culture: 

Media Reagents 

DMEM 10% FBS 

L15 10% FBS 

F12 5% v/v Donor horse serum, 20 µg/mL EGF, 10 
µg/mL Insulin, 0.5 µg/mL hydrocortisone 

 

2.3.5 Cell viability assay 

Cell viability assay were completed using the MTT Assay for the various treatments listed 

below in four different cell lines (MDA-MB-468, MDA-MB-231, MCF-10A, and MCF-7). Cell 

viability studies of the cells treated with rhenium(III) oxide nanoparticles were evaluated using 

MTT assay [118]. Firstly, cells were checked if they were contaminated using a microscope. 

Then the media was removed using vacuum aspirator and the cells were washed with PBSA. 

The cells were trypsinised with 300 µL of 0.25% (v/v) trypsin solution twice in order to detach 

cells from the surface of the plate. This was done by incubating the cells at 37°C for minimum 

time of 510 minutes. A media (5 mL) was added to re-suspend the cells, and small aliquot (20 

µL) to count the cells using haemocytometer with the aid of trypan blue and were calculated 

using the following equation (1). 

Cell Viability (%)   
                              

                                    
                                                                                  (1) 

The cells were seeded at 10,000 cells per well in a 96-well plate and allowed to attach for 24 

hours. The cells were treated for 24 hours with different nanoparticle concentrations prepared 

from transferring 50 µL of 0.6 mM rhenium oxide nanoparticles to 3mL of cell culture media to 

yield 10 μM solutions. The treatments were varied to maintain the same concentration. 

Differently capped and sized nanoparticles were used. The controls used were; methotrexate 

(positive control) and untreated cells (negative control). The effects of simple compounds 

were investigated. These include folate (FA), tetraaminophthalocyanine (TAPc), and 

ethylenediamine (EDA). The effects of ethylenediamine-folate (EDA-FA) and 

tetraaminophthalocyanine-folate (TAPc-FA) conjugates were also investigated. The effects of 
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nanoparticles capped with sodium borohydride (Re NP), Re-EDA NP, Re-EDA-FA NP, Re-TAPc 

NP and Re-TAPC-FA NP were also compared. The effects of size were explored using small-

sized nanoparticles (110 nm) and big-sized nanoparticles (10-100 nm). To determine the 

effect of all the treatments on cell viability, the standard MTT assay was used. After each 

screening experiment, the media was removed and 200 µL of 0.5 mg/mL of MTT was added 

and cells were incubated for 2 hours. The purple formazan crystals were dissolved in 200 μL of 

DMSO and the absorbance was measured at 560 nm using Epoch 2 Powerwave 

spectrophotometer BioTek Powerwave. The data was normalised using an MTT standard curve 

for each of the cell lines used. 

2.3.6 Statistics  

The untreated cells were used as a neutral control, with methotrexate as a positive control. 

The small-sized nanoparticles were between 110 nm and big-sized nanoparticles were 

between 10100 nm. Statistical analysis was done using ANOVA, P* < 0.05, with 3 

experiments (N = 3) for each cell line.  

2.3.7 Cell accumulation studies: Transmission electron microscope (TEM) 

The preparation of biological samples for electron microscopy requires several stages which 

included sample washing, fixation, dehydration, embedding, sectioning and analysis. The cell 

preparations for electron microscopy was performed based on the methodology previously 

described by Schrand and other co-workers [119, 120] in order to verify the internalisation of 

the nanoparticles into the cells. The cells were seeded in 10 cm tissue culture treated plates, 

grown and treated with the following controls (folate, methotrexate, ethylenediamine, 

tetraaminophthalocyanine, ethylenediamine-folate, tetraaminophthalocyanine-folate) and 

with rhenium(III) oxide nanoparticles (at 10 µM). Preparations of the cells for viewing under 

TEM was done as follows: 

 

Sample washing and harvesting: The cell monolayer was washed 23 times using PBS (pH 7.4) 

to remove media, free/unattached nanoparticles and cellular debris [119, 121]. 
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Primary fixing: After the cells had been washed they were fixed using 2.5 % of phosphate 

buffered (pH 7.4) glutaraldehyde which was incubated at 4°C for 4 hours. After 4 hours the 

cells were scrapped and transferred to micro-centrifuge tubes for secondary fixing [122, 123]. 

 

Secondary fixing and dehydration: Osmium tetroxide was added to the cells and kept for 90 

minutes at room temperature. After 90 minutes, the cells were washed with two times 0.1 M 

phosphate buffer (pH 7.4) for 10 minutes. Subsequently, the cells were subjected to washing 

with different solutions [123, 124]. 

 

Solvents that were used to wash the cells after fixation: 

 100 mL buffer (phosphate buffer, 7.4 pH) 

 5 mL osmium tetroxide solution (1% in phosphate buffer) 

 50 mL 30% ethanol 

 50 mL 50% ethanol 

 50 mL 70% ethanol 

 50 mL 80% ethanol 

 50 mL 90% ethanol 

 50 mL absolute ethanol  

 

Solvents that were used to wash the cells 

 50 mL propylene oxide 

 20 mL propylene oxide: embedding medium mixture 75:25 

 20 mL propylene oxide: embedding medium mixture 50:50 

 20 mL propylene oxide: embedding medium mixture 25:75 

 20 mL embedding medium 

 

Cell embedment: The cells were suspended in pure resin for 12 hours, pure resin was added 

again into cells and the cells were placed in an oven at 600°C for 36 hours [125, 126]. 
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Thin cell sectioning: The solidified resin containing the cells were cut into 80 nm sections, at 

the cutting speed of 0.7 mm/sec, using an ultramicrotome [119]. The cell sections are 

currently submitted for TEM viewing as part of the broader scope of the study. TEM studies 

will be carried out on stained and unstained cell sections to establish the presence of 

rhenium(III) oxide nanoparticles in cells without confusing it with effect of the stains. 
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 : Synthesis and characterization of capping agents Chapter 3

and nanoparticles  

3.1 General introduction 

Rhenium has isotopes (188Re/186Re) that have been considered as a prospect for radiotherapy 

and cancer imaging due to the favourable nuclear properties such as short half-lives (17 hours 

for 188Re and 3.7 days for 186Re) and beta emission energies (2.11 MeV for 188Re and 1.07 MeV 

for 186Re) [20, 69, 104]. The key to the development of these radiopharmaceuticals is the 

selective localisation of the compounds in cancerous sites.  

 

This section focuses on the formation of the rhenium(III) oxide nanoparticles, which were 

produced via the reduction of perrhenate (ReO4
-). The two amine compounds comprised of 

ethylenediamine and aminated phthalocyanine were used as capping agents. The diamines 

were conjugated to folate via an amidation reaction on one side of the diamine 

(unsymmetrical substitution). The rhenium(III) oxide nanoparticles were successfully produced 

at room temperature by optimising the amount of capping agent, amount of reducing agent 

and concentration of rhenium salt. The nanoparticles were synthesised using “cold isotopes” 

of the rhenium metal and synthesised in an aqueous saline medium to imitate the 

environment in which perrhenate (ReO4
-) will be produced from the reactor. 

 

Folate is overexpressed in cancer cells and this has provided an avenue for exploiting the 

internalisation of drugs into cancer cells via its folate receptors [127, 128]. The synthetic tools 

available for conjugation of folic acid has not been extensively studied [129, 130]. Folate 

(vitamin B9) is structurally constituted of pteroic acid covalently bond to a glutamic acid 

residue. However, only the γ-conjugates have medicinal relevance, since they have a higher 

affinity toward the receptors compared with α-conjugates (Figure 1.7) [131]. Fortunately, the 

γ-conjugates are intrinsically obtained as the major product from amidation of folate with 

diamines (from 5590% selectivity) [132, 133]. 
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3.2 Results and discussion 

3.2.1 Ethylenediamine-folate conjugate 

The synthesis of the EDA-FA conjugate, which involved the amidation and BOC deprotection 

step, was confirmed using FT-IR spectroscopy (Figure 3.1). The essential peaks (for N-H and 

C=O stretching vibrations) (Figure 3.1) show evidence of structural changes in N-BOC-EDA-FA 

and EDA-FA. The compound is comprised of dissimilar carbonyls, namely an amide stretch was 

found at 1500 cm-1 (C=O (C)), carboxylic acid stretch was found at 1613 (C=O (B)) cm -1 and an 

ester stretch was found at 1710 cm -1 (C=O (A)). On the EDA-FA spectrum the peak for C=O 

(ester) had disappeared due to the deprotection of BOC which confirmed a successful 

amidation process between folate and monoprotected ethylenediamine due to the 

disappearance of the ester peak [134]. The peak at 3341 cm-1 in the IR spectrum of EDA-FA 

was due to the N-H stretching vibration and it appeared after the deprotection step, 

suggesting that the amine is free on one end of ethylenediamine. The peak at 2358 cm-1 was 

due to the stretching vibrations of C-H. It was also observed that after the deprotection of N-

BOC-EDA-FA, C-H stretch was not prominent, and we concluded that it was due to the removal 

of tert-butyloxycarbonyl (BOC). 
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Figure 3.1: FT-IR spectra of N-boc-ethylenediamine-folate (N-BOC-EDA-FA) and ethylenediamine-folate 
(EDA-FA). 

UV-Vis spectroscopic characterization (Figure 3.2) does not prove the deprotection step as the 

spectra are similar but serves as the characterization of the absorption spectrum for the 

conjugate with peaks at 280 and 360 nm. The structure was also confirmed using 1H-NMR 

(Figure 3.3). The 1H-NMR of N-BOC-EDA-FA was observed with the following results: (400 

MHz, DMSO) δ 8.64 (s, 1H) and 8.61 (m, 1H), 8.0 (m, 2H), 6.66- 7.99 (m, 3H), 6.50–6.60 (m, 

2H), 4.254.5 (bs, 2H), 2.93.3 (m, 1H), 3.45 (water), 1.45 (m, 9H). The deprotection of N-BOC-

EDA-FA was confirmed by the disappearance of the tert-butyloxycarbonyl (BOC) protons at 1.5 

ppm (Figure 3.3 and 3.4) [114]. 
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Figure 3.2: UV-Vis spectra of N-boc-ethylenediamine-folate (N-BOC-EDA-FA) and ethylenediamine-
Folate (EDA-FA). 

 

 

Figure 3.3: 1H-NMR of Conjugated folate with N-boc-ethylenediamine. 
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Figure 3.4 : 1H-NMR ethylenediamine- folate (EDA-FA) after deprotection. 

Figure 3.5 shows the LC-MS spectra of EDA-FA, showing some small molecules which 

confirmed that some of the ethylenediamine molecules were not conjugated to the folate 

molecules, the spectrum also confirmed some of the ethylenediamine molecules were 

successfully conjugated to folate molecules with the following molecular ions, 484.2 and 485.0 

m/z corresponding to the molecular weight of EDA-FA (483.5 g/mol), one of the molecular 

ions in the spectrum indicated that EDA: FA ratio was 1:1. During the deprotection of di-tert-

carbonyl some of the compounds were not completely removed as it showed on some of the 

molecular ions 531.39, 555.22, 569.57, 570.24 m/z (Table 3.1).  
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Figure 3.5: Ethylenediamine-folate (EDA-FA) obtained from the Electrospray Ionization (ESI) using LC-

MS. 

Table 3.1: Chemical structure and molecular ions of ethylenediamine-folate (EDA-FA) obtained 
from the Electrospray Ionization (ESI) using LC-MS. 

Chemical structure  m/z Molecular ion 

 

EDA-FA 

484.21  

485.20 

M+H 

M+2H 

 

EDA-FA + BOC  

569.57 

570.24 

M+ 

M+H 

 



P a g e  | 45 

SINELIZWI V. JOSEPH 216666945 MASTER OF NANOSCIENCE 

Table 3.1: Continued. 

 

EDA-FA + BOC 

555.22 M+ 

 

 

EDA-FA + BOC 

531.39 M+2H 

 

3.2.2 Tetraaminophthalocyanine-folate (TAPc-FA) conjugate 

UV-Vis spectroscopy (Figure 3.6) and FT-IR spectroscopy (Figure 3.7) were used to confirm the 

synthesis of TAPc [117]. In comparison to the previous techniques used, UV-Vis provided 

conclusive evidence for the formation of Pcs and MPs. Phthalocyanine had a very strong 

absorption in the far-red region of the UV spectrum (approximately 700 nm), known as the Q 

band, and is usually accompanied by a vibronic shoulder. The peak at 350 nm is a B (soret) 

band. A metal-free phthalocyanine would have a split band at 700 nm but in this case the 

metal was no completely removed. 

 

 

 

 

 

 

 

 

 

 

 

 



P a g e  | 46 

SINELIZWI V. JOSEPH 216666945 MASTER OF NANOSCIENCE 

 

 

Figure 3.6: UV-Vis spectra of tetranitro-phthalocyanine (TNZnPc), tetraamino-zinc-phthalocyanine 

(TAZnPc) and tetraaminophthalocyanine (TAPc) dissolved in DMSO. 

Figure 3.7 shows FT-IR spectroscopy confirmed the structure of phthalocyanines. The FT-IR 

spectrum of TAZnPc and TAPc had two peaks at 3310 and 3080 cm-1 corresponding to N-H 

stretches of the amino group that substituted the nitro group (TNZnPc) and at which was 

accompanied by N-H bending at 1500 cm-1 (Figure 3.7). The disappearance of the peaks at 

1531 and 1333 cm -1 (nitro groups) further confirmed the reduction of nitro groups to amino 

groups. 
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Figure 3.7: FT-IR spectra of tetranitro-zinc-phthalocyanine (TNZnPc), tetraamino-zinc-phthalocyanine 

(TAZnPc) and tetraaminophthalocyanine (TAPc). 

 

Conjugating the tetraaminophthalocyanine with folate was also confirmed by the LC-MS using 

Electrospray Ionization (ESI) as a source (Figure 3.8). The spectrum confirmed the molecules 

were conjugated with a 1:1 phthalocyanine: folate ratio with the molecular ions M+ = 999.34 

amu.  

The large m/z in the LC-MS were further investigated using Chem-draw software, it was 

analysed as follows: 1061.76 – 1147.36 amu were found to be TAZnPc-FA with some water 

molecules (this indicate that the product was not fully dry). 1176.04 amu confirmed that 

although a demetallation of TAZnPc was not fully successful, also when we were activating 

folate with NHS and DCC, there are some molecules of NHS that are still attached to the folate. 

Lastly 1177.40 amu and 1211.85 amu showed that that product still has some few molecules 

of TNZnPc that were conjugated to folate and NHS molecules. 
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Figure 3.8 : LC-MS of tetraaminophthalocyanine-folate (TAPc-FA) obtained using Electrospray 
Ionization (ESI) as a source. 

Table 3.2: Analysed  Chemical structure and molecular ions of tetraaminophthalocyanine-

folate (TAPc-FA) obtained from the Electrospray Ionization (ESI) using LC-MS. 

Chemical structure  m/z 

TAZnPc-FA + water molecules 1061.74- 1147.36 

TAZnPc-FA + water molecules + N-

Hydroxysuccinimide molecules (NHS) 

1176.04 

TNZnPc-FA 1177.40 

TNZnPc-FA + N-Hydroxysuccinimide 

molecules (NHS) 

1211.85 
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3.2.3 Rhenium(III) oxide nanoparticles 

3.2.3.1 General introduction 

Nanoparticles are known to be multipurpose agents with a diversity of biomedical applications 

[135]. The application of the nanoparticles includes, being used in highly sensitive diagnostic 

assays, radiotherapy enhancement as well as gene and drug delivery. Metal nanoparticles 

have been applied as non-toxic carriers for gene and drug use [136]. The key to the successful 

application of nanoparticles in medicinal use, one needs to take into consideration the size of 

the nanoparticles. Nanoparticles with sizes more than 100 nm exhibit in vivo toxicity in the 

spleen and liver because of their accumulation. Larger nanoparticle sizes are therefore not 

suitable for therapeutic use [117].  

3.2.3.2 Synthetic aspects 

It is quite challenging to control the size of the nanoparticles, regardless of the agglomeration 

of nanoparticles. The size can be controlled by changing these variables: concentration of the 

metal, the amount of the capping agent, the amount of the reducing agent and the use of a 

buffer to control the pH environment (Table 3.1). For example, maintaining neutral and 

slightly basic (7.4 pH) pH resulted in the production of larger nanoparticles, whereas in an 

acidic environment smaller nanoparticle were obtained. In this study the nanoparticles were 

synthesised in an aqueous saline solution to mimic the conditions in which rhenium would be 

obtained.  

 

The nanoparticles were synthesised using a reducing agent (sodium borohydride) under a 

nitrogen environment. The nanoparticles were found to be stable in a suspension for a period 

of two weeks. Afterwards, the suspension slowly changed back to a transparent colour. 

Rhenium oxides may undergo oxidation to ReO2 in acid or neutral solution and to ReO4
- in 

alkaline solutions [117]. 
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Table 3.3: Optimisation synthesis of rhenium(III) oxide nanoparticles capped with different 
capping agents. 

s = small (1-10 nm), m = medium (10-50 nm), b = big (50-100 nm) 

 

Sample code Amount of 
NH4ReO4 (100 
mM) 

 

Amount of Capping (EDA, 
EDA-FA, TAPc, TAPc-FA) (10 
mg/mL) 

Amount of 
NaBH4 (100 
mM) 

Re NP s  60 µL - 700 µL 

Re NP m  80 µL - 500 µL 

Re NP b  100 µL - 500 µL 

Re-EDA NP s 60 µL 800 µL 700 µL 

Re-EDA NP m 60 µL 700 µL 500 µL 

Re-EDA NP b  80 µL 500 µL 500 µL 

Re-EDA-FA NP s 80 µL 700 µL 700 µL 

Re-EDA-FA NP m 80 µL 600 µL 700 µL 

Re-EDA-FA NP b 80 µL 500 µL 500 µL 

Re-TAPc NP s 60 µL 700 µL 700 µL 

Re-TAPc NP m 60 µL 600 µL 500 µL 

Re-TAPc NP b 80 µL 500 µL 500 µL 

Re-TAPc-FA NP s 60 µL 700 µL 700 µL 

Re-TAPc-FA NP m 80 µL 600 µL 500 µL 

Re-TAPc-FA NP b 80 µL 500 µL 500 µL 
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Reaction conditions were optimised to achieve varied nanoparticle sizes. The use of minimal 

amounts of capping and reducing agents resulted in larger nanoparticle sizes and increasing 

the concentration of perrhenate also increased the size of nanoparticles and vice versa. 

3.2.3.3 Spectroscopic characterization 

The spectrum of rhenium(III) oxide nanoparticles capped with ethylenediamine (Re-EDA NP s) 

(Figure 3.9) showed in a prominent peak at 230 nm after the reducing agent (sodium 

borohydride) was added this indicated the quantum confinement effect in rhenium(III) oxide 

nanoparticles. 

 

 

Figure 3.9: Optical spectra of rhenium(III) oxide nanoparticles capped with ethylenediamine (Re-EDA 

NP s), dissolved in deionised water. 
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From what had been already been confirmed in Figure 3.2 for ethylenediamine-folate (EDA-

FA) between the two observed peaks at 280 and 360 nm due to the conjugate, an additional 

peak at 300 nm was observed which could be due to the quantum confinement effect in 

rhenium(III) oxide nanoparticles (Figure 3.10). Various concentrations were used, which then 

resulted in small-sized nanoparticles (0.1 M), medium-sized nanoparticles (0.125 M) and big-

sized nanoparticles (0.15 M).  

 

 

Figure 3.10: Optical spectra of rhenium(III) oxide nanoparticles capped with ethylenediamine-folate 

(Re-EDA-FA NP) compared with the spectra of rhenium(III) oxide nanoparticles capped with 

ethylenediamine (Re-EDA NP), dissolved in deionised water.  

 

The absorption spectra of rhenium(III) oxide nanoparticles capped with conjugated 

tetraaminophthalocyanine-folate (Re-TAPc-FA NP) showed an increase in absorbance and 

wavelength with an increase in size and concentration (Figure 3.11) with peaks at 210 nm for 

rhenium and at 240 nm indicating the folate conjugated with TAPc. Various concentrations 

were used, which then resulted in small-sized nanoparticles (0.1 M), medium-sized 

nanoparticles (0.125 M) and big-sized nanoparticles (0.15 M).  
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Figure 3.11: Optical spectra of rhenium(III) oxide nanoparticles capped with 

tetraaminophthalocyanine-folate (Re-TAPc-FA NPs), dissolved in DMSO. 

The fluorescence properties of rhenium(III) oxide nanoparticles were studied with a 

spectrofluorimeter (Figure 3.12). It is crucial to examine the fluorescence properties of the 

material to provide information for possible cell localisation ability on cancer cells using a 

confocal microscope. Different capping agents were used on the surface of the rhenium 

nanoparticles; hence it was of interest to investigate the fluorescent properties of these 

nanoparticles that are capped with different capping agents. The nanoparticles were excited 

at a wavelength of 331 nm. An emission peak was observed at 475 nm. It was observed that 

nanoparticles that consisted of capping agents had a higher intensity than the nanoparticles 

that were not capped as the size also increases. The size of rhenium(III) oxide nanoparticles 

increased as the concentration increases. Therefore, as the size of the nanoparticles increased 

the intensity also increases.  
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Figure 3.12: Emission spectra of rhenium(III) oxide nanoparticles capped with sodium borohydride and 

ethylenediamine and ethylenediamine-folate in various concentrations, dissolved in deionised water. 

3.2.3.4 TEM characterization 

The morphology and size of rhenium(III) oxide nanoparticles was obtained from TEM analysis. 

The TEM micrographs illustrated in Figure 3.13, 3.14 and 3.15 display the varied sizes of 

nanoparticles that were synthesised with different capping agents. Figure 3.13 shows TEM 

micrographs of rhenium(III) oxide nanoparticles capped with ethylenediamine (Re-EDA NP) 

with their subsequent particle size distributions, and an average particle size was obtained is 2 

nm. The actual shape could not be seen under microscope (HR-TEM) due to the incredibly 

small size of the NPs and the fact that the nanoparticles kept moving, this may be caused by 

the parameters of the instrument if it was not well set for instance the temperature from 

which the beam of electrons are produced. However, Figure 3.13 also showed nanoparticles 

with a size of 6 nm were obtained when increasing the concentration of perrhenate and with 

decreasing the amount of the reducing agent. To achieve varied sizes of nanoparticles, one 
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variable was changed at a time. Small-sized nanoparticles generally showed a spherical shape 

that is well dispersed, unlike the big-sized nanoparticles.  

 

 

Figure 3.13: TEM micrographs of rhenium(III) oxide- ethylenediamine (Re-EDA NP) and their 

subsequent particles size distributions approximately 2 and 6 nm. These small size nanoparticles 

capped with ethylenediamine resulted from the following optimised conditions: 60 µL of ammonium 

perrhenate (100 mM), 800 µL of freshly prepared NaBH4 (100 mM) and 800 µL of EDA-FA solution in 

DMSO (10 mg/mL). However, 6 nm size resulted by an increase in the concentration of perrhenate (80 

µL) and with decreasing the amount of the reducing agent (500 µL). 

Figure 3.14 shows the TEM micrographs of rhenium(III) oxide capped with conjugated 

ethylenediamine-folate (Re-EDA-FA NP) with their subsequent particles size distributions. Very 

small sizes (~2 nm) were obtained because of decreasing the concentration of perrhenate. 

Figure 3.14 also displayed larger spherical nanoparticles with trace amounts of capping agent 

surrounding the particle. Figure 3.15 shows TEM micrographs of rhenium(III) oxide NPs 

capped with conjugated ethylenediamine-folate (Re-EDA-FA NP) and 

tetraaminophthalocyanine-folate (Re-TAPc-FA NP). Figure 3.15 shows the shapeless 
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rhenium(III) oxide capped with conjugated ethylenediamine-folate with their subsequent 

particles size distributions, a medium size of 52 nm was obtained, and Figure 3.15 also shows 

rhenium(III) oxide capped with TAPc-FA with sizes of 12 and 32 nm. 

 

 

Figure 3.14: TEM micrographs of rhenium(III) oxide-ethylenediamine-folate (Re-EDA-FA) and their 

subsequent particle size distributions with 2 nm size and 154 nm displayed big spherical nanoparticles 

with trace amounts of capping agent surrounding the particle. The small size nanoparticles resulted 

from the following optimised conditions: 60 µL of ammonium perrhenate (100 mM), 700 µL of freshly 

prepared NaBH4 (100 Mm) and 700 µL of EDA-FA solution in DMSO (10 mg/mL). However, 154 nm 

resulted from an increase in the concentration of perrhenate (80 µL) and with decrease of the amount 

of the reducing agent and capping agent (500 µL). 
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Figure 3.15: TEM micrographs of rhenium(III) oxide nanoparticles capped with ethylenediamine-folate 

and tetraaminophthalocyanine-folate with their subsequent particle size distributions. The image of 

rhenium(III) oxide nanoparticles capped with EDA-FA with an average size of 52 nm resulted from the 

following optimised conditions: 80 µL of ammonium perrhenate (100 mM), 700 µL of NaBH4 (100 Mm) 

and 600 µL of EDA-FA solution. However, medium (12 nm) size nanoparticles capped with TAPc-FA 

resulted from the following optimised conditions:  60 µL of ammonium perrhenate (100 mM), 500 µL 

of NaBH4 (100 Mm) and 600 µL of TAPc-FA. An increase in the concentration of perrhenate (80 µL) and 

500 µL of NaBH4  resulted in the medium size (32 nm) nanoparticles capped with TAPc-FA. 
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3.2.3.5 Zeta potential analysis 

The stability and physicochemical behaviour of the nanoparticles require the characterization 

of the interfacial properties. Such a characterization may be achieved using the Zeta potential, 

which is related to the surface charge and electric double layer (EDL) of colloidal particles. 

Furthermore, the Zeta potential is a powerful parameter of the EDL and an appropriate way of 

predicting the suspension stability [137]. The EDL can be regarded as consisting of two regions 

or layers. A region closest to the surface that is considered immobile and an outer region 

allows diffusion of ions to be distributed according to the influence of electrical forces and 

random thermal motion. The boundary between the edge of this solvated layer and bulk liquid 

is termed the slipping plane. The potential of the bulk solution is defined as zero, and the 

electrokinetic potential termed ZP is the potential at the slipping plane [138, 139].  

 

Figures 3.16 and 3.17 shows the Zeta-size of the small-sized rhenium(III) oxide nanoparticles 

capped with ethylenediamine (Re-EDA NP s) and ethylenediamine-folate (Re-EDA-FA NP s). 

These nanoparticles formed large sediments under the Zeta-sizer (dynamic light scattering 

(DLS)) instrument due to the hydrodynamical environment that the nanoparticles are 

immersed to and this was mostly observed on the small-sized nanoparticles. Whereas Figures 

3.18 and 3.19 shows the Zeta-size of the medium and big-sized rhenium(III) oxide 

nanoparticles capped with ethylenediamine (Re-EDA NP m) and ethylenediamine-folate (Re-

EDA-FA NP b). These nanoparticles they are not easily aggregating and active under the Zeta-

sizer instrument. 

 

The Zeta potential values showed both negative and positive charges depending on the 

surface charge of the particle, but for a particle to be considered as stable, it must be -30 to 

+30 mV. The Zeta potentials of rhenium(III) oxide nanoparticles (with different capping agents) 

is summarized in Table 3.2. The nanoparticles were found to be negatively charged, and some 

with a capping agent have some mixed charges which can be concluded that not all the 

rhenium particles were capped with the capping agent. The nanoparticles were found to be 

stable although they started to aggregate. The nanoparticles capped with sodium borohydride 
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were found to be unstable as compared with amine capped nanoparticles. The results can be 

concluded that the nanoparticles with the capping agent have weak repulsive forces which 

prevent them from aggregating.  

 

 

Figure 3.16: Dynamic light scattering (DLS) measurements of rhenium(III) oxide nanoparticles capped 

with ethylenediamine (Re-EDA NP s) from Zeta-sizer. 

 

 

Figure 3.17: Dynamic light scattering (DLS) measurements of rhenium(III) oxide nanoparticles capped 

with ethylenediamine-folate (Re-EDA-FA NP s) from Zeta-sizer. 
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Figure 3.18: Dynamic light scattering (DLS) measurements of rhenium(III) oxide nanoparticles capped 

with ethylenediamine (Re-EDA NP m) from Zeta-sizer. 

 

 

Figure 3.19: Dynamic light scattering (DLS) measurements of rhenium(III) oxide nanoparticles capped 

with ethylenediamine-folate (Re-EDA-FA NP m) from Zeta-sizer. 
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The Zeta-size of the rhenium(III) oxide nanoparticles capped with ethylenediamine (Re-EDA NP 

m) was compared with the TEM size, it was observed that due to the hydrodynamic 

environment the nanoparticles from dynamic light scattering (DLS) measurements revealed 

large-sized nanoparticles as compared with the results from TEM. The nanoparticles capped 

with ethylenediamine-folate (Re-EDA-FA NP b) were also compared with TEM results, it was 

observed that the big-sized nanoparticles were not easily aggregating and active under the 

dynamic light scattering (DLS) measurements, hence TEM result gave almost the same uniform 

sizes. For example, nanoparticle sizes of 35 and 164 nm were observed from dynamic light 

scattering (DLS) measurements  (Figures 3.18 and 3.19) which were confirmed using TEM 

(Figures 3.13 and 3.14) were found to be 6 and 154 nm.   

Table 3.4: Summarised results of rhenium(III) oxide nanoparticles sizes (Zeta-sizer) and charge 

(Zeta potential). The experiment was carried out at 25ᵒC.  

Sample name Z- Ave 

(d.nm) 

Peak 1 mean 

(d.nm) 

Peak 2 mean 

(d.nm) 

Peak 3 mean 

(d.nm) 

Zeta Potential 

(mV) 

Re NP b 133.8 165.1 4081 0.00 -47.9 (-47.4, -65.4) 

Re NP s 81.21 91.69 0.949 23.04 -49.2 

Re-EDA NP m  118.4 35.05 0.00 0.00 -18.6 (-18.7, 18.9) 

Re-EDA NP s  44.27 0.7334 188.4 1245 -6.13 (-10.3, 10,8) 

Re-EDA-FA NP b 121.3 164.8 0.00 0.00 -3.01 (-23.3, 49.6) 

Re-EDA-FA NP s 38.8 36.6 2415 0.00 -4.35 

Re-TAPc NP b 117.9 144.8 0.00 0.00 -40.4 (-36.3, -49.7) 

Re-TAPc NP s 68.11 6.610 289.4 0.00 -36.5 

Re-TAPc-FA NP b 97.75 107.0 0.00 0.00 -26.1 

Re-TAPc-FA NP s  120.6 162.3 9.315 0.00 -18.1 (-18.9, 11.1) 

*d.nm illustrates the diameter of the particle in nanoscale. 

3.2.4 General conclusion  

The capping agents (tetraaminophthalocyanine, ethylenediamine-folate and 

tetraaminophthalocyanine-folate) were successfully synthesised and characteried using 

Ultraviolet-Visible Spectroscopy (UV-Vis), Fourier Transform-Infrared Spectroscopy (FT-IR), 

Proton Nuclear Magnetic Resonance (1H-NMR), and Liquid Chromatography-Mass 

Spectroscopy (LC-MS) to confirm their structure. Rhenium(III) oxide nanoparticles were 

successfully prepared via reducing agent (sodium borohydride) and capping agents. The 
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nanoparticles were then characterised using UV-Vis, spectrofluorimetry, Transmission Electron 

Microscopy (TEM), dynamic light scattering (DLS) and Zeta potential. UV-Vis confirmed the 

presence of rhenium reduced ion and the presence of the capping agent (EDA-FA, TAPc-FA). 

TEM (Figures 3.13, 3.14.and 3.15) confirmed the morphology and the size of the 

nanoparticles. DLS and Zeta potential confirmed the size and surface charge (negative) of the 

nanoparticles. Zeta potential and TEM analysis confirmed that the material was classified at 

nanoscale, however, some of particles resulted in large sediment particles due to the 

hydrodynamic environment which resulted for the nanoparticles to aggregate. The Zeta 

potential results confirmed that the use of capping agent increased the nanoparticle stability 

when comparing the charges of nanoparticles capped with capping agents. The Zeta-size of 

the rhenium(III) oxide nanoparticles capped with ethylenediamine (Re-EDA NP m) was 

compared with the TEM size, it was observed that due to the hydrodynamic environment the 

nanoparticles they turn to give big-sized nanoparticles than the result from TEM. 

Nanoparticles capped with ethylenediamine-folate (Re-EDA-FA NP b) were also compared with 

TEM results and it was observed that the big-sized nanoparticles are not easily aggregating 

and active under the dynamic light scattering (DLS) instrument, hence TEM results gave almost 

the same uniform sizes. 
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 : Biochemical studies Chapter 4

 

4.1 General introduction 

Nanotechnology has prompted new and improved materials for biomedical applications with 

distinct emphasis in therapy and diagnostics. Special interest has been directed at providing 

enhanced molecular therapeutics for cancer, where conventional approaches do not 

effectively differentiate between cancerous and normal cells due to a lack of specificity [15]. 

This normally causes systemic toxicity, severe and adverse side effects with concomitant loss 

of quality of life. Because of their small size, nanoparticles can readily interact with 

biomolecules, both at the surface and inside cells yielding better signals and target specificity 

for diagnostics and therapeutics [136].  

 

Control of the physicochemical properties of nanomaterials, has the potential to significantly 

improve diagnostic and therapeutic performance. When working with nanomaterials, it is vital 

to determine the toxicity of the nanoscale materials as compared to their bulk materials [140]. 

Particle size and surface area are important material characteristics from a toxicological 

perspective. As the size of a particle decreases, its surface area per volume increases and 

allows a greater proportion of its atoms to be displayed on the surface rather than the interior 

of the material. The change in the physicochemical and structural properties of engineered 

nanomaterial with a decrease in size could be responsible for some physical interactions 

within cells that could lead to toxicological effects [141]. 

 

Biomolecules are captivating macromolecular structures with their unique recognition, 

transport, and catalytic properties. The conjugation of nanoparticles with biomolecules 

provides an enhanced targeting ability. Enzymes, antigens and antibodies, and biomolecule 

receptors have dimensions in the micro and nanoscale, similar to those of nanoparticles. Thus 

the two classes of materials have potential structural compatibility [142].  
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Targeted nanoparticles have the potential to deliver a significant amount of drug to cancer cell 

areas. This targeting requires a ligand on the nanoparticle surface interact with a specific 

membrane receptor on target cells. However, the contribution of the targeting ligand to 

nanoparticle delivery is often influenced by non-specific nanoparticle uptake [143]. 

Nanoparticle-based drug delivery is on the verge of revolutionising cancer therapy, due to 

superior drug solubility, improved serum stability, longer circulation half-lives, better drug 

loading and shielding ability, and excellent drug accumulation in the tumour through the 

enhanced permeability and retention effect and targeting mechanisms [15]. 

 

4.1.1 Cell cytotoxicity studies 

In this study, the cytotoxic investigation of the rhenium(III) oxide nanoparticles was completed 

on MDA-MB-468, MDA-MB-231, MCF-10A (non-tumorigenic) and MCF-7 cells lines at 100 and 

10 µM. The main focus was to achieve the concentrations that did not because cell death (i.e. 

non-cytotoxic concentrations) since the hot isotopes would have an effect on the diagnosis or 

therapeutic aspect. Nanoparticles can readily interact with biomolecules both at the cell 

surface and inside cells, allowing for improved signal and the target specificity required for 

diagnostics and therapeutics. The biological studies were performed to establish if a biological 

response would be induced by rhenium(III) oxide nanoparticles on different cancer cell lines. 

These cancer cell lines were chosen based on the presence and/or variation of receptor, with 

specific focus on folate receptors (Table 4.1). 
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 Table 4.1: Different cell lines with the various receptors they express [144–147]. 

Cell line Estrogen 

receptor 

Progesterone 

receptor 

HER2 

receptor 

Endogenous 

A2B 

adenosine 

Epidermal 

growth 

factor 

receptor 

Folate 

receptor 

MCF-7       

MCF-10A       

MDA-MB-231       

MDA-MB-468       

* Positive:  negative 

 

The effects of NP-systems were investigated. The preferred results in this study is one that 

triggers proliferation or has no significant effects, since this is a preliminary study for radiation 

induced apoptosis (cell death). The initial viability screening was performed at 100 µM on the 

different cell lines and the concentration was determined using UV-Vis spectroscopy. 
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Figure 4.1: The viability profiles of rhenium(III) oxide nanoparticles studied using MDA-MB-468 at 100 

µM. Different colors represent the following: controls (green), small-sized nanoparticles (blue) and 

large (big)- sized nanoparticles (grey). The following compounds were investigated; folate (FA), 

methotrexate (MTX), ethylenediamine (EDA), tetraaminophthalocyanine (TAPc), ethylenediamine-

folate (EDA-FA), tetraaminophthalocyanine-folate (TAPc-FA), small and big-sized sodium borohydride 

capped nanoparticles (Re NP), small and big-sized ethylenediamine capped nanoparticles (Re-EDA NP), 

small and big-sized tetraaminophthalocyanine capped nanoparticles (Re-TAPc NP), small and big-sized 

ethylenediamine-folate capped nanoparticles (Re-EDA-FA NP), and small and big-sized 

tetraaminophthalocyanine-folate capped nanoparticles (Re-EDA-FA NP). The untreated cells were used 

as a neutral control, with methotrexate as a positive control. The small-sized nanoparticles are 

between 1–10 nm and big-sized between 10–100 nm. Statistics analysis was done using ANOVA, P* < 

0.05, and 3 experiments were done (N = 3) for each cell line.  
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The first treatment was screened with MDA-MB-468 at 100 µM (Figure 4.1) and the cell 

viability was too low for the study (since the study focuses on the non-cytotoxic 

concentrations of preferable more than 80% cell viability would be considered as non-toxic) 

(Figures 4.2–4.4) and 10 µM was used in subsequent assays. Thereafter cell viability was 

determined on the different rhenium(III) oxide nanoparticles obtained at 10 µM concentration 

showed more than 80% cell viability for MCF-7, MCF-10A and MDA-MB-468 cell lines. For this 

work, a non-cytotoxic concentration is required and therefore the 10 µM concentration was 

selected, as this concentration could be used for cell uptake and for in vivo studies. A 

comparison was conducted based on different nanoparticle sizes, bioconjugates and folate 

receptor that is present on some of the cell lines. 

 

There was a 100% cell viability on the untreated cells for all the cell lines hence they were 

used as neutral control. MTX (a positive control) as a cancer treatment that is folate analogue 

showed the expected percentage of cell proliferation (> 80%) for all the cell lines (Figures 4.2–

4.4). The folate (FA) was used as a control, since this study focuses on the folate conjugate 

that would introduce the nanoparticles to the folate receptors. Folate on its own did not cause 

cell death (apoptosis) in all the cell lines. Ethylenediamine-folate (EDA-FA) and 

tetraaminophthalocyanine-folate conjugate (TAPc-FA) also did not cause cell death which 

showed that folate favoured all the cell lines even with MDA-MB-468 that did not have folate 

receptors. A significant effect was observed with EDA, resulted in a low percentage of cell 

viability. This might be caused by two factors, the cell line does not have folate receptors and 

it is a triple negative cell line. It does not have estrogen, progesterone, HERS and adenosine 

receptors as compared with other cell lines, and this may have resulted in it being more 

reactive with the chelating ethylenediamine. 
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Figure 4.2: The viability profiles of rhenium(III) oxide nanoparticles studied using MDA-MB-468 at 10 

µM. Different colors represent the following: controls (green), small-sized nanoparticles (blue) and 

large (big)- sized nanoparticles (grey). The following compounds were investigated; folate (FA), 

methotrexate (MTX), ethylenediamine (EDA), tetraaminophthalocyanine (TAPc), ethylenediamine-

folate (EDA-FA), tetraaminophthalocyanine-folate (TAPc-FA), small and big-sized sodium borohydride 

capped nanoparticles (Re NP), small and big-sized ethylenediamine capped nanoparticles (Re-EDA NP), 

small and big-sized tetraaminophthalocyanine capped nanoparticles (Re-TAPc-NP), small and big-sized 

ethylenediamine-folate capped nanoparticles (Re-EDA-FA NP), and small and big-sized 

tetraaminophthalocyanine-folate capped nanoparticles (Re-TAPc-FA NP). The untreated cells were 

used as a neutral control, with methotrexate as a positive control. The small-sized nanoparticles are 

between 1–10 nm and big-sized nanoparticles are between 10–100 nm. Statistics analysis was done 

using ANOVA, P* < 0.05, and 3 experiments were done (N = 3) for each cell line.  
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The MDA-MB-468 cell line (Figure 4.2) has no folate receptor. Nanoparticles capped with 

different capping agents were compared according to their small-sized (1-10 nm) and big-sized 

nanoparticles (50-100 nm). Nanoparticles capped with sodium borohydride (Re NP s and Re 

NP b) did not show any toxicity and there was no significant effect on the cell viability of both 

small and big-sized nanoparticles. The nanoparticles capped with ethylenediamine (Re-EDA NP 

s and Re-EDA NP b) were compared, these nanoparticles did not cause much of the cell death 

as the ethylenediamine on its own, although there was a slight difference, a low percentage 

was observed for the big-sized nanoparticles. It might be possible that large nanoparticles 

were not washed properly to remove all the free ethylenediamine which were confirmed to 

be toxic on the MDA-MB-468 cell line. Nanoparticles capped with tetraaminophthalocyanine 

were compared according to their size (Re-TAPc-NP s and Re-TAPc-NP b), and it was observed 

that big-sized nanoparticles favour the MDA-MB-468 cell line, since the small-sized 

nanoparticles had a lower cell viability. Nanoparticles capped with ethylenediamine-folate (Re-

EDA-FA NP s and Re-EDA-FA NP b) were compared a significance was observed when 

comparing them with the untreated cells this might be caused by the toxic free 

ethylenediamine or ethylenediamine conjugated with folate does not favour this cell line 

(MDA-MB-468). Nanoparticles capped with tetraaminophthalocyanine-folate (Re-TAPc-FA NP 

s and Re-TAPc-FA) were compared via sizes and there was no significance observed. The effect 

caused by folate to this non-folate receptor cell line was not significant except that this cell 

line seems to be aggressive and can react fast with the ethylenediamine. 
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Figure 4.3: The viability profile of rhenium(III) oxide nanoparticles studied using MDA-MB-231 at 10 

µM. Different colors represent the following: controls (green), small-sized nanoparticles (blue) and 

large (big)- sized nanoparticles (grey). The following compounds were investigated; folate (FA), 

methotrexate (MTX), ethylenediamine (EDA), tetraaminophthalocyanine (TAPc), ethylenediamine-

folate (EDA-FA), tetraaminophthalocyanine-folate (TAPc-FA), small and big-sized sodium borohydride 

capped nanoparticles (Re-NP), small and big-sized ethylenediamine capped nanoparticles (Re-EDA NP), 

small and big-sized tetraaminophthalocyanine capped nanoparticles (Re-TAPc NP), small and big-sized 

ethylenediamine-folate capped nanoparticles (Re-EDA-FA NP), and small and big-sized 

tetraaminophthalocyanine-folate capped nanoparticles (ReTAPc-FA-NP). The untreated cells were used 

as a neutral control, with methotrexate as a positive control. The small-sized nanoparticles are 

between 1–10 nm and big-sized between 10–100 nm. Statistics analysis was done using ANOVA, P* < 

0.05, and 3 experiments were done (N = 3) for each cell line.  
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MDA-MB-231 (Figure 4.3) cell line has folate receptors; and nanoparticles possible entered the 

cells through a process called receptor-mediated endocytosis. This occurs when the 

membrane starts wrapping up the nanoparticle slowly until it is fully inside. Nanoparticles 

capped with sodium borohydride (Re NP s and Re NP b) did not show any toxicity and there 

was no significance effect on the cell viability of both small and big-sized nanoparticles, 

although a significant effect was observed when comparing the cell viability to the untreated 

cells. The nanoparticles capped with ethylenediamine (Re-EDA-NP s and Re-EDA-NP b) were 

compared, a significant effect was observed when comparing them with untreated cells, a low 

percentage of cell viability was observed for both sized nanoparticles. It might be possible that 

both small and big-sized nanoparticles when they are capped with ethylenediamine they turn 

to decrease the cell viability of the MDA-MB-231 cells, since the MDA-MB-231 (Figure 4.4) cell 

line is considered to be triple-negative breast cancers and it might be that these cells they 

more sensitive with ethylenediamine. Nanoparticles capped with tetraaminophthalocyanine 

were investigated according to their size (Re-TAPc-NP s and Re-TAPc-NP b), there was no 

significant effect observed. Nanoparticles capped with ethylenediamine-folate (Re-EDA-FA NP 

s and Re-EDA-FA NP b) were compared and a significant effect was observed when comparing 

them with the untreated cells. Nanoparticles capped with tetraaminophthalocyanine-folate 

(Re-TAPc-FA NP s and Re-TAPc-FA NP b) were compared, there was no significant effect 

observed on small-sized nanoparticles, but a significant effect was observed on the big-sized 

nanoparticles. The effect caused by folate to this folate receptor cell line was significant and 

this cell line seems to be more sensitive when treated with compounds conjugated with 

folate. 
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Figure 4.4: The viability profiles of rhenium(III) oxide nanoparticles studied using MCF-10A at 10 µM. 

Different colors represent the following: controls (green), small-sized nanoparticles (blue) and large 

(big)- sized nanoparticles (grey).  The following compounds were investigated; folate (FA), 

methotrexate (MTX), ethylenediamine (EDA), tetraaminophthalocyanine (TAPc), ethylenediamine-

folate (EDA-FA), tetraaminophthalocyanine-folate (TAPc-FA), small and big-sized sodium borohydride 

capped nanoparticles (Re NP), small and big-sized ethylenediamine capped nanoparticles (Re-EDA NP), 

small and big-sized tetraaminophthalocyanine capped nanoparticles (Re-TAPc NP), small and big-sized 

ethylenediamine-folate capped nanoparticles (Re-EDA-FA NP), and small and big-sized 

tetraaminophthalocyanine-folate capped nanoparticles (Re-TAPc-FA NP). The untreated cells were 

used as a neutral control, with methotrexate as a positive control. The small-sized nanoparticles are 

between 1–10 nm and big-sized nanoparticles are between 10–100 nm. Statistics analysis was done 

using ANOVA, P* < 0.05, and 3 experiments were done (N = 3) for each cell line. All the treatments 

showed no significant deviation.  
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MCF-10A cell line (Figure 4.4) has folate receptors, and nanoparticles could be considered to 

be taken up by cells through a process called receptor-mediated endocytosis. Nanoparticles 

capped with sodium borohydride (Re NP s and Re NP b) did not show any toxicity, and there 

was no significant difference for the cell viability of both small and big-sized nanoparticles. The 

nanoparticles capped with ethylenediamine (Re-EDA NP s and Re-EDA NP b) were compared, 

and a low percentage of cell viability was observed for small-sized nanoparticles as compared 

to the big-sized nanoparticles. The same sequence was observed for the nanoparticles capped 

with ethylenediamine-folate (Re-EDA-FA NP s and Re-EDA-FA-NP b) and 

tetraaminophthalocyanine (Re-TAPc-NP s and Re-TAPc-NP b); ie small-sized nanoparticles 

seem to have a decreased cell viability than the big-sized nanoparticles in MCF-10A. 

Nanoparticles capped with tetraaminophthalocyanine-folate (Re-TAPc-FA NP s and Re-TAPc-

FA NP b) were compared via sizes and there was no significant difference observed. The effect 

caused by folate to this folate receptor cell line was significant. The nanoparticles were 

compared according to the ones that are capped with the folate conjugate and the ones that 

were not conjugated with folate. It was observed that nanoparticles capped with 

ethylenediamine when they are capped with ethylenediamine-folate, a lower percentage of 

cells were deemed viable was and vice-versa when the nanoparticles were capped with 

tetraaminophthalocyanine-folate instead of tetraaminophthalocyanine, where more cells 

survived. 
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Figure 4.5 The viability profiles of rhenium(III) oxide nanoparticles studied using MCF-7 at 10 µM. 

Different colors represent the following: controls (green), small-sized nanoparticles (blue) and large 

(big)- sized nanoparticles (grey). The following compounds were investigated; folate (FA), 

methotrexate (MTX), ethylenediamine (EDA), tetraaminophthalocyanine (TAPc), ethylenediamine-

folate (EDA-FA), tetraamonophthalocyanine-folate (TAPc-FA), small and big-sized sodium borohydride 

capped nanoparticles (Re NP), small and big-sized ethylenediamine capped nanoparticles (Re-EDA NP), 

small and big-sized tetraaminophthalocyanine capped nanoparticles (Re-TAPc NP), small and big-sized 

ethylenediamine-folate capped nanoparticles (Re-EDA-FA NP), and small and big-sized 

tetraaminophthalocyanine-folate capped nanoparticles (Re-TAPc-FA-NP). The untreated cells were 

used as a neutral control, with methotrexate as a positive control. The small-sized nanoparticles are 

between 1–10 nm and big-sized nanoparticles are between 10–100 nm. Statistics analysis was done 

using ANOVA, P* < 0.05, and 3 experiments were done (N = 3) for each cell line. All the treatments for 

this cell line showed no significant deviation.  
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MCF-7 cell line (Figure 4.5) has folate receptors, and nanoparticles were considered taken by 

the cells through a process called receptor-mediated endocytosis. Nanoparticles capped with 

sodium borohydride (Re NP s) did show a decrease in cell viability for small-sized nanoparticles 

as compared with big-sized nanoparticles (Re NP b). The nanoparticles capped with 

ethylenediamine (Re-EDA NP s and Re-EDA NP b) were compared, no significant effect was 

observed. A low percentage of cell viability was observed for small-sized nanoparticles as 

compared to the large sized nanoparticles for ethylenediamine-folate (Re-EDA-FA NP s and Re-

EDA-FA NP b), and the same sequence was observed for the nanoparticles capped with 

tetraaminophthalocyanine (Re-TAPc NP s and Re-TAPc NP b) and tetraaminophthalocyanine-

folate (Re-TAPc-FA NP s and Re-TAPc-FA NP b). Small-sized nanoparticles seem to be toxic than 

the big-sized nanoparticles in MCF-7. The effect of folate to this folate receptor cell line was 

significant. The nanoparticles were compared according to ones that are capped with folate 

conjugate and the ones that are not conjugated with folate, it was observed that when the 

nanoparticles were capped with ethylenediamine, it resulted into a low cell viability 

percentage but when the nanoparticles were conjugated with folate, a high percentage of 

cells were viable and the same sequence was observed when the nanoparticles were capped 

with tetraaminophthalocyanine-folate instead of tetraaminophthalocyanine. 

4.1.2 General conclusion 

Table 4.2: Overall comparison on how the different cell lines responded to the control 

treatments. Results are presented in % viability of cells.  

 Cell line FA MTX EDA TAPc EDA-FA TAPc-FA 

MDA-MB-468 97 117 10 107 113 107 

MDA-MB-231 95 87 84 92 97 90 

MCF-10A 94 94 102 105 105 102 

MCF-7 101 88 88 104 97 92 
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Table 4.3: Overall comparison on how the different cell lines responded to the nanoparticle’s 

treatments. Results are presented in % viability of cells. 

Re NP 

s 

Re NP 

b 

Re-

EDA 

NP s 

Re-

EDA 

NP b 

Re-TAPc 

NP s 

Re-TAPc-

NP b 

Re-EDA-

FA NP s 

Re-EDA-

FA NP b 

Re-

TAPC-

FA NP s 

Re-

TAPC-

FA NP b 

107 103 108 91 82 92 84 84 104 102 

82 81 72 73 86 84 79 76 85 77 

101 97 97 111 84 106 88 103 110 106 

86 102 99 101 91 116 105 110 110 113 

*MDA-MB-468 (non-folate receptors), MDA-MB-231 (folate receptor), MCF-10A (folate receptor), 

MCF-7 (folate receptor), nanoparticles. 

In summary all the cell lines were compared, it was observed that MCF-7 (tumorigenic breast 

cell line) a had high percentage of cell viability especially when the cells were treated with 

folate conjugated nanoparticles. Further investigation was done on the effects of folate 

conjugate and the effects of size, it was observed that tetraaminophthalocyanine-folate (TAPc-

FA) had a high cell viability as compared to the ethylenediamine-folate (EDA-FA) in MCF-7, 

more especially when treated with large sized nanoparticles.  

Due to the nature of the treatise, the investigation of the localisation of nanoparticles on 

cancer cells by TEM and micro-SPECT kits and model mice (using the “hot” isotopes of 

rhenium in a radiopharmacy laboratory) is currently being done as part of the bigger scope of 

the project. This mini thesis has presented only work achieved up to cell viability studies. 
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 : Conclusion, recommendations, and future work Chapter 5

5.1 Conclusion 

Capping agents: Functionalization of the diamines at one end was required to ensure the 

production of monofunctionalised diamines, to allow the functional molecules (receptors) to 

bind at one end, so that the other end is free to bind to the solid surface of the nanoparticle. 

Both tetraaminophthalocyanines and diamines were linked with a biomolecule (folic acid) to 

enable and enhance the targeting ability of the nanoparticles. The capping agents 

(tetraaminophthalocyanine, ethylenediamine-folate and tetraaminophthalocyanine-folate) 

were prepared and characterized by UV-Vis, FT-IR, NMR and LC-MS to confirm their structure. 

The synthesis of the EDA-FA conjugate, which involved the amidation and BOC deprotection, 

was confirmed using FT-IR spectroscopy. The essential peaks (for N-H and C=O stretching 

vibrations), showed evidence of structural changes in N-BOC-EDA-FA and EDA-FA. UV-Vis 

spectroscopic characterization serves as the characterization of the absorption spectrum for 

the conjugate and it only confirmed the folate that was present in ethylenediamine and N-

boc-ethylenediamine with similar spectra but did not prove the deprotection step. Thus, the 

success of the synthesis was also confirmed using 1H-NMR, which also highlighted structural 

changes, and LC-MS confirmed the molecular ions of the compounds. The synthesis of the 

TAPc-FA was also confirmed by UV-Vis and LC-MS.  

 

Rhenium(III) oxide nanoparticles: The size of nanoparticle governs its interactions with 

biological systems, including absorption, distribution, cellular internalization, metabolism, and 

excretion [15]. Nanoparticles with a diameter of 50 nm are more efficiently internalized by 

cells than smaller (about 15–30 nm) or larger (about 70–240 nm) particles. Nanoparticles with 

a diameter of 30–50 nm efficiently recruit and interact with membrane receptors and are 

subsequently taken up by receptor-mediated endocytosis [141]. Therefore, to be an effective 

drug carrier, the nanoparticle should have a diameter of 10–150 nm. This size range will 

ensure longer circulation time and increased accumulation in the interstitial cell tumour [142]. 
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The synthesis of rhenium(III) oxide nanoparticles was achieved by employing sodium 

borohydride as a two-electron reducing agent, capped with the phthalocyanines and 

ethylenediamine conjugated to folate. The nanoparticles were characterized with UV-Vis and, 

spectrofluorimetry, TEM and Zeta potential. Nanoparticles between 10 and 100 nm were 

envisaged as suitable for applications in biological systems. For particles to be considered 

stable and suitable for the cells, the Zeta potential must be between -30 and +30 Mv. Re2O3 

NPs capped with sodium borohydride were found to be unstable with Zeta potential of -49 mV 

in comparison to the NPs capped with ethylenediamine (-18.6 mV). 

 

Biological studies: Nanoparticles can readily interact with biomolecules both at surface and 

inside cells, yielding better signals and target specificity for diagnostics and therapeutics. The 

biological studies were performed to establish if the biological responses would be induced by 

rhenium(III) oxide nanoparticles on several cancer cell lines, that are distinguished by variation 

in the receptor, with specific focus on the folate receptor. Cytotoxicity investigation of the 

rhenium(III) oxide nanoparticles was done on MDA-MB-468, MDA-MB-231, MCF-10A (non-

tumourigenic) and MCF-7 cells lines. The cell viability on the different rhenium(III) oxide 

nanoparticles obtained at 10 µM concentration showed more than 80% cell viability for MCF-

7, MCF-10A and MDA-MB-468 cell lines, since the study focuses on the non-cytotoxicity 

concentrations of preferable more than 80% cell viability. A comparison was conducted based 

on different nanoparticle sizes, capping agents especially bioconjugates across the four cell 

lines and the folate receptor in some of the cell lines. All the cell lines were compared, it was 

observed that MCF-7 (tumorigenic breast cell line) had a high percentage of cells viable when 

the cells were treated with folate conjugated nanoparticles. Further investigation was done on 

the effects of folate conjugate and the effects of size, it was observed that 

tetraaminophthalocyanine-folate favoured the MCF-7, more especially when treated with 

large sized nanoparticles. The promising results of MCF-7 treated with nanoparticles capped 

with tetraaminophthalocyanine-folate (Re-TAPc-FA NP s and Re-TAPc-FA NP b) require 

additional experiment to be completed. In future studies the uptake of the nanoparticles into 
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the cells using TEM and ICP and micro-SPECT kits and model mice (using the “hot” isotopes of 

rhenium in a radiopharmacy laboratory) will be completed. 

5.2 Recommendations and future work 

Recommendations: 

 Using ligands that can cause significant change in the fluorescent properties so that it 

can increase chances of the nanoparticles being used for imaging and therapy.  

 Some successes were observed in this study, the synthesis of rhenium(III) oxide 

nanoparticles capped with conjugated folate phthalocyanine and ethylenediamine, 

tested on four different breast cancer cell lines (MCF-7, MCF-10A, MDA-MB-231 and 

MDA-MB-468). However, a few alterations maybe required to increase the efficacy of 

the NPs, this may include changing the capping agents or changing the stabilizers for 

instance the use of different diamine linker molecules such as polymers can be 

explored. Polymers would provide better capping compared to the smaller diamines. 

They also pose reduced purification challenges and few unexpected side products 

during bioconjugation.  

 The rhenium(III) oxide nanoparticles: were found to be stable for approximately three 

weeks, thus, for these nanoparticles to be used as a potential therapeutic agent, it 

would be recommended that using stabilizing agents for their stability for the use in a 

biological study.  

Future work: 

 The use of XPS technique to characterize further the rhenium(III) oxide nanoparticles in 

order to confirm the oxidation state of rhenium.  

 The investigation of tumour internalization ability of the rhenium(III) oxide 

nanoparticles capped with ethylenediamine-folate and tetraaminophthalocyanine-

folate using TEM and ICP studies. 

 The tumour and organ biodistribution studies of the nanoparticles would be completed 

using micro-SPECT kits and model mice (using the “hot” isotopes of rhenium in a 

radiopharmacy laboratory).  
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