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 Abstract 
 

 

Cancer is set to become the leading cause of death globally and is the biggest 

impediment to increased life expectancy in the 21st century, as the global incidences 

and mortality rates are forever increasing. The ability to simultaneously target, detect 

and treat cancer would reduce patient mortality as a result of early disease detection 

and immediate targeted treatment.  

 

Two highly studied phytochemicals namely curcumin and lawsone were selected for 

use in this study owing to their established anti-cancer properties and their innate 

fluorescence; however, their clinical applications are hindered by several limiting 

factors. This study aimed to improve the biopharmaceutical properties of curcumin and 

lawsone to further exploit their purported therapeutic properties by synthesising a novel 

therapeutically stable molecule with appropriate bioavailability, chemotherapeutic 

properties and innate fluorescence. In addition, the new combined molecule was 

designed to have pH-responsivity based on the known acidification of the extra cellular 

matrix during malignant transformation, enabling pH specific cancer targeting.  

 

A novel molecule (2,2'-((((1E,3Z,6E)-3-hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-

methoxy-4,1-phenylene))bis(oxy))bis(naphthalene-1,4-dione) was synthesised 

through a Williamson ether synthesis reaction between curcumin and lawsone and was 

termed CurNQ. The structure of CurNQ was evaluated through 1H and 13C NMR, 

HRMS-ESI and FTIR and physiochemical characterisation was performed through 

PXRD and DSC. The loading of CurNQ onto a nanoplatform aimed to allow for 

enhanced delivery and enable in vitro and in vivo imaging and detection applications. 

To this end, mesoporous silica nanoparticles (MSN) were synthesised (size = 108 

d.nm, Zeta potential -42 mV, PDI= 0.150) and were impregnated with CurNQ, forming 

the novel nanosystem MSN_CurNQ. The MSN nanoplatform aimed to enable passive 

tumour targeting owing to the EPR effect and for sustained release of CurNQ at the 

tumour site.  

 

CurNQ was shown to have pH specific solubility, allowing for pH mediated cancer 

targeting owing to the Warburg effect. The saturation solubility of CurNQ increased 
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from 11.15 µM at pH 7.4 to 20.7 µM at pH 6.8. CurNQ release from the MSN mimicked 

this solubility switch whereby after 96 hours 31.5% of CurNQ was released at pH 7.4 

compared to 57% release at pH 6.8. The large statistically significant pH specific shift 

in solubility (p=0.000) coincides with the shift in pH that occurs upon malignant 

transformation and allows for potential cancer targeting applications. 

 

The fluorescent nature of MSN_CurNQ was evaluated using confocal and fluorescent 

microscopy. The microscopy images demonstrate MSN_CurNQ to have highly precise, 

distinctive high intensity innate fluorescence, with a high target to background ratio, low 

fluorescent blur, a long fluorescent lifetime and fluorescent stability, all of which 

demonstrate MSN_CurNQ to be a potentially powerful diagnostic and imaging agent.  

 

CurNQ and MSN_CurNQ induced cytotoxicity to several cancer cell lines. CurNQ 

reduced cell viability to the ovarian cancer cell lines OVCAR-5 and SKOV3 to below 

50% with a potent IC50 value of 4.048 µM observed for the OVCAR-5 cell line. 

Additionally, MSN_CurNQ induced a reduction in cell viability to below 50% in OVCAR-

5, CACO-2, CHLA and MCF-7 cell lines demonstrating chemotherapeutic potential to 

a variety of cancer cell types. Furthermore, both CurNQ and MSN_CurNQ were less 

toxic to the healthy fibroblast cell line 3T3 compared to the toxicity displayed towards 

several cancer cell lines (p=0.001, 0.000); thus, demonstrating cancer selective toxicity 

further extending its novelty and its appropriateness as a potential chemotherapeutic 

agent.  

 

The promising in vitro results prompted the commencement of a preclinical trial in a 

female MF-1 nude mice model. The preclinical trial demonstrated CurNQ and 

MSN_CurNQ to be well tolerated, inducing low overall toxicity and to be safe at an 

administered dosage of 10 mg/kg. OVCAR-5 tumour xenografts were successfully 

established in MF-1 nude mice and the potential efficacy of CurNQ and MSN_CurNQ 

as a chemotherapeutic agent was evaluated. Preliminary results suggested CurNQ and 

MSN_CurNQ may induce tumour necrosis and may reduce tumour growth rates; hence 

these results were highly promising and warrant the continuation of further in vivo 

studies. 

Indeed, nano-enabled CurNQ acts as a promising theranostic nanosystem potentially 

allowing for simultaneous cancer targeting, detection and treatment.  
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 Chapter 1: Introduction 
 

 Background 

 

Phytochemicals are naturally occurring compounds found in fruit, vegetables, plants, 

spices and other food products. They have been used for centuries to treat and prevent 

a variety of illnesses [1-3]. The extensive use of phytochemicals in traditional medicines 

has prompted scientific research to be performed to elucidate the potential medicinal 

properties of many of these compounds [2]. The scientific exploration into 

phytochemicals has skyrocketed in the last two decades and several of these 

compounds have been shown to have potent bioactive moieties and some to even 

have promising anti-cancer activities [1-5]. Phytochemicals have been shown to 

modulate several diverse biochemical pathways and processes and to interact with 

numerous pathways which have been associated with oncogenesis [1-5]. The use of 

phytochemicals in cancer therapeutics in place of traditional chemotherapeutics is 

highly advantageous owing to their low overall toxicity [3]. The highly toxic nature of 

chemotherapy has given rise to the ongoing search for new and improved anti-cancer 

drugs which allow for targeted treatment as well as having low systemic toxicity [1-4].  

 

Theranostics is the field of research combining both diagnostic and therapeutic 

elements into a single platform to occur simultaneously [6,7]. Theranostic agents are 

highly advanced systems that can monitor the accumulation of nanomedicine 

compounds at the target site, quantify triggered drug release, assess therapeutic 

efficacy, visualize biodistribution, indicate the premise location of malignant cells and 

deliver a chemotherapeutic agent to the target site [8,9]. Much research has been 

applied in the field of theranostics as it offers a smart approach to cancer diagnostics 

and treatment [7,8]. The ability to simultaneously detect and treat cancer will reduce 

patient mortality through early detection and immediate treatment [10]. 

 

The prevalence and mortality rate associated with cancer has instigated a global health 

crisis as currently cancer is globally the second leading cause of death [11]. Clearly, 

there is an immediate need for effective cancer diagnostics and treatment. The non-

specific nature of traditional cancer treatment limits its efficacy. The unavailability of 
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early detection systems and targeted treatment options further hinders cancer 

treatment success. Approximately 60% of patients are diagnosed subsequent to 

tumour metastasis, this critically increases patient mortality [12]. The earlier the 

malignancy is detected, and treatment commences, the better the prognosis [10]. 

Accordingly, research into new and improved ways of detecting and treating cancer at 

an early stage is of vital importance. Furthermore, available chemotherapeutic agents 

target healthy cells to the same degree as malignant cells [13,14]. To improve cancer 

treatment outcome, the specific targeting of a tumour is essential [15–17]. This can be 

achieved through advanced drug delivery methods which target specific features 

unique to that of a tumour [18–20].  

 

Cell survival is reliant on the highly dynamic nature of cellular behaviour. Homeostasis 

involves multiple signalling events which translate an extracellular signal to a cellular 

response such as protein expression. This highly complex system hinges on the 

interaction between multiple cytoplasmic signalling constituents [21]. The 

transformation of a cell into a malignant state cannot be a result of one mutation event 

alone; rather, the culmination of multiple cellular mutations allows for oncogenesis. 

Signalling ablations may be cancer promoting if proliferative checkpoints and apoptotic 

signals are bypassed [22]. Thus, the oncogenic phenotype is characterised by multiple 

perturbations of the genetic material and multiple different growth and proliferation 

pathways are affected with the dysregulation of several signalling pathways [23,24]. 

Malignant transformation involves an increase in the cell’s glycolytic rate which 

supports constant cell growth and proliferation [25]. The metabolism of a cancer cell is 

unique in that it produces lactate under oxygenated conditions. This process is referred 

to as aerobic glycolysis or the ‘Warburg effect’ [26]. This feature of cancerous cells can 

be exploited to differentiate between cancerous and healthy cells and thus can be used 

for tumour targeting and detection. 

 

Leaky tumour vasculature is a hallmark feature of cancer. This induces nanoparticles 

to leak out of tumour blood vessels [27]. This phenomenon does not occur in heathy 

vessels owing to well-organised branching and regularly spaced capillary beds. This 

highly structured vessel is not apparent in tumour vasculature on account of rapid 

tumour growth, allowing for the leaking of nanoparticles into the tumour interstitium. 

Concurrently, poor tumour lymphatic drainage enables nanoparticle accumulation and 
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enhanced retention [28,29]. The automatic accumulation of nanoparticles in tumour 

tissue has been well documented and is referred to as the Enhanced Permeation and 

Retention (EPR) effect [27]. This effect has been the rationale behind the field of 

nanomedicine for cancer intervention. EPR allows for the passive targeting of 

nanoparticles to tumour tissue [30]. The addition of an active targeting strategy in 

conjunction with EPR can allow for enhanced tumour targeting capabilities. 

 

 

Figure 1.1: Graphical explanation of leaky tumour vasculature resulting in the Enhanced 

Permeation and Retention (EPR) effect. 

 

Mesoporous silica nanoparticles (MSN) are a class of nanoparticles that have been 

widely studied for drug delivery applications. Silica is one of the most abundant natural 

resources and has been deemed safe and is widely used in food additives, 

pharmaceutical products and cosmetics. With the explosion into nanomedicine 

research, silica has been the focus of an abundance of research, mainly in terms of 

drug delivery [31,32]. MSN have numerous features that make them ideal for advanced 

drug delivery. These features include their solid framework, high surface to volume 

ratio, them being mesoporous thereby allowing for drug loading, their chemically inert 

nature, along with their biocompatibility, biodegradability and that they show no toxicity 

in vitro [33–37]. Moreover, their hydrophilic silanol surface is ideal for the delivery of 

low solubility drugs and allows for easy surface functionalisation [36]. The large pores 

evenly distributed over the surface of MSN are ideal for drug loading, especially for the 
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loading of hydrophobic drugs. The loading of hydrophobic drugs into MSN has become 

a standard approach in the delivery of hydrophobic drug molecules. The poor solubility 

of these drugs is overcome as the EPR effect delivers these loaded drugs directly into 

the tumour [10].  

 

 

Figure 1.2: Beneficial properties of mesoporous silica nanoparticles 

 

Ovarian Carcinoma (OC) is the sixth most common cancer amongst females and is the 

leading cause of death from gynaecological cancers [38]. Epithelial OC is the most 

common OC, accounting for 90% of ovarian tumours. Its lack of initial symptoms results 

in overall late diagnosis and patients are usually only diagnosed at stage III and IV 

[39,40]. This in conjunction with the highly metastatic nature of the disease is 

responsible for low patient survival rates [41]. The mortality rate is approximately 60%, 

and this mortality rate has not improved in the past three decades. Moreover, OC has 

a high rate of chemoresistance, and relapse readily occurs [3]. Clearly, new therapies 

targeting epithelial OC is of immediate concern. 
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 Rationale for this Study 

 

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a natural 

polyphenol found in the rhizomes of Curcuma longa (turmeric) and this bright 

yellow/orange compound was first isolated in 1815 [42]. The rhizome of turmeric is 

crushed into a powder and this powder has been used in Indian and Chinese cooking, 

medicine, cosmetics and as a dye for more than 2000 years. In Indian traditional 

medicine, crushed turmeric extract has been used to treat multiple ailments including, 

respiratory ailments, dysentery in children, dental diseases, digestive disorders, ulcers, 

and is used for wound healing [42]. The active ingredient in turmeric extract has been 

identified as curcumin (Cur).  

 

The use of Cur in traditional medicine has instigated an abundance of scientific 

research into Cur bioactivity, including anti-inflammatory, anti-oxidant, 

chemopreventative, chemotherapeutic, antiangiogenic and it ability to target a variety 

of diseases including diabetes, cardiovascular diseases, Alzheimer’s disease, arthritis, 

inflammatory bowel disease, lung fibrosis, HIV, nephrotoxicity, psoriasis and gall stone 

formation [42–46].   

 

Structurally, Cur is comprised of two aromatic rings with phenolic rings which are bound 

together by an α,β-unsaturated-β-diketone, with the β-diketone structure undergoing 

keto-enol tautomerism in solution. However, the enolic conformation is predominant at 

room temperature [42–46]. Turmeric extract typically contains curcumin (typically 

60−70% of a crude extract), demethoxycurcumin (20−27%), and 

bisdemethoxycurcumin (10−15%) as well as secondary metabolites and by-products; 

this mixture is often referred to as curcuminoids. The chemical constituents present in 

curcuminoids are illustrated in Figure 1.3 [42]. 
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Figure 1.3: Main chemical constituents of curcuminoids. 

 

Multiple studies indicate that Cur modulates numerous signalling pathways and has 

multiple anti-cancer mechanisms. Cur has numerous anti-cancer properties including 

the ability to reduce proliferation and metastasis, induce apoptosis and has 

antiangiogenic, anti-inflammatory and antioxidant properties [42,47]. Cur has been 

shown to affect multiple different signalling pathways including NF-κB, PI3K/AKT, 

EGFR, Nrf2, Notch 1, Wnt/β-catenin, and HIF-1. This rare multi action ability of Cur 

suggests potential for it to be used as an anti-cancer agent [43–46].  
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Cur interacts with various signalling pathways in OC. Lysophosphatidic acid (LPA) 

stimulates tumour development, progression, motility and metastasis when 

overexpressed. LPA overexpression has been detected in 98% of ovarian tumours. 

Thus, the overexpression of LPA is a critical factor in the establishment, survival and 

progression of OC. LPA induces the activity of activators of transcription 3 (STAT3) 

and Interleukin 6 and 8 (IL6 and IL8). STAT3, IL6 and IL8 all enhance the motility of 

cells, and motility is the most important property allowing for metastasis. Cur has been 

shown to inhibit LPA, which reduces the expression of STAT3, IL6 and IL8, thus 

reducing motility and subsequent metastasis [41,48].  

 

NF-κB is the master switch in inflammation. NF-κB stimulates cytokines inducing 

inflammation and acts as a transcription factor stimulating cell growth. NF-κB is 

responsible for the transcription of multiple genes involved in the regulation of cell 

proliferation, survival, migration, and apoptosis [49]. The continuous activation of NF-

κB has been reported as the origin of many cancers. The inhibition of NF-κB induces 

apoptosis through multiple pathways. Research has shown the ability of Cur to inhibit 

NF-κB, thereby inducing apoptosis. Moreover, NF-κB has an antagonistic relationship, 

when NF-κB is inhibited, p53 is activated which induces apoptosis. The ability of Cur 

to inhibit NF-κB suggests that Cur has potential to be a potent anti-cancer agent [3,49–

51].  

 

Figure 1.4: Curcumin interacts with several molecular targets and signalling pathways. 
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Additionally, Cur interacts with the Tumour necrosis factor (TNF) α-related apoptosis-

inducing ligand (TRAIL) pathway. OC cells become resistant to TRAIL induced 

apoptosis and through this resistance, cancer cells bypass apoptosis resulting in 

continued survival and cancer progression. Cur induces the production of reactive 

oxygen species (ROS), ROS then stimulates the expression of death receptor 5 (DR5) 

on the cell surface. The increased expression of DR5 sensitizes the cells to TRAIL, 

resulting in TRAIL mediated apoptosis and cell death. The increase in ROS also results 

in the disruption of the mitochondrial membrane and the release of cytochrome c, 

thereby activating the caspase cascade and apoptosis. Moreover, Cur further 

sensitizes cells to TRAIL through the inhibition of NF-κB [52,53].  

 

Further research has demonstrated that Cur disrupts the PI3K/AKT pathway. The PI3K 

pathway is a critical pathway in cell proliferation, cell cycle progression and invasion, 

as it controls multiple transcription factors. The PI3K pathways has been shown to be 

involved in OC development and the deactivation of this pathway has proven to be an 

effective therapy for OC [54]. Cur inhibits this PI3K pathway in OC cells, as increased 

levels of phospho-AKT and caspase-3 are observed in response to Cur treatment, with 

a reduction on Bcl-2 expression, all of which result in apoptosis [43,49,54].  

 

It is unique for a single molecule to be able to interact with multiple different signalling 

pathways, all of which contribute to the oncogenic state. It is this synergistic mechanism 

that has attracted the attention of many researches to Cur potential as a highly 

promising anti-cancer agent.  

 

In addition to its clinical applications, Cur has fluorescent properties. Cur has two 

distinct absorption peaks, the first of which is in the UV region at 265nm and the second 

is in the visible region and occurs between 408-430 nm [55]. The fluorescent intensity 

and quantum yield of Cur greatly depends on the solvent in which it is dissolved [55,56]. 

However, Cur has been shown to have a short fluorescent lifetime, a low quantum 

yield, rapidly photo bleaches and the quantum yield significantly decreases in the 

presence of an aqueous solution making its fluorescent intensity low at physiological 

pH [57]. Clearly, Cur is not suitable as an in vivo imaging agent. 
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Contrary to the multiple promising anti-cancer properties of Cur, Cur has several 

limitations to successful clinical implementation. Numerous studies have demonstrated 

Cur’s low solubility, low bioavailability and inherent instability. Cur undergoes rapid 

hydrolysis and molecular fragmentation at physiological pH, and 90% of Cur is 

degraded within 30 minutes when in PBS [58]. Cur degrades into at least 5 different 

metabolites, some of which are thought to have anti-cancer properties of their own and 

some of which do not. These metabolites include trans-6-(4′-hydroxy-3′-

methoxyphenyl)-2,4-dioxo-5-hexenal, ferulic aldehyde, ferulic acid, feruloyl methane, 

vanillin and other smaller metabolites (Figure 1.5) [59].  

 

 

Figure 1.5: Degradation products of curcumin 

 

Cur is sensitive to light and undergoes rapid photodegradation. This photodegradation 

has been observed in solution as well as in the solid form and multiple degradation 

products are formed, the number of which is dependent on the wavelength of light Cur 
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is exposed to [57]. Additionally, Cur has been observed to degrade completely in cell 

culture media within 8 hours [58]. Furthermore, studies which evaluated Cur levels after 

in vivo administration, were unable to detect Cur in serum or tissue [60]. These findings 

are alarming considering the numerous studies which regard Cur to be a highly 

promising drug candidate yet fail to address these several severe limitations. 

Numerous studies do however focus on increasing Cur’s solubility and bioavailability 

through multiple avenues; yet these avenues are unable to completely solve all the 

issues plaguing Cur’s applications in vivo.  

 

Lawsone (2-hydroxy-1,4-naphthoquinone) is the major chemical constituent of the 

plant Lawsonia inermis (henna). Henna is mostly widely known for its staining ability 

and is commonly used as a dye and in body art painting. Lawsone has numerous 

therapeutic attributes and has been demonstrated to have antioxidant, anti-

inflammatory, antibacterial and anti-cancer activities [61]. The 1,4-naphthoquinone 

pharmacophore has been at the centre of numerous studies and has well documented 

biological activity. Its biological activity is owing to the gain of one or two electrons, 

creating a dianion species or radical anion [61]. Quinone moieties are found in several 

anti-cancer drugs including daunorubicin, doxorubicin and mitoxantrone [62] and many 

derivatives synthesised from 2-hydroxy-1,4-naphthoquinone have been demonstrated 

to have anti-cancer activities. These anti-cancer activities result from redox cycling, 

arylation, intercalation, induction of DNA strand breaks, generation of free radicals and 

alkylation via quinone methide formation [63]. 

 

The potent anti-cancer activity of lawsone can be attributed to its interaction with 

various signalling pathways. It has been well established that 1,4-naphthoquinone 

induces the rapid formation of ROS which induces DNA damage and leads to cell 

death. Numerous studies have reported 1,4-naphthoquinone to kill several human 

cancer cell lines through this induction of ROS generation [62,64,65]. Su, et al, [66] 

showed lawsone derivatives to induce G(2)/M cell cycle arrest and to upregulate Bax 

with the simultaneous downregulation of Bcl-2 and induced the activation of p38 MAPK. 

Moreover, Chien, et al, [67] demonstrated that a lawsone derivative suppressed the 

PI3K/AKT pathway and suppression of the expression of downstream targets of AKT 

were observed. In addition, cytochrome c was released resulting in the activation of the 
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caspase cascade and the induction of apoptosis [67]. Clearly, this phytochemical elicits 

potent anti-cancer effects through its interaction with multiple oncogenic pathways.  

 

Figure 1.6: Lawsone interacts with multiple molecular pathways involved in oncogenesis. 

 

Lawsone’s major structure is that of a quinone. Quinones are widespread in nature and 

are a class of organic molecules which contain a fully conjugated cyclic dione structure 

[68]. Quinones are formed through the reaction of aromatic compounds with electron 

donating substituents which increase the nucleophilicity of the ring. This addition 

creates a large redox potential which enables the breaking of aromaticity [69]. 

Quinones are widely known for their fluorescent properties and many quinone 

derivatives are widely used as dyes and fluorescent labels [70]. Thus, lawsone exhibits 

inherent fluorescent properties owing to its structure.  

 

The rationale of this research was to combine an imaging and a therapeutic agent into 

a single platform by synthesising a novel theranostic compound that combines Cur and 

lawsone in order to take advantage of the anti-cancer properties (therapeutic) as well 

as the fluorescent properties particularly of lawsone (diagnostic). Although both 

phytochemicals have independently been shown to elicit anti-cancer activity, each 

have several limiting factors to advance their clinical application. These limiting factors 

include molecular instability, rapid degradation and poor bioavailability. This work 

aimed to overcome some of these limitations by the synthesis of a stable molecule with 

appropriate bioavailability, targeting capabilities and innate fluorescence. In addition, 

to facilitate the new theranostic system to function as an anti-cancer passive targeting 
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system, the new combined molecule was designed to have pH-responsivity based on 

the known acidification of the extra cellular matrix (ECM) during malignant 

transformation. Moreover, the inclusion of a nanosystem would passively enhance 

targeted delivery of the novel compound to the tumour owing to the EPR effect and 

would allow for advanced delivery strategies. A Williamson ether synthesis reaction 

between Cur and lawsone was used as the chemical synthesis route to produce the 

novel theranostic compound termed CurNQ [2,2'-((((1E,3Z,6E)-3-hydroxy-5-oxohepta-

1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-phenylene))bis(oxy))bis(naphthalene-1,4-

dione)].  

 

The non-specific nature of traditional cancer treatment limits its efficacy. The 

unavailability of early detection systems and targeted treatment options further hinders 

cancer treatment success. Approximately 60% of patients are diagnosed subsequent 

to tumour metastasis, this critically increases patient mortality [12]. The earlier the 

malignancy is detected, and treatment commences, the better the prognosis [10]. 

Accordingly, research into new and improved ways of detecting and treating cancer at 

an early stage is of vital importance. 

 

 Problem statement 

 

Late detection and non-specific treatment are substantial problems plaguing traditional 

cancer treatment. An early detection system that incorporate targeted treatment would 

greatly enhance the field of oncology and reduce patient mortality. A simple system 

simultaneously allowing for the detection, targeting and treatment of cancer would 

revolutionise cancer diagnostics and therapeutics.   

 

Current research utilising lawsone and Cur independently are plagued with the intrinsic 

limiting factors of these two molecules such as molecular instability, rapid degradation 

and poor bioavailability. Yet, these two molecules possess many properties that make 

them promising therapeutic candidates. Thus, the challenge presented was to 

circumvent the limitations of these two molecules whilst retaining both their favourable 

properties, and to create an intrinsically fluorescent molecule with anti-cancer 

properties. 
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 Aim and Objectives 

 

 Aim: 

 

The aim of the research was to synthesise a novel theranostic nanosystem for targeted 

cancer intervention through the synthesis of a pH responsive fluorescent compound 

designed to be solubilised at the pH specific to that of the malignant microenvironment 

thereby allowing for simultaneous cancer detection and targeting applications. 

 

The envisioned pH stimulated solubility with accompanying fluorescence aimed to 

allow for simultaneous detection and targeting of the tumour microenvironment owing 

to the acidic tumour microenvironment. To further enhance targeting applications, the 

inclusion of mesoporous silica nanoparticles aimed to enable passive tumour targeting 

owing to the EPR effect as well as enable sustained delivery at the tumour site. 

Furthermore, the novel compound aimed to have chemotherapeutic properties allowing 

for therapeutic applications. Indeed, the aim of this research was to synthesise a novel 

nanosystem for the simultaneous targeting, detection and treatment of cancer.  

 

 Objectives:  

 

1. The synthesis of the novel theranostic molecule CurNQ [2,2'-((((1E,3Z,6E)-3-

hydroxy-5-oxohepta-1,3,6-triene-1,7-diyl)bis(2-methoxy-4,1-

phenylene))bis(oxy))bis(naphthalene-1,4-dione)] and the elucidation of its 

structure and physiochemical properties through the use of 1H, 13C NMR, 

HRMS-ESI, FTIR, DSC and X-RD. 

 

 

        Figure 1.7: Structure of novel molecule CurNQ 
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2. Synthesis of mesoporous silica nanoparticles (MSN) with appropriate size and 

zeta potential attributes and confirmation of successful synthesis through 

physiochemical characterisation. 

3. Impregnation of MSN with CurNQ, confirmation of loading and determination of 

encapsulation efficiency. 

4. Confirm proposed pH responsive solubility through the analysis of the saturation 

solubility at physiological and malignant pH and evaluate the release profile of 

CurNQ from MSN at pH 7.4 and 6.8 over a 96-hour period. 

5. Investigate fluorescent properties and cellular uptake of CurNQ and 

MSN_CurNQ in OVCAR-5 cells using fluorescent and confocal microscopy. 

6. In-depth in vitro cytotoxicity analyses of CurNQ and MSN_CurNQ on 7 cell lines 

namely OVCAR-5, SKOV3, MCF-7, HeLA, CACO-2, CHLA and HT-29 and on 

the healthy fibroblast cell line 3T3 and the use of advanced techniques such as 

High Content Imaging to further in vitro characterisation of CurNQ through the 

quantification of cellular morphological changes and toxicity induced in response 

to CurNQ treatment. 

7. Preclinical study evaluating safety, toxicity, tolerability and potential efficacy of 

CurNQ and MSN_CurNQ in female MF-1 nude mice.  

 

 Novelty of this Study 

 

The novelty of this study lies in the multifaceted nature of the novel molecule CurNQ, 

a single molecule to that allows for theranostic applications. Theranostic systems are 

usually a combination of two or more elements that enable theranostic applications; 

however, in this study we report on a single molecule with flexible theranostic 

properties. Moreover, the pH responsiveness of CurNQ is highly sensitive and robust; 

the shift in pH upon malignant transformation is small, yet this small change in pH elicits 

a large solubility response, with CurNQ’s saturation solubility having a 25% increase in 

solubility with a 0.6-point pH change. The novelty lies in CurNQ having simultaneous 

cancer targeting, detection and treatment capabilities.  
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 Overview of thesis  

 

Chapter 1 is the introduction to the thesis. A background to the relevance of the study 

is discussed and the rationale behind the synthesis of the novel molecule is explained. 

The aim, objectives and novelty of the research are presented, and an overview of the 

is thesis given. 

Chapter 2 is comprised of the published review article entitled “Alternative fluorophores 

designed for advanced molecular imaging” and is published in Drug Discovery Today, 

Volume 23, Issue 1, January 2018, Pages 115-133 and outlines the use of alternative 

fluorophores for molecular imaging applications thereby highlighting the relevance and 

robust applications where CurNQ could be applied.  

Chapter 3 of the thesis describes in detail the synthesis, physiochemical 

characterisation and in-depth in vitro cytotoxicity studies of CurNQ. The structure of 

CurNQ was evaluated through 1H and 13C NMR, HRMS-ESI and FTIR and 

physiochemical characterisation was performed through PXRD and DSC. CurNQ was 

shown to have pH specific solubility, allowing for pH mediated cancer targeting owing 

to the Warburg effect. The saturation solubility of CurNQ increased from 11.15 µM at 

pH 7.4 to 20.7 µM at pH 6.8. High content imaging was utilised to ascertain the effects 

of CurNQ, Cur and BrNQ on cell viability and cell morphology at a variety of 

concentrations at 24 and 48 hours. CurNQ reduced cell viability to the OC cell lines 

OVCAR-5 and SKOV3 to below 50% with a potent IC50 value of 4.048 µM observed for 

the OVCAR-5 cell line and morphological changes depict the induction of apoptosis.  

Chapter 4 of this thesis incorporates CurNQ onto a nanoplatform. Mesoporous silica 

nanoparticles were synthesised and characterised through size and zeta potential 

analysis and scanning electron microscopy. MSN were impregnated with CurNQ to 

form the novel nanosystem MSN_CurNQ. CurNQ release from the MSN mimicked the 

solubility switch demonstrated in chapter 3 whereby after 96 hours 31.5% of CurNQ 

was released at pH 7.4 compared to 57% release at pH 6.8, thereby confirming pH-

responsivity. Confocal and fluorescent microscopy images demonstrated the highly 

precise, distinct and specific innate fluorescence of MSN_CurNQ and demonstrate its 

potential to act as a powerful diagnostic and imaging agent. MSN_CurNQ induced a 

reduction in cell viability to below 50% in OVCAR-5, CACO-2, CHLA and MCF-7 cell 

lines demonstrating chemotherapeutic potential to a variety of cancer cell types. 
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Chapter 5 of this thesis presents the preclinical study in female MF-1 nude mice. The 

preclinical trial demonstrated CurNQ and MSN_CurNQ to be well tolerated, induce low 

overall toxicity and to be safe at an administered dose of 10mg/kg. OVCAR-5 tumour 

xenografts were successfully established in MF-1 nude mice and preliminary efficacy 

results suggested CurNQ and MSN_CurNQ may induce tumour necrosis and may 

reduce tumour growth rates. 

Chapter 6 is the concluding chapter, the overall conclusions found as well as future 

recommendations are proposed, and future work is discussed.  
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 Abstract 

 

Fluorescent molecular imaging has advanced drastically over the past decade. With 

the development of high-resolution microscopy techniques and the ability to visualize 

intracellular molecular events, there is a growing need for new fluorophores to 

accompany these fast-developing techniques. Therefore, there has been substantial 

development of alternative fluorophores for single-molecule detection and molecular 

imaging. These rationally designed fluorophores have infinite possibilities and novel 

fluorophores are constantly being produced for different applications. This review 

focuses on the recent developments in novel fluorophores designed for molecular 

imaging and single-molecule detection. Here, single-molecule imaging, smart 

fluorescent probes, two photon microscopy, Fӧrster resonance energy transfer (FRET) 

and super resolution microscopy are discussed in detail. 
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 Introduction  

 

Molecular imaging is a technique that enables the real-time visualization and 

characterisation of cellular structures, events and pathways in living organisms at the 

molecular level [1]. Molecular imaging offers the opportunity to elucidate cellular 

behaviour at the molecular level, aiding in drug discovery, the evaluation of therapy 

efficacy and early diagnosis of several diseases [2–4]. Real-time in vivo imaging is the 

current goal of much research and the realization of this technique would increase 

medical discoveries and scientific breakthroughs that have boundless applications [5]. 

Molecular imaging utilizing fluorescent molecules is the focus of current molecular 

imaging research. The use of fluorescent molecules in imaging is advantageous 

because of high-resolution images, high sensitivity and precision, non-invasiveness, 

cost-effectiveness and no perturbation with cellular functions [6]. In recent years, the 

field of molecular imaging has emerged considerably, because the ability for site-

specific and molecule specific imaging enables countless applications and 

opportunities with wide reaching effects [5]. The application of molecular imaging in a 

clinical setting requires improvements in the fluorescent dyes used in terms of 

background:target ratios, specificity, quantum yields, absorption and emission 

wavelengths, water solubility, cell permeability and fluorescent lifetimes [7]. Moreover, 

the production of fluorophores that are in the near-infrared (NIR) range and that have 

low toxicity is required for in vivo applications [8]. To fulfil this need, alternative 

fluorophores need to be developed. This review provides an overview of novel organic 

fluorophores that have recently been designed and employed for molecular imaging 

and single molecule detection. Over the past two decades, there has been an 

abundance of research on the development of novel and alternative fluorophores for in 

vivo imaging. Owing to the enormity of research available on this topic, only organic 

fluorophores created in the current decade are reviewed (Table 1). 

  



24 
 

 

Table 2.1: Summary table for fluorophores discussed in this review 

 

Fluorophore Intended application 

ZX800-1 NIR fluorophore for image guided 
surgery 

pDA polymer fluorophore for blood flow 
imaging 

azadipyrromethene fluorophores NIR fluorophore for glycoprotein 
imaging 

coumarin-malonitrile conjugate Biothiol detection 

triphenylamine and maleimide conjugate  Biothiol detection 

RealThiol GSH detection 

naphthyl aldehyde and malononitrile Aβ plaque detection 

HK yellow peroxynitrile detection 

Dyad of chloroalkoxytetrazine and naphthalimide  FRET fluorophore  

TY-1 FRET fluorophore for Cu2+ detection 

Squarine dyes fluorophore for TPM 

BTVPA fluorophore for TPM 

BODIPY derivatives  NIR and TMA fluorophore for 
mitochondrial imaging  

HJVPI NIR and TMA fluorophore for 
mitochondrial imaging  

Acedan derivatives Aβ plaque detection and water soluble 
dye for TPM 

carborane-triphenylamine conjugate  fluorophore for TPM 

Triphenylamine derivative  AIE chromophore 

CTPE-Tau ROS detection through AIE 

Pyrene-fluorescein conjugate AIE fluorophore for live cell imaging 

GMP 3PA fluorophore for Zinc detection 

push-pull probe cell membrane probe  

BF2 chelated azadipyrromethane lysosomal imaging 

pentamethine dyes pH responsive dye for lysosomal 
imaging 

cyanine dye conjugate  photoswitching fluorophore  

JF549 single molecule labelling and 
intracellular imaging  

naphthalimide azindine derivative super resolution microscopy  

Si-Q-rhodamine imaging for F-actin 
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 NIR fluorophores 

 

 It has been well established that fluorophores designed for molecular imaging should 

aim to be in the NIR or second NIR window. Utilizing fluorophores in this wavelength 

range is superior overusing fluorophores in the visible window because NIR or second 

NIR fluorophores enable a reduction of photon absorption in biological tissue, 

autofluorescence and increasing resolution and penetration depth [9]. However, 

drawbacks to these fluorophores currently exist, such as low fluorescent quantum yield 

and possible toxicity. Thus, current research is trying to tackle these problems and 

develop ideal NIR fluorophores for molecular imaging and single molecule detection to 

afford better imaging resolution. Numerous fluorescent dyes are available; however, 

there is much room for the optimization of dye properties to produce an ideal dye for in 

vivo imaging. An ideal dye would have low background noise and unspecific binding, 

excellent optical properties, display optical and physical stability, have no cytotoxicity, 

be soluble in an aqueous media and have the ability to be easily conjugated onto a 

targeted ligand. For this reason, substantial research is currently being undertaken to 

develop a dye with all the aforementioned properties [10].  

 

Cyanines, a subclass of polymethine dyes, are a newer class of traditional fluorescent 

dyes displaying fluorescence in the visible and NIR wavelengths and they constitute 

the main class of NIR dyes used currently. Structurally, they consist of two nitrogen 

centers conjugated to methine carbons forming a polymethine bridge [11]. This bridge 

connects the electron donor to the electron acceptor, which are located on opposite 

ends of the molecule and induce the delocalization of the p electrons resulting in a 

positive charge existing over the nitrogen atoms [11]. The variety of cyanine dyes 

available offers a broad range of absorption maxima that are dependent on the length 

of the polymethine chain, thus allowing multiple derivatives to be produced in multiple 

avenues [12,13]. They are advantageous because they are brighter, have low degrees 

of quenching, display high quantum yields, have large molar extinction coefficients, 

have a broad wavelength tunability and have better photostabilities than other 

traditional dyes. Additionally, they are easily linked to biomolecules and exhibit strong 

fluorescence when conjugated, enabling them to be used as probes [14]. Although 

cyanine dyes are substantially better than traditional fluorophores, they also have 
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drawbacks such as low water solubility owing to their hydrophobic nature and a high 

propensity for dye aggregation [15]. Hydrophilicity has traditionally been increased 

through the addition of sulfo and carboxyl groups, thus imparting a negative charge 

[15]. Although this has been successful in increasing hydrophilicity and reducing 

aggregation, anionic cyanine dyes display high levels of nonspecific uptake in a variety 

of organs as well as a reduction in lipophilicity, thus impeding cell membrane 

penetration [10].  

 

Choi and co-workers created a much improved NIR fluorophore by introducing 

zwitterionic properties to the commonly used indocyanine dye, which is hydrophobic in 

nature. The charged species were equally distributed across the fluorophore, thus 

hiding the hydrophobic heptamethine core. This dye was termed ZX800-1 (Figure 1). 

Rapid update of hydrophobic fluorophores by the liver is a major limitation to their 

application. This rapid uptake is accompanied by an increase in dye concentration in 

the bile and gastrointestinal tract. This nonspecific uptake hinders in vivo imaging 

specificity and increases background fluorescence. The researchers found that by 

alternating charged molecules across the surface of the fluorophore the hydrophobic 

nature of the fluorophore was shielded, allowing minimum interaction with serum 

proteins and difficulty in crossing cellular membranes thus reducing nonspecific binding 

and tissue and/or organ uptake and liver clearance [10]. A further limitation of 

hydrophobic dyes is the difficulty of conjugating them to ligands, enabling specific 

targeting. This zwitterionic dye incorporated a carboxylic acid moiety for amide bond 

linkage to a targeted ligand. Choi et al. further extended their work by conjugating their 

dye (ZX800-1) onto an RGD peptide to enable integrin targeting (Figure 2.1). To assess 

the improved properties, the zwitterionic nature of ZX800-1, they conjugated two 

common dyes, namely IRDye 800-CW and Cy5.5, with RGD peptides for a comparative 

analysis. XZ800-1 outperformed the commercially available dyes in all tests performed 

by exhibiting substantially lower background noise, nonspecific binding and better 

optical properties [16]. The researchers later demonstrated their zwitterionic 

fluorophore to be effective as a NIR fluorophore for dual colour channel image-guided 

surgery. In a clinical setting, the tumour and normal tissue such as nerve and blood 

vessels should be visible, reducing surgical mistakes and unnecessary damage of 

healthy tissue upon tumour resection. The research group undertook various in vitro 

and in vivo assays to evaluate the clinical application of a NIR fluorophore for image-
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guided surgery. In vivo studies showed that the fluorophore exhibited a long half-life of 

45 min in a pig model, compared with the short half-life of 3.6 min for Indocyanine green 

(ICG). The long half-life allowed sufficient time for imaging applications before urine 

excretion, yet the half-life was short enough to avoid nonspecific binding and toxicity 

[17]. This work is significant because the precision and effectiveness of surgical 

procedures can be vastly improved using such a fluorophore.  
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Figure 2.1: Near-infrared (NIR) fluorophores. (a) The novel fluorophore ZW800-1 attached to 

a RGD peptide [16]. (b) Synthesis of fluorescent polymers pDA [8]. (c) Chemical structure of 

BF2–azadipyrromethene [19]. 
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Hong et al. demonstrated a unique way in which a novel NIR fluorophore can be used 

for in vivo imaging. A conjugated fluorescent polymer was produced through the 

copolymerization of alternating electron donating and electron accepting molecules. 

The copolymerization process allows bandgap energy to be tunable to NIR 

wavelengths because optical properties can be optimized by manipulating the structure 

of the donor–acceptor structures and length of the polymers. The electron donating 

monomer benzo[1,2-b:3,4-b0]difuran and the electron accepting monomer 

fluorothieno-[3,4-b]thiophene were conjugated onto the alternating electron-donating–

accepting fluorescent polymer poly(benzo[1,2-b:3,4-b0]difuran-alt-fluorothieno-[3,4-

b]thio-phene and the resultant molecule was termed pDA (Figure 2.1). The addition of 

fluorine enabled the tuning of fluorescence to longer wavelengths; furthermore, the 

addition of polyethylene glycol (PEG) afforded water solubility and biocompatibility. 

pDA exhibited a large Stokes shift of 400 nm, an emission wavelength of 1050 nm and 

a high quantum yield of 1.7%. Their method of copolymerization enabled fluorescence 

emission to be increased to over 1000 nm (Figure 2.2). The majority of NIR 

fluorophores exhibit fluorescence emission below 900 nm, this substantial 

bathochromic shift is advantageous for in vivo imaging [8]. The researchers 

demonstrated that rapid blood flow changes can be visualized in real space and in real 

time using pDA. They managed to achieve a high quantum yield with substantially 

lower doses than typically administered. This, taken together with the increase in 

emission wavelength, offers a salient advantage in the field of fluorescent in vivo 

imaging. 

 

Ease of bioconjugation is a significant factor that should be considered during 

fluorophore design. The ability to covalently link a fluorophore to a biological molecule 

is fundamentally important in the field of live cell imaging [18]. Limited chemical 

coupling routes have been explored. Most coupling techniques are either ester–amine 

or maleimide–thiol based. A copper catalyzed azide–alkyne cycloaddition reaction 

(CuAAC) was explored by Wu and co-workers for fluorophore bioconjugation because 

the mild reaction conditions afford greater biocompatibility. This technique was 

explored in glycoprotein imaging. Boron-chelated aza-dipyrromethenes were used as 

the fluorescent core owing to their favourable spectral properties, including a high 

quantum yield, emission in the NIR range (696 nm) and high photostability. The two 

aryl rings present on the BF2–azadipyrromethene core were each functionalized in two 
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alternate manners: an alkylsulfonic acid group, which would impart aqueous solubility, 

was functionalized onto one of the aryl rings; whereas the other aryl ring was 

functionalized with an oligoether spacer with a terminal azide group that would enable 

CuAAC chemical modification through the separation of the fluorophore and 

conjugation reaction site [19]. The research group successfully used this conjugation 

method in producing a fluorescent glycoconjugate with good photophysical properties 

and effective cellular uptake and imaging (Figure 2.1).  

 

Indeed, the development of NIR fluorophores has advanced the field of live imaging. 

Clearly, a fluorophore that is to be used in in vivo imaging applications would need to 

be excited and emitted in the NIR range. The need for long wavelength emitting 

fluorophores has clearly been established in the literature. The development of new 

NIR fluorophores is simply not enough. Scores of these fluorophores have already 

been developed, thus NIR fluorophores with novel features are the focus of forthcoming 

research. 

 

 Smart fluorophore conjugates as molecular probes  

 

Fluorophore conjugates are being produced for various functions. The combination of 

two fluorophores or the conjugation of a fluorophore onto another molecule has 

become common place. Many of these conjugates have unique capabilities that deem 

them extremely useful in a variety of assays. Fluorescent conjugates are being 

designed as probes to detect a variety of biological molecules or events in vivo. Below 

are a few examples of fluorescent probes.  

 

 Biothiol probes  

 

Biothiols encompass molecules such as cysteine (Cys), homocysteine (Hcy) and 

glutathione (GSH) (Figure 2.3). Biothiols are implicated in a variety of biological 

functions and diseases such as cancer, liver disease, edema, weakness, lethargy, hair 

depigmentation, loss of muscle and fat, skin lesions and AIDS [20]. Therefore, in vivo 

levels for biothiols are of clinical significance. Kwon and co-workers developed a 

coumarin–malonitrile conjugate to fluorescently detect biothiols (Figure 2.3). Coumarin 

is a commonly used fluorophore that exhibits fluorescence in the UV–VIS spectrum at 



31 
 

524 nm. Malonitrile is nonfluorescent and acts as a fluorescent quencher when 

attached to coumarin via a double bond and is also an electrophile. The nucleophilic 

properties of biothiols induce the breaking of the double bond between coumarin and 

malonitrile. Therefore, when the probe encounters a thiol, the conjugate is separated, 

coumarin is no longer quenched and fluorescence is observed. This probe was 

demonstrated to be effective in vitro and ex vivo for detecting Cys, Hcy and GSH. 

Amino acids with similar structures such as methionine and serine did not induce the 

fluorescence of the probe. Additionally, acidic and basic amino acids did not induce 

fluorescence either. Thus, the coumarin– malonitrile probe was thiol specific [21].  
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Figure 2.2: Characterizations of pDA-PEG nanoparticle. (a) A schematic of the pDA-PEG 

nanoparticle showing a hydrophobic polymer core and a hydrophilic PEG shell. (b) A typical 

AFM image of pDA-PEG nanoparticles deposited on a silicon substrate. (c) Absorption and 

emission spectra of pDA-PEG, featuring a large Stokes shift of 400 nm. (d) A NIR-II 

fluorescence image of an aqueous solution of pDA-PEG taken in the range of 1.0–1.7 mm NIR-

II window under an excitation of 808 nm. (e) Fluorescence stability of pDA-PEG in different 

media including water, PBS and serum. (f) Photostability curves of pDA-PEG in water, 

PBS and serum under continuous 808 nm illumination. pDA-PEG in serum exhibits the lowest 

degree of photobleaching among the three [8] (Reproduced with permission from Nature 

Publishing Group 2014). 

 

A similar ‘turn-on’ probe for biothiol detection was developed by Lui and co-workers. 

The probe was a triphenylamine and maleimide conjugate (Figure 2.3). Maleimide 

reacts selectively with thiols via a Michael addition reaction involving the 

electrondeficient C=C double bond. Like the work of Kwon and co-workers, this probe 

experienced fluorescent quenching when in the conjugated form and experienced 

fluorescent enhancement upon the detection of thiols. Another similarity exists in that 

the probe was specific to thiols and no fluorescence emission was observed in 

response to other similar amino acids. In vitro cell studies successfully showed the turn-
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on and imaging ability of the probe owing to the probe’s cell permeability and specificity 

toward thiols in living cells. However, a limitation of the probe designed by Lui et al. 

was that the emission spectrum was at 480 nm and thus is not in the NIR range optimal 

for live cell imaging. Therefore, a future aim of this research group should be to red 

shift the emission spectrum to enable in vivo applications [20].  

 

Jiang and co-workers took the principle of a Michael addition reaction to produce a 

GSH fluorescent probe. This probe was termed RealThiol (RT) and could quantitatively 

monitor GSH dynamics in living cells. GSH, which is the most abundant thiol in cells, 

along with its oxidative partner GSSG, is instrumental in maintaining cellular redox 

homeostasis, acts as a molecule by directly activating gene expression and is involved 

in several other fundamental cellular processes. These functions are governed by the 

concentration and distribution of GSH in the cell. Current methods enable GSH 

concentration levels to be determined; however, they do not enable the intracellular 

dynamics to be accessed, which is a crucial component of GSH function. Using a 

Michael addition reaction, they produced a reversible real time GSH probe with an 

appropriate equilibrium dissociation constant and rapid reaction kinetics. They 

designed their fluorophore to have a four membered azetidine ring which increased the 

quantum yield and improved photostability. Furthermore, they included a cyano group 

which enabled rapid reaction kinetics and two carboxylic acid groups which allowed 

aqueous solubility. Through the rational design of a novel fluorophore they were 

successfully able to produce a GSH specific fluorescent probe that reacts in real time 

to fluctuations in intracellular GSH concentrations and dynamics, thus enabling the 

elucidation of the effect of GSH on redox perturbance in a cell, all of which is crucial in 

understanding cellular dynamics and chemistry [22].  
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Figure 2.3: Fluorophores used as molecular probes. (a) The chemical structures of biothiols 

(i) cystine, (ii) homocystine and (iii) glutathione. (b) Mechanism of action of biothiol detection 

probe based on a malonitrile and coumarin conjugate produced by [21]. (c) Biothiol turn-on 

probe [20]. (d) Chemical structure of amyloid-β plaque binding probe [23]. (e) In vivo synthesis 

of peroxynitrite. 

 
 

 Amyloid-β-plaque-binding probe 

 
 Alzheimer’s disease is a disease characterized by extracellular accumulation of 

amyloid-β plaques in the brain. Current methods lack sufficient resolution for early 

stage detection or are accompanied with excessive radiation. Fluorescent imaging 

offers a non-invasive, radiation free, real time imaging system for the detection of 

amyloid-β plaques. The rationale design of NIR fluorophores allows the blood–brain 

barrier (BBB) to be crossed [23]. Fu et al. developed a NIR fluorophoric probe based 

on a donor–acceptor p-conjugated system. The probes were formed from naphthyl 
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aldehydes and malononitrile (Figure 2.3). By lengthening the polyenic chain, the 

emission maxima were increased pushing the fluorophore into the NIR range. 

However, this lengthening procedure had drawbacks, such as a decrease in quantum 

yield owing to an increase in the photo induced charge delocalization and induced 

structural changes. Thus, the polyenic chain could only be increased to a certain 

degree, limiting the extent the fluorophore absorption spectrum could be lengthened 

[23]. The probe produced displayed turn-on properties, meaning it demonstrated an 

increase in quantum yield in response to amyloid-β plaque binding. This turn-on feature 

is necessary for in vivo probes to circumvent background fluorescence and to increase 

probe sensitivity [23]. The probe was successfully shown to selectively bind to (and to 

enable effective detection of) amyloid-β plaques in vivo. Furthermore, the probe was 

shown to readily cross the BBB and to have a long emission lifetime. The use of a 

fluorophoric probe is a novel mechanism to detect Alzheimer’s in a cost effective, non-

invasive manner and enables earlier detection than the conventional detection 

methods [23].  

 

 Peroxynitrite detection probe  

 
Peroxynitrite is an important reactive oxygen species (ROS) produced through the 

reaction of superoxide and nitric oxide [24] (Figure 2.3). It interacts with various 

biologically important molecules such as DNA, proteins and lipids and induces 

irreparable damage through direct oxidation or via radical mediated reactions [24]. 

Peroxynitrite has been implicated in several diseases such as and induces irreparable 

damage through direct oxidation or via radical mediated reactions [24]. Peroxynitrite 

has been implicated in several diseases such as neurodegeneration, cancer, 

inflammation, circulatory shock and ischemia–reperfusion injury [25]. The small 

concentrations in which it exists has made its detection challenging. Recently, Peng 

and co-workers rationally designed a fluorescent probe for peroxynitrite detection. The 

properties of two rhodamine fluorophores, namely rhodamine B and x-rhodamine, were 

evaluated. It was observed that the julolidine moiety of x-rhodamine, which offers water 

solubility, was not stable toward peroxynitrite owing to the exposed lone pair of nitrogen 

electrons. By contrast, the N, N-diethylaniline moiety from rhodamine B was protected 

from peroxynitrite attack because its lone pair of nitrogen electrons were protected by 

an ethyl group; however, this renders rhodamine B insoluble and thus ineffective for 
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peroxynitrite detection. Indeed, the combination of the desirable moieties from each 

rhodamine and the exclusion of the undesirable moieties enables the synthesis of a 

fluorophore specialized for peroxynitrite detection [26]. This novel fluorophore was 

termed HKyellow. The addition of acetoxymethyl ester onto HKyellow enabled in vivo 

applications, because acetoxymethyl ester imparted a neutral charge and allowed 

diffusion across the cell membrane. This acetoxymethyl ester group was then removed 

intracellularly through the action of esterases. Cell culture studies demonstrated the 

specificity toward peroxynitrite and the applicability of the novel fluorophore for in vivo 

studies. Further research involving animal studies is required to access the suitability 

of the fluorophore for live cell imaging [26].  

 

 

Figure 2.4: Schematic explaining the mechanism of FRET. 
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 Fluorophores based on Förster resonance energy transfer 

 

Fӧrster resonance energy transfer (FRET) is a process where light energy is 

transferred between two light sensitive molecules. Once in an excited state, a donor 

fluorescent molecule transfers energy to an acceptor fluorescent molecule that is in 

close range through nonradiative dipole–dipole interactions [27,28] (Figure 2.4). FRET 

can be used to determine distances between two molecules at angstrom diameters. A 

requirement for FRET to occur is that the emission wavelength of the donor fluorophore 

and the excitation wavelength of the acceptor fluorophore overlap. The distance 

between the donor and the acceptor fluorophore and the orientation of the transition 

dipole moment are key parameters in FRET and have been extensively exploited in the 

development of novel fluorescent molecules [27–29].  

 

Tetrazines comprise four electronegative nitrogen atoms on an aromatic ring. They 

have a high electron affinity and can be reduced at high potentials. s-Tetrazines exist 

as many derivatives that differ by the substituents attached to the aromatic ring [30] 

(Figure 2.5). The lifetime, quantum yield and colour of fluorescence are all dependent 

on the substituents present. s-Tetrazines are electron poor nitrogen heterocycles and 

their photophysical properties are highly dependent on their redox state. Tetrazines 

have a low molar absorption coefficient of around 500 l/mol/cm and tetrazines exhibit 

fluorescence switching depending on the redox state [31]. They absorb light at 520 nm 

and are efficient fluorescent quenchers when near a fluorophore through the 

mechanism of FRET [32]. Conversely, tetrazines can also function as a fluorophore. 

However, their low extinction coefficient prevents a high fluorescence intensity. This 

has been overcome by linking tetrazines to a chromophore such as a naphthalimide, 

which allows energy transfer between the two chromophores, resulting in tetrazine 

fluorescence. The fluorescence intensity increase is inversely proportional to the inter-

chromophore distance of the dyad, with this increase in fluorescence intensity being 

dependent solely on the inter-chromophore distance; moreover, the quenching 

efficiency was also dependent on the inter-chromophore distance. [33]. Qing and co-

workers prepared a dyad consisting of chloroalkoxytetrazine linked to a naphthalimide 

(Figure 2.5). The substitution of s-tetrazines with heteroatoms led to unique fluorescent 

properties such as fluorescence stemming from a n-p* transition. The long fluorescent 

lifetime (100 ns) of chloroalkoxytetrazine and its ability to detect electron rich pollutants 
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owing to its highly oxidizing character make them attractive molecules for fluorescent 

detection applications. However, these molecules display low molecular extinction 

coefficients and are poor at absorbing, thus limiting their applications. In the work 

performed by Qing et al. the conjugation of naphthalimide onto a chloroalkoxytetrazine 

substantially increased the fluorescent intensity of the dye. Naphthalimide efficiently 

absorbed light and simultaneously transferred the energy to tetrazine with a 95% 

efficiency. However, to reap the rewards of this fluorescent enhancement, the dyad 

was required to be excited at 355 nm which was selective of the imide moiety, instead 

of 517 nm which was selective of the tetrazine moiety. This short wavelength required 

for enhanced fluorescence does not allow in vivo imaging applications, because this 

wavelength incites autofluorescence. However, the rationale behind this dyad can be 

utilized in future in producing a long living fluorophore with high fluorescent intensity 

[34].  

 

 

 

Figure 2.5: Fluorophores designed using FRET. (a) The three chemical isoforms of tetrazine. 

(b) Schematic demonstrating dyad synthesis [34]. 

 

A FRET probe for the ratiometric detection of Cu2+ was developed by Ge and co-

workers. Rhodamine B was used as the acceptor molecule owing to its favourable 

photophysical properties and pyrido[1,2-a]-benzimidazole was used as the donor 

molecule. Furthermore, piperazine was used as a linker and a hydrazine functional 

group was added as the Cu2+ reaction site. This novel probe was termed TY-1. When 

no metal ion was present no FRET could occur and this resulted in a colourless 

solution. Upon the probe’s detection of Cu2+ FRET occurred and a significant 

observable colour change to pink occurred. The FRET probe has a large Stokes shift 
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of 190 nm, is highly sensitive and selective, has a low detection limit of 42 nM and has 

a fast response rate of 2 min. Additionally, the probe was shown to be cell permeable 

thus allowing intracellular Cu2+ levels to be imaged and monitored [35].  

 

 Fluorophores based on two-photon absorption  

 

Two-photon absorption (TPA) is a linear optical process where a single fluorophore is 

excited by two photons, both of which are lower in energy than the single photon that 

is required to excite the fluorophore. The fluorophore simultaneously absorbs two 

photons and becomes excited, inducing fluorescence [36]. The sum of the energies of 

the two photons is required to be greater than the energy gap between the ground and 

excited state of the fluorophore. These fluorophores are usually in the NIR range. This 

phenomenon has been exploited in the use of two-photon microscopy (TPM) which 

enables live cell imaging with high resolution and low background fluorescence [37]. 

TPM is superior to confocal microscopy for live cell imaging because it enables greater 

penetration depths, reduced background fluorescence and a high resolution [38] 

(Figure 2.6).  

 

The advantages of TPA are caused by several phenomena that are unique to TPA 

fluorophores. The increase in resolution corresponding to TPA results from the fact that 

TPA will only occur where the laser is most concentrated, which is close to the laser’s 

focal point. Thus, nonspecific fluorescence is reduced which significantly improves 

resolution. Additionally, a light source of lower intensity is required in TPM; therefore, 

less tissue scattering is induced, corresponding to lower background fluorescence and 

large material penetration [39]. Furthermore, TPM reduces photo damage because 

there is a limited excitation volume and a reduction in tissue scattering. Thus, TPM is 

ideal for in vivo imaging applications. The probability of a TPA event occurring and the 

efficiency of absorbed photons to fluorescence emission conversion is referred to as 

the two-photon cross section. This value is an important parameter for evaluating and 

comparing the ability and efficiency of TPA dyes [36,40]. Fluorophores that are typically 

used in confocal microscopy are not ideal for TPM because they have low TPA cross-

sections and many do not fluoresce in response to the two-photon mechanism. 

Therefore, a distinct class of fluorophores with high TPA cross-sections are required 

for TPM [40,41]. The presence of electron donating and accepting moieties substituted 
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on a p-conjugated system is required for a molecule to possess TPA. TPA dyes can be 

improved through the incorporation of heteroaromatic rings into the p-conjugated 

system. This incorporation enables a dye to have increased fluorescence emission and 

precise optical properties [42]. The sizes of the TPA cross sections are dependent on 

several properties including the efficiency and dimensionality of the intramolecular 

charge transfer, vibronic coupling, molecular planarity, conjugation length and the 

efficiency of the donating and withdrawing abilities of the electron donor and acceptor 

groups of the dye [43]. 

 

 

 

Figure 2.6: Schematic explaining the mechanism of two-photon absorption 

 

 Fluorophores used in two-photon imaging  

 

 Squaraine dyes  
 

Squaraine dyes are a class of organic NIR fluorophores derived from squaric acid that 

have undergone a condensation reaction with an electron rich aromatic compound 

(Figure 2.7). Squaraine dyes show sharp absorbance in the NIR region and are thus 

attractive for biological applications. The four membered ring system is highly sensitive 

to nucleophilic attack, owing to its electron deficient nature. The nucleophilic attack of 

squaraine in solution greatly impedes its photostability [44]. Additionally, squaraine 

dyes are prone to self-aggregation which induces self-quenching. These problems 

have been overcome by surrounding the squaraine in a molecular casing called a 

rotaxane. This molecular architecture is designed to protect the squaraine dye from 

nucleophilic attack and self-aggregation, thus improving its photo and chemical stability 

(Figure 2.7). Additionally, their encapsulation prohibits the dye from partaking in cellular 

pathways, a key requirement for a dye that is to be used in in vivo imaging [7]. The 

typical absorption and emission maxima of squaraine are approximately 630 nm and 



41 
 

650 nm, respectively. Squaraine becomes excited through the absorption of two 

photons, thus allowing squaraine dyes to be used in TPM [45]. Squaraines exhibit 

strong optical properties for TPM compared with other commonly used dyes such as 

Alexa FluorTM. Podgorski and co-workers compared a squaraine–rotaxane derivative, 

SeTau-647 to Alexa FluorTM 488. SeTau-647 emitted 110 times the number of photons 

compared with Alexa FluorTM 488. Additionally, SeTau-647 displayed a greater 

photobleaching time constant and proved to be less reactive in the intracellular 

environment than Alexa FluorTM 488 [7]. Johnson et al. demonstrated that squaraine 

dyes were 20 times more photostable and have a five times greater half-life than 

cyanine dyes [46]; hence demonstrating the ideal nature of squaraine dyes as 

fluorophores in TPM and imaging technologies.  

 

 Triphenylamines  

 

Triphenylamine has been demonstrated to be effective as a TPA fluorophore core 

molecule owing to its strong electron donor character, and its ability to be branched 

(Figure 2.7). Branching increases the cross section values of the fluorophore, thereby 

increasing its TPA capabilities and results in improved fluorescence. This ability has 

resulted in many researchers producing fluorophores that comprise triphenylamine 

[47]. Feng and co-workers developed a novel triphenylamine-based membrane-

permeable TPA fluorescent probe: 4-((e)-2-(benzo[d]thiazol-2-yl)- vinyl)-N-(4-((e)-2-

(benzo[d]thiazol-2-yl)vinyl)phenyl)-N-phenyla-niline (BTVPA). This novel fluorophore 

possessed a cross-section of 1700 GM, a quantum yield of 0.88, a Stokes shift of 80 

nm and a molecular extinction coefficient (e) of 128 000 (Figure 2.7). Compared with 

fluorescein, rhodamine and coumarin, the TPA cross sections of BTVPA were 45-, 8- 

and 90 times greater, respectively [47]. Clearly, the BTVPA dye is highly efficient and 

ideal as a fluorescent dye.  

 

 BODIPY derivatives 

 

 The field of in vivo imaging is advancing at a rapid rate. Simultaneously, the demands 

on the imaging capabilities are constantly increasing. The imaging of specific 

organelles is now a reality; however, this advanced imaging technique requires novel 

TPA fluorophores. Zhang and co-workers developed such fluorophores through the 
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creation of BODIPY derivatives. Their aim was to design a NIR TPA fluorophore for 

mitochondrial imaging. The extension of p conjugations and creating moderate 

intramolecular charge transfer are common methods for extending dyes into the NIR 

region [48]. Zhang et al. combined these two methods through the addition of a 

carbazole group to the BODIPY core. In addition, this optimized the optical properties 

of the dye and enabled further conjugation procedures. Furthermore, the addition of 

chlorides onto the second and sixth positions of the BODIPY core further extended the 

excitation and emission wavelengths into the NIR region [48]. Importantly, the 

advantageous properties of the BODIPY parent dye were maintained in the novel 

fluorophores. The fluorophores were demonstrated to have high quantum yields, good 

photostabilities, high molar extinction coefficients and displayed cross section values 

ranging from 250 to 1200 GM depending on the derivative [48]. These fluorophores 

were unique in that they combined the theory of two-photon excitation and long 

wavelength emissions. Thus, these dyes are considerably more effective for in vivo 

imaging than a dye that singularly exploits the concept of two-photon excitation or NIR 

wavelengths independently. One of the derivatives was compared to Cy5 to evaluate 

its effectiveness as a NIR TPA fluorophore. The results demonstrated that the novel 

fluorophore exhibited greater photostability, a longer life-time, higher emission rates 

and a lower level of photobleaching than Cy5, thus showing its effectiveness as a novel 

fluorophore. This fluorophore was successfully utilized for mitochondrial imaging [48]. 

 

 Fluorophores based on rotor mechanism 

 

In a later work by Zhang et al., a different TPA NIR dye used for mitochondrial imaging 

was produced (Figure 2.7). This probe was based on a rotor mechanism where 

fluorescence was quenched in low viscosity media and in highly viscous media 

fluorescence was intensified [49]. A fluorophore that contains a rotatable conjugated 

moiety is referred to as a rotor. The presence of intramolecular rotational relaxation 

and free rotation inhibits fluorescence; however, if this intramolecular rotational 

relaxation is constrained fluorescence is allowed. In a non-viscous environment, there 

is no constraint on the intramolecular rotation resulting in fluorescent quenching, 

whereas the opposite is true in a viscous environment. Therefore, in terms of 

mitochondrial imaging, the high viscosity of the double membrane bound organelle 
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induces significant fluorescence, yet only upon entering the mitochondria [49]. This 

turn-on ability increases the target:background ratio and offers greater specificity.  

Using this mechanism, Zhang et al. developed a NIR mitochondrial probe designed for 

two-photon microscopy. The fluorophore termed HJVPI was formed through the 

modification of the traditional rotor 9-(dicyanovinyl)julolidine (DCVJ). DCVJ was 

modified through the replacement of the two nitrile groups with cationic pyridnium, 

which allowed mitochondrial accumulation owing its specific membrane potential 

(Figure 2.7) [49]. Furthermore, hydrophilicity was enabled through the presence of a 

hydroxyl group. HJVPI was successfully shown to exhibit mitochondrial specific 

fluorescence and enabled effective imaging using TPM in cell studies. Moreover, 

HJVPI was demonstrated to possess a large Stokes shift, good membrane 

permeability, high photostability, low toxicity and the ability to be effective in the 

presence of other organelle stains, thus allowing the imaging of multiple organelles 

simultaneously using different colours [49]. Indeed, this technique still requires further 

testing to evaluate whether the same imaging capabilities seen in in vitro studies will 

translate to in vivo studies. 
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Figure 2.7: Fluorophores used in two-photon microscopy. (a) Chemical structure of squaraine. 

(b) Squaraine enclosed in a rotaxane molecule. (c) Structure of triphenylamine. (d) Structure 

of BTVPA [47]. (e) Structure and rotational ability of HJVPI [49]. (f) Structure of acedan and 

acedan derivatives [51]. (g) Synthetic route for the triphenylamine derivative (E)-3-(4-(4-

(diphenylamino)styryl)-phenyl)acrylonitrile [56]. (h) Chemical structure of AIE fluorophore 

CTPE-Tau. (i) Chemical structure of GMP in the absence of zinc (1) and in the presence of 

zinc (2) [59]. 
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 Acedan 

 

Acedan, 6-acetyl-2-(dimethylamino)naphthalene, is a commercially available donor–

acceptor dipolar dye. Acedan has a sufficient TPA cross section and is easily modified 

for various uses [50]. The electron donating group of acedan is a 6-dimethylamino and 

has a 2-acetyl electron-accepting group (Figure 2.7). Intramolecular charge transfer 

(ICT) occurs through p-electron delocalization. However, the dye has short absorption 

and emission wavelengths (in the region of 364 nm and 484 nm, respectively, in 

ethanol) and emits weakly in aqueous solutions [50]. These short absorption and 

emission wavelengths result in substantial autofluorescence when applied for in vivo 

imaging. This in combination with low aqueous solubility renders them inappropriate 

for live cell imaging purposes [51,52]. The research of Kim et al. aimed to extend the 

absorption and emission wavelengths of acedan into the NIR range. Their modification 

of acedan involved the addition of a carbon–carbon double bond between the 

naphthalene ring and acetyl group, which locked the double bond into the trans 

conformation (Figure 2.7). This modification enabled the dye to be excited at 900 nm, 

which is the optical wavelength for tissue imaging [51]. The new dye produced was 

environmentally sensitive and fluorescence intensity was dependent on the polarity of 

the solvent. This sensitivity enabled this dye to be used as a probe. In particular, it was 

demonstrated as a successful probe for amyloid-β plaques in Alzheimer’s disease. The 

probe was shown to be photochemically stable, biocompatible, soluble, have an 

adequate TPA cross section and could cross the BBB allowing effective imaging of 

amyloid-β plaques [51]. Low solubility in aqueous solutions precludes acedan’s use in 

biological systems. Therefore, Singha and co-workers modified acedan in such a way 

as to improve its fluorescent emission in water. Their rationale when designing the 

novel acedan derivative was to impede the phenomenon that induces fluorescent 

quenching in water but not in organic media. It was concluded that H-bonding between 

the amine nitrogen and water reduces the transition dipole moment and induces a 

reduction in fluorescent intensity. Through the addition of a hydrophobic N-substituent, 

the accessibility of water molecules to nitrogen will become obstructed and H-bonding 

will not occur [52]. Therefore, the researchers modified acedan through the addition of 

an N-alkyl group. In addition to blocking H-bonding, the internal rotational freedom of 

the amino group was hindered, which reduced nonradiative decay and enhanced 
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fluorescence (Figure 2.7). This modification resulted in a fivefold increase in TPA, and 

a six-fold increase in the fluorescence quantum yield of the dye in water [52].  

 

 Carboranes 

 

Dicarboclosododecaboranes, or carboranes, are 3D pseudo aromatic compounds 

consisting of two carbon and ten boron atoms and exist in three alternate geometrical 

isomers. Carboranes have unique electron properties, in that they can be electro 

withdrawing and electron donating [53]. Carboranes themselves are not emissive; 

however, their addition to a fluorescent core molecule greatly enhances the TPA cross-

section and the fluorescence quantum yield of the fluorophore to which they are 

conjugated [54]. Carboranes increase TPA properties through the suppression of 

nonradiative decay through the inhibition of vibrational relaxation and the internal 

conversion process (S1-S0), these are the main contributing factors to nonradiative 

decay [55]. Uebe et al. increased the TPA cross section of triphenylamine through 

carborane substitution. This was achieved by utilizing the principle that when an excited 

molecule is in an emitting state owing to excitation between a pair of molecular orbitals 

then, if one delocalizes one of the molecular orbitals over the entire molecule and 

localizes the other molecular orbital over the nonfluorescent core molecular unit, 

nonradiative decay will be suppressed owing to the inhibition of vibronic interactions 

[55]. The addition of a nonfluorescent carborane substituent to triphenylamine through 

p conjugation limited the distribution of only the highest occupied molecular orbital 

(HOMO) in the nonfluorescent parent p-conjugated core, yet this partial delocalization 

had no effect on the lowest unoccupied molecular orbital (LUMO). This phenomenon 

prohibited the internal conversion process [55]. This intuitive method substantially 

increased the quantum yield and TPA cross section of triphenylamine, thus resulting in 

fluorescent enhancement [55]. 

 

 Chromophores exhibiting aggregation-induced emission 

 

Organic chromophores have several properties that make them ideal in bioimaging 

applications. However, there is a common problem existing with these molecules in 

that they experience aggregation induced fluorescent quenching. This quenching 

negatively impacts their application in bioimaging [55–58]. Therefore, the development 
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of an organic chromophore that exhibits aggregation-induced emission (AIE) would be 

highly advantageous. Through the manipulation of preparation procedures Kong and 

co-workers as well as Wang and co-workers independently formulated an organic 

chromophore exhibiting AIE. This AIE state is the result of the restriction of 

intramolecular rotations that are induced through the steric interactions in the 

aggregated state; this then inhibits nonradiative decay and allows emission. The 

greater the extent of aggregation the greater the quantum yield and TPA cross section 

of the organic chromophore [56,57]. Using this rationale, Kong et al. formulated a 

triphenylamine derivative: (E)-3-(4-(4-(diphenylamino)styryl)-phenyl)acrylonitrile. The 

tri-phenylamine group attached to the C¼C double bond of benzene was used as the 

electron donor, whereas the cyano group was used as the electron acceptor (Figure 

2.7) [56]. It has been shown that an additive substance in the solution such as metal 

ions greatly contributes to the optical properties of AIE chromophores. The strong 

binding between the metal ions and chromophore results in an increase in the degree 

of aggregation. Here, the researchers utilized cadmium and copper ions. The 

incorporation of these metal ions changed the growth direction, electronic structure, the 

ICT process, the aggregation degree and induced an energy transfer to occur between 

the components [56]. Collectively, this greatly altered the linear and nonlinear optical 

properties and greatly enhanced its ability to act as a live cell imaging dye. Moreover, 

the derivative was shown to have a high quantum yield, an enhanced lifetime, high 

photostability, no photobleaching and have a high TPA cross section. This novel 

fluorophore offers a unique method for in vivo imaging applications owing to its AIE and 

ideal optical properties [56].  

 

More recently, Singh and colleagues aimed to produce a pyrene– fluorescein AIE 

fluorophore. The use of a hydrophobic and hydrophilic molecule was designed to 

enable aggregation in an aqueous environment. A conjugate of pyrene and fluorescein 

produced a fluorophore with a high quantum yield, cell permeability and no toxicity. To 

prove this fluorophore displayed AIE, they measured fluorescent intensity in samples 

with increasing water concentrations. Upon the increase in water concentration, a 

bathochromic shift occurred with an enhancement of emission intensity. This was 

thought to occur owing to J-type aggregation in response to the hydrophobic effect, 

which induces the opening of the lactam ring of fluorescein. This aggregation restricts 

molecular rotation which leads to fluorescence emission enhancement. Furthermore, 
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the fluorescence intensity was shown to increase over time [58]. These optical and 

physical properties are highly advantageous for live cell imaging (Figure 2.8). 

 

The work of Wang and co-workers proposed the design of a ROS probe utilizing the 

theory of AIE. They conjugated the ROS scavenger, taurine (Tau) onto the AIE 

fluorophore CTPE through a carbamate bond (Figure 2.7). This ROS probe exhibited 

optimal optical properties, such as high photostability, large Stokes shift (thus avoiding 

self-quenching) and excitation and emission bands in the NIR range. The addition of 

Tau improved the water solubility and cellular uptake ability of the conjugate [57]. 

Owing to the hydrophobic nature of the conjugate that Tau induced, no aggregation 

occurred in the aqueous intercellular environment and therefore no fluorescence 

emission. Upon entering the cell, esterase enzymes cleaved the carbamate bond, thus 

separating the fluorophore from Tau. The fluorophore then became hydrophobic and 

thus induced aggregation of the fluorophore molecules in the polar cellular environment 

thereby inducing fluorescence. The Tau moiety was then free to perform ROS 

scavenging and acted as an antioxidant. Hence, fluorescence emission served as a 

fluorescent reporter of biochemical events, in addition to allowing intracellular cell 

imaging [57].  

 

 Three-photon absorption fluorescent dyes  

 

A recent extension of the TPA theory is the development of three-photon absorption 

(3PA) fluorescent dyes. 3PA follows the same behaviour as TPA, yet three photons are 

absorbed instead of two. These 3PA fluorophores utilize nonlinear optics and enable 

deep tissue penetration and strong spatial confinement, thus enabling images of high 

contract and resolution [59]. Phillips and co-workers designed a donor–acceptor (D-p-

A)-based 3PA fluorophore comprising a bipyridine acceptor attached to a pyrole donor 

through a vinyl linker molecule. Furthermore, the addition of an oxyethylene moiety 

afforded water solubility and biocompatibility [59]. The 3PA fluorophore was designed 

as a probe for intracellular zinc (Zn2+) detection. Zn2+ is the second most abundant 

element in the body and high concentrations of free Zn2+ have been linked to several 

pathological states such as Parkinson’s disease, epilepsy and Alzheimer’s disease 

[60]. Therefore, a probe that could detect and determine the concentration of free Zn2+ 

is of clinical interest. The probe was based on the theory that the binding of Zn2+ to 
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the bipyridine group allows improvements in the nonlinear optical properties through 

the extension of charge separation, which rigidifies the chromophore [59]. The resultant 

chromophore was termed GMP (Figure 2.7). Before Zn2+ binding, the probe had 

absorption and emission spectra of 370 nm and 530 nm, respectively. Upon GMP 

binding to Zn2+ the absorption spectra shifted to 400 nm and the emission spectra 

shifted to 600 nm. This shift in bands in response to Zn2+ binding enabled the 

ratiometric determination of Zn2+ concentration [59]. GMP exhibited a 3PA cross-

section two orders in magnitude greater than previously demonstrated by other 3PA 

fluorophores. Moreover, GMP displayed a high quantum yield, good cell permeability 

and no cytotoxicity. The Zn2+ detection capabilities of GMP were demonstrated on cell 

lines and on rat brain hippocampal slices. The successful detection and imaging of 

Zn2+ ions intracellularly at a high resolution and deep tissue penetration offers novel 

abilities for multitudes of health applications [59].  

 

 

Figure 2.8: Schematic illustrating the effects of aggregation-induced emission. 

 

 Single-molecule imaging  

 

In vivo imaging is moving toward visualization of cellular components rather than the 

cell in its entirety. Single molecule imaging can provide information on a variety of 

biological processes and offers extensive possibilities for diagnostics, treating disease 

states and for studying cellular events [61]. Several fluorescent probes have been 

designed for single molecule imaging utilizing fluorescence as the means of 

visualization. Here, some of these fluorescent probes will be discussed in greater detail.  
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 Cell membrane probes  
 

Previously, membrane structures were imaged using electron microscopy. However, 

this technique has limited applications, because live cells cannot be subjected to 

electron microscopy. Membranes are highly dynamic in nature and consistently 

undergo remodelling. Thus, dynamic membrane systems cannot be visualized using 

traditional electron microscopy [62,63]. To overcome this obstacle, fluorescent probes 

have been produced to allow live cell and real-time imaging of membranous structures. 

Cell membrane specific optical probes are required to possess a hydrophilic head 

group and a hydrophobic tail. An amphiphilic design enables the probe to anchor into 

the cell membrane and still retain its water solubility. The membrane potential in living 

cells complicates probe design because the membrane potential should not disturb the 

functionality of the probe. By combining the two nonlinear optical processes of TPA 

and second harmonic generation, Barsu and co-workers created an optical push–pull 

probe consisting of pyridine dicarboxamide electron acceptor, a fluorenethynyl p-

conjugated bridge and a dialkylamino electron donor (Figure 2.9) [64]. To further assist 

in membrane docking the researchers added two carbohydrate groups onto the probe, 

thus aiming to mimic a glycoprotein. A delicate balance between the hydrophilicity and 

hydrophobicity was required so that the probe did not permeate into the cell nor was it 

retained in the extracellular matrix but, instead, it was docked into the membrane [64]. 

Shim et al. furthered the concept of membrane imaging utilizing the alternate imaging 

concept of super-resolution imaging. This research involved the creation of 

photoswitchable dyes. Several photoswitchable dyes were created using the traditional 

fluorescent dyes: cyanine, rosamine (a rhodamine derivative) and BODIPY. In this 

study, these dyes were used to image membranous structures including mitochondria, 

the endoplasmic reticulum and the plasma membrane. All dyes were induced to 

perform photoswitching, yet the way photoswitching occurred differed between the 

dyes [65]. Using this mechanism of super-resolution imaging, high-resolution dynamic 

images of membranous structures of a cell were achieved. Limitations to this technique 

do exist, in particular motion blur. The probe was subject to diffusion once retained in 

the membrane. Additionally, certain organelles such as mitochondria experience 

movement. These movements resulted in motion blur which reduced the resolution of 

the images recorded. By reducing the timeframe this blur can be reduced. However, 

more work is required to completely negate the effects of motion blur [65].  
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 Lysosomal imaging  
 

Imaging of intracellular compartments or organelles is the latest focus of in vivo 

imaging. Intracellular molecular events can be monitored in real time using highly 

specific fluorescent probes. The development of a lysosomal and endosomal specific 

probe by Grossi and co-workers allowed the real-time imaging of cellular uptake, 

trafficking and reflux events. BF2-chelated azadipyrro-methane was functionalized with 

an ortho-nitro phenolic group (Figure 2.9). The BF2-chelated azadipyrromethane core 

was used owing to its straightforward synthesis, ease of structural manipulation and 

excellent photophysical properties [66]. The rationale that allowed lysosome and 

endosome specificity was a pH responsive turn-on probe. The added phenolic group 

imparted pH responsiveness. The lower pH present in the lysosome and endosome 

enabled their differentiation from the remaining intracellular space (Figure 2.10). At a 

neutral pH, the ionized phenolic group dominates owing to the non-emissive 

intramolecular charge transfer excited state imparted by the electro withdrawing ortho-

nitro group. This induced fluorescent quenching. In an acidic environment, protonation 

occurred giving rise to the neutral phenolic species, thus allowing fluorescent 

enhancement. The more acidic the environment the greater the fluorescent 

enhancement. This difference between fluorescent intensity allowed the distinction 

between endosome and lysosome [66]. The probe displayed decent photophysical 

properties. The absorption and emission spectra were 696 nm and 727 nm, 

respectively, thus enabling NIR emission. A high aqueous quantum yield of 0.3–0.4 

was observed. Furthermore, the probe was demonstrated to have a good 

photostability, and photobleaching occurred after 2 h of emission [66]. To validate the 

effectiveness of the probe, cell culture and animal in vivo studies were performed. 

These studies indicated the ability of the probe to experience cellular uptake through 

endocytosis as well as the probe’s site-specific turn-on feature in the acidic 

microenvironment of the endosome and lysosome [66]. 

 

Wycisk and co-workers developed a water-soluble pH-sensitive dye to allow precise 

cellular uptake studies. Currently available dyes such as indocyanine green function as 

‘always on’ dyes, thereby generating substantial background signal. The development 

of environmentally sensitive dyes, whereby an environmental cue amplifies the 

fluorescent signal, is ideal for single molecule imaging. Wycisk et al. developed a new 
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fluorophore through the addition of three sulfonate groups and a carboxy group to a 

cyanine precursor. The sulfonate groups allowed water solubility and a reduction in dye 

aggregation and the carboxy group allowed the fluorophore to be conjugated to carriers 

or target molecules. The new fluorophores were then conjugated onto the iron binding 

plasma protein transferrin (tf) and the monoclonal IgG antibody ctx. These ligands enter 

the cell through receptor mediated endocytosis; tf is recycled and transported back to 

the ECM whereas ctx binds to the epidermal growth factor (EGF) receptor, which after 

time will end up in the lysosome. The ctx–dye conjugate accumulates in the lysosome 

and there is an increase in fluorescent signal owing to the acidic pH, whereas no 

fluorescent enhancement is expected for the tf–dye conjugate because it is not 

destined for an acidic cellular compartment. These novel water-soluble, pH-sensitive 

cyanine fluorophores allowed precise visualization and understanding of cellular 

uptake processors and demonstrated the ability to fine tune the pH dependence of dyes 

[67].  

 

 

Figure 2.9: Cellular uptake responsive near infrared (NIR) fluorophore. (a) Simplified 

endocytosis of a responsive NIR fluorophore. Numbers represent the approximate pH of the 

corresponding organelles. (b) Three observable stages of the path of the pH responsive 

fluorophore in the cellular environment: uptake, trafficking and efflux [66] (reproduced with 

permission from Nature Publishing Group under Creative Commons Licence). 

 

 Super-resolution microscopy 

 

The study of biological processes is continually enhanced by improvements in 

microscopy. Biological systems are highly dynamic and therefore static images are 
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limited to the amount of information they can provide [1]. Imaging technologies that 

afford the possibility to provide high-resolution dynamic images are of great interest in 

the scientific community. The development of super-resolution microscopy greatly 

fulfils this need [62,68]. Optical imaging instruments are unable to distinguish between 

two objects where the distance between them is less than half the wavelength of the 

incident light. This is known as the diffraction limit [1]. As the aperture of a lens 

decreases diffraction increases, which limits the degree to which two objects in close 

proximity can be resolved. The diffraction limit applies to light which must travel a 

distance exceedingly greater than its wavelength; thus, by placing the light source in a 

close proximity to the object of interest, can improve resolution by overcoming the 

diffraction limit [1,62,68–71]. However, for biological samples this close proximity 

cannot be achieved. The diffraction limit impedes the imaging of nanostructures and 

for the imaging of nanostructures to occur the diffraction limit needs to be overcome 

[62]. Super-resolution microscopy enables imaging at a higher resolution than the 

diffraction limit. 

 

Imaging molecular species requires microscopy techniques that allow images of 

enhanced resolution. Super-resolution imaging aims to focus the emitting fluorescence 

by turning the fluorescence signal of individual fluorophores on and off [70]. Through 

the excitation of a single subset of a single molecule, while the remaining subsets are 

dark, and repeating this procedure, a mathematical estimation can be drawn about the 

structure of the molecule producing a super-resolution image and can determine the 

location of the molecule with high accuracy [1,69]. The turn on/off feature is an 

important requirement for super-resolution imaging because it means the images do 

not overlap, which would result in blur, and form individual distinct images. The 

localization of single emitters is a requirement of super-resolution microscopy. A single 

emitter must be adequately separate from neighbouring emitters within a diffraction-

limited area to allow successful localization of emitters [71]. Furthermore, the 

occurrence of a released photoburst, where a single emitter releases multiple photons 

simultaneously, allows a clearer distinction between on and off fluorescent molecules. 

Additionally, the photoburst allows the localization of the fluorescent molecule as well 

as the surrounding molecules. This clear distinction between emitters is what enables 

the diffraction limit to be overcome and for super-resolution images [69,71]. When 

excited at a certain wavelength, the fluorescent dyes used for super-resolution 
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microscopy will enter a long-lived dark state. Once in this state, the dye cannot be 

excited to the fluorescent state, and thus cannot fluoresce upon irradiation. This 

phenomenon is termed reversible saturable optical linear fluorescence transitions 

(RESOLFT). This allows structures that are spatially close together to be resolved 

[68,72]. These special fluorophores require a high triplet yield or need to be in the 

presence of oxygen removing species. Molecular oxygen is responsible for 

photobleaching through the direct interaction with a fluorophore, or indirectly through 

the production of radical oxygen species [73]. Hence, fluorophore probes often include 

an oxygen scavenger to enhance photostability and the fluorescent lifetime of the 

fluorophore [74]. Additionally, molecular oxygen and radical oxygen species are toxic 

to biological systems and irreversibly damage fluorophores; therefore, their removal is 

vital for efficient live cell imaging [73].  

 

Super-resolution microscopy can be conceived through two processes. The first being 

where fluorescence is emitted non-simultaneously from an excited fluorophore. 

Stimulated emission depletion (STED) microscopy, RESOLFT theory and saturated 

structured illumination microscopy (SSIM) all fit into this first category [70]. The second 

process is where individual subsets of a fluorophore are excited individually [75]. This 

category includes stochastic optical reconstruction microscopy (STORM), 

photoactivated localization microscopy (PALM) and fluorescence photo-activation 

localization microscopy (FPALM). In both events, subdiffraction limit images can be 

obtained through individual fluorophores monitoring and controlling the state of 

neighbouring fluorophores, thus allowing individual fluorophores to be resolved [76,77].  

 

 Fluorophores used in super-resolution microscopy  

 
 

Photoswitchable fluorescent compounds are ideal for super-resolution microscopy. 

These fluorophores can be switched on at one wavelength and then switched off at a 

second wavelength. This offers a controllable switching mechanism [68]. Single-

molecule fluorophores that contain a photochromic and fluorophore unit connected via 

a linker enable a photoswitchable process. An example for this is cyanine dyes, of 

which one cyanine dye is a reporter dye and the other an activator dye. Different 

activator dyes allow different subsets of the reporter dye to be activated. This allows 

multicolour super-resolution images [71]. Here, photo-switching occurs from the 
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reversible addition of a thiol group. Photoswitchable dyes can also be realized by 

adding a quencher onto an established fluorophore. Upon the radiation of a certain 

wavelength, the quencher detaches from the fluorophore inducing fluorescence [71]. 

Furthermore, cyanine dyes can be utilized for super-resolution microscopy employing 

an alternate technique for photoswitching. This technique involves the use of 

intracellular enzymes to switch the dye between an on and off state. Hydrogenation of 

cyanine dyes by sodium borohydride converts them into the nonfluorescent form. This 

process is reversible through a reaction with a superoxide or a hydroxyl radical [71]. A 

controversial method in super-resolution microscopy is utilization of the triplet state. 

Every so often the excitation of a fluorophore results in the fluorophore entering the 

triplet state. In this state, no fluorescence occurs. If oxygen is present in this 

environment, oxygen quenches the triplet state and the triplet state is short lived and 

cannot be distinguished. The removal of oxygen from the immediate environment using 

oxygen scavengers allows the triplet state to last milliseconds [78]. Once returning from 

the triplet state the fluorophore can once again emit fluorescence. Chemicals such as 

b-mercaptoethanol and Trolox (a vitamin E analogue) can quench the triplet state and 

induce triplet-state blinking. Through the combination of oxygen scavengers and b-

mercaptoethanol or Trolox the observation time of the triplet state can be extended 

[74]. Entering the triplet state induces fluorescence blinking which results in 

fluorescence fluctuations and can promote various chemical reactions. In many cases 

this triplet state is avoided through the incorporation of molecular oxygen or radical 

oxygen species that have undesirable effects as previously mentioned. Conversely, the 

triplet state creates a definitive on/off state thus fulfilling the requirements for super-

resolution microscopy. Therefore, several research projects have extended the triplet 

state to assist in photoswitching and have thus chosen to take advantage of the triplet 

state instead of eliminating it [79].  

 

An obstacle in the development of new fluorophores for intra-cellular labelling and 

imaging is retaining cell permeability and allowing rapid labelling kinetics. Several novel 

fluorophores are ideal for extracellular imaging, yet cannot be applied to intracellular 

imaging owing to their highly polar structures that prohibit cell membrane penetration. 

For this reason, most intracellular labelling dyes have been based on coumarin and 

rhodamine scaffolds. However, these dyes exhibit poor brightness and photostability. 

These poor optical properties are thought to arise from a twisted internal charge 
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transfer (TICT) which induces rapid non-radiative decay and formation of a highly 

reactive chemical species owing to no photon being released when the excited state of 

TICT relaxes (Figure 2.11) [80,81]. Grimm and co-workers envisioned to mitigate the 

effects of TICT through replacing the N,N-dimethyl group of tetramethylrhodamine 

(TRM) with the four membered nitrogen containing azetidine ring. The addition of two 

carbon atoms increased the quantum yield and lifetime of the dye, while retaining its 

cell permeability. This novel fluorophore was termed JF549 (Figure 2.11). The 

incorporation of a ligand resulted in the ability for single molecule labelling and 

intracellular imaging [80]. Furthermore, the reducing intracellular environment allowed 

reversible photoswitching of the dye and thus it was an effective dye for dSTORM and 

enables super-resolution imaging. The intracellular labelling and super-resolution 

imaging abilities of JF549 were successfully demonstrated. Furthermore, the 

researchers extended this rationale to other dyes such as coumarin, naphthalimide, 

oxazine and rhodol, creating a plethora of super-resolution cell permeable fluorophores 

[80].  

 

The work of Liu and co-workers was based on the research performed by Grimm et al. 

and further extended the concept of prohibiting TICT through the addition of a four 

membered azetidine ring. However, Liu and co-workers demonstrated that a three 

membered aziridine ring was more effective in suppressing TICT than a four membered 

azetidine ring. The three membered ring was demonstrated to improve brightness, 

photostability and result in an enlarged Stokes shift [81]. This concept was 

demonstrated on a naphthalimide derivative and was based on the theory that the TICT 

state is energetically unfavourable owing to the steric repulsion caused by the presence 

of amino arms that resulted in a large energy barrier between the excited and TICT 

state (Figure 2.11) [81]. Indeed, this energetically unfavourable transition enabled TICT 

resistance. The naphthalimide aziridine derivative possessed good chemical stability 

and a large Stokes shift, thus allowing multicolour super-resolution imaging. However, 

this fluorophore exhibited a low molar extinction coefficient and a hypochromic shift 

[81]. Thus, further modifications are required to allow in vivo imaging, yet this novel dye 

offers significant improvements to the real-life applications of super-resolution 

microscopy. The addition of a photolabile group onto a fluorophore allows the formation 

of a caged fluorophore.  
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The photolabile group can be removed through short wavelength illumination; thus, 

fluorescence emission is stimulated through a photochemical reaction. This enables 

precise and controlled turn on emission of individual molecules, thus easing the 

photoswitching procedure [82]. Caged fluorophores also offer higher photon counts 

allowing better localization precision. Grimm et al. continued their research into novel 

fluorophores for super-resolution microscopy. They designed a caged Q-rhodamine 

fluorophore encompassing a nitroveratryl oxycarbonyl (NVOC) caging group. To 

formulate the fluorophore a reduced leuko-rhodamine was used as a synthetic 

intermediate. Subsequently, the xanthene oxygen was substituted for a (CH3)2Si 

moiety, forming Si-Q-rhodamine (Figure 2.11) [83]. The absorption/emission spectra 

were 637 nm and 654 nm, respectively, with a molar extinction coefficient of 7.7 _ 104 

M_1cm_1 and a quantum yield of 0.38. To test its ability to act as a fluorophore for 

super-resolution microscopy, the Si-Q-rhodamine was utilized to image F-actin in COS-

7 cells and it was compared to the Alexa 647-phalloidin conjugate. It was further 

established that the addition of the vitamin E analogue Trolox greatly enhanced the 

fluorescent properties of the fluorophore. A comparison of the photophysical properties 

is displayed in Table 2. The unique fluorophore circumvents the need for the use of 

reducing buffers to induce photoswitching, hence improving the possibility for in vivo 

use. Conversely, improvements in biocompatibility, increased water solubility and 

labelling strategies are required to propel the technology for the use in live molecular 

imaging [83].  

 

Table 2.2: Comparison between novel Si-Q-rhodamine fluorophores and an Alexa647-

phalloidin conjugate [85] 

Fluorophore Photon count Localisation precision (nm) 

Alexa647-phalloidin conjugate 5547 5.7 

Si-Q-rhodamine 9145 6.2 

Si-Q-rhodamine-Trolox 14944 5.3 

 

Super-resolution microscopy offers tremendous advances in the field of molecular 

imaging and has enabled the visualization of nanoscale molecular species in real time 

and allows their activities to be observed. The future of in vivo imaging, in particular 

single molecule imaging, will be through super-resolution imaging [84]. However, 
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several advances are still needed to propel this technique into human in vivo imaging. 

Highly powerful photoswitchable fluorophores that are site-specific as well as the 

development of specialized equipment are required to allow clinical applications. The 

field of super-resolution imaging is still in its infancy and it is expect that significant 

enhancements in the field are still to transpire [1].  

 

 Concluding remarks and future perspectives  

 

Microscopy and imaging techniques are the cornerstones of modern medical 

discoveries, and without these technologies’ numerous scientific knowledge and 

medical procedures would not be possible. In a short few years, large strides have 

been made in advancing imaging technologies [3]. Real-time nanoscale imaging is a 

non-pareil tool for scientific enhancement. Being able to view cellular behavioural 

events and molecular interactions would be a transformative technique allowing 

numerous significant scientific contributions [1]. Current technologies are limited in their 

clinical applications. The majority of the research discussed here was demonstrated in 

tissue culture studies. Although these in vitro studies are fundamentally important, they 

cannot replace in vivo studies. Furthermore, only a few studies have been taken to 

clinical trials wherein only fluorophore-guided surgeries have utilized novel 

fluorophores in a clinical setting [17]. Hence, strides in this research field are still 

required to fully grasp the enormity of potential applications. Novel fluorophores can be 

applied in numerous settings and possible applications are boundless. Some possible 

applications could include: a fluorophore being attached onto a drug delivery platform 

and fluorescent activity could indicate effective drug delivery as well as dosage 

delivered [1]. Moreover, novel fluorophores could be incorporated into theranostic 

systems, whereby detection and treatment would be undertaken simultaneously using 

one platform [85]. Other applications could include: the detection of pathogenic 

organisms and determining the extent of an infection, as well as the effectiveness of 

treatment [86,87]. Alternatively, gene editing technologies can be visualized and 

monitored using fluorescent molecules, thus improving outcomes [88]. Furthermore, 

uncertainty remains about signalling intermediates in various molecular signalling 

cascades. Dissecting this information through the use of single molecule imaging 

utilizing novel fluorophores would yield beneficial information in understanding cellular 

behaviour and several diseased states, which are required for tackling diseases at the 



59 
 

molecular level [2]. Indeed, scientific understanding and medical advances could be 

greatly enhanced through the application of detailed molecular imaging. Moreover, 

current practices utilizing these novel fluorophores can improve established practices 

exponentially, thus underscoring the importance of the development of rationally 

designed novel fluorophores [84].  

 

A new field creating smart fluorescent probes has emerged since the advent of 

advanced fluorophores. Bioorthogonal probes allow in vivo labelling and targeted 

delivery of imaging agents as well as drugs. Furthermore, the issue of excess probe 

present is circumvented through their use because only probe at the targeted region is 

visible, thus improving target:background ratios and specificity. Numerous smart 

bioorthogonal probes have been designed to detect various in vivo states. Much 

research has been performed on this topic, and the reader is referred to additional 

reviews for more detail [89,90]. Additionally, significant advances have been made in 

live cell imaging through the application of quantum dots. Quantum dots offer many 

advantages over organic fluorophores such an increased circulation time and strong 

fluorescent activity; yet several disadvantages also exist such as toxicity issues. 

Advanced organic fluorophores were the focus of this review and therefore quantum 

dots have not been discussed. Reviews are available on quantum dots and are 

recommended reading [91,92]. Future research should aim to design fluorophores that 

incorporate numerous scientific principles such as NIR absorption and emission, 

having photoswitching capabilities allowing super-resolution microscopy and utilizing 

FRET to enhance the photo-physical properties. An ideal fluorophore should 

incorporate all the aforementioned techniques. Furthermore, the aim of future research 

should be applying these novel fluorophores to clinical applications and envisioning 

novel uses for these fluorophores. Current research needs to be propelled into a clinical 

setting through appropriate clinical trials, thereby making this new technology 

accessible to the health sector.  
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Chapter 3: Exploring the chemistry and analysis of CurNQ 
for potential cancer theranostics 

 

 Introduction 

 

Natural compounds provide a significant database of potential drug candidates and 

play a pivotal role in drug discovery [1,2]. Phytochemicals are naturally occurring 

compounds and have been used for centuries to treat and prevent many illnesses [1-

5]. Several phytochemical compounds have been shown to have potent bioactive 

moieties, with a few even showing promise as anti-cancer molecules [1-4] through 

modulation of several biochemical pathways and processes associated with 

oncogenesis [3-5].  

 

An interesting concept of late in anti-cancer interventions are theranostic systems (i.e. 

combining diagnostic and therapeutic elements in a single platform) and chemically 

modified phytochemicals could play a significant role in the conception of such systems 

[6,7]. Theranostic agents are highly advanced systems that can function to monitor the 

accumulation of various compounds (including nanomedicines) at target sites, quantify 

triggered drug release, and detect malignant cells in order to deliver a 

chemotherapeutic agent to the targeted site [7,8]. The ability to simultaneously target, 

detect and treat cancer would reduce patient mortality as a result of early disease 

detection and immediate treatment [9]. 

 

Epithelial ovarian carcinoma (OC) is the most common type of OC accounting for 90% 

of ovarian tumours. Symptoms of OC are detected late resulting in diagnosis at stages 

III and IV [10,11]. In addition, the highly metastatic nature of OC results in low patient 

survival with a mortality of approximately 60% [12]. A high rate of chemoresistance and 

relapse has also been associated with OC [13]. Therefore, newer interventions are 

urgently required to provide earlier detection of OC and provide a more targeted form 

of chemotherapy. The metabolism of a cancer cell is unique in that it undergoes aerobic 

glycolysis (the Warburg effect) [14]. This phenomenon can therefore be exploited to 

design a targeted theranostic system for the detection and treatment of OC. 
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In order to harness the benefits of utilising a phytochemical in the design of a 

theranostic system for OC, Curcumin (Cur) (diferuloylmethane), a natural polyphenol 

was selected based on multiple studies that reported on Cur to modulate signalling 

pathways in OC as an anti-cancer molecule (including NF-κB, PI3K/AKT, EGFR, Nrf2, 

Notch 1, Wnt/β-catenin, and HIF-1intervention). In addition, studies have demonstrated 

Cur to reduce proliferation and metastasis as well as induce apoptosis [15-21]. 

Specifically, in OC, lysophosphatidic acid (LPA) stimulates tumour development, 

progression, motility and metastasis when over-expressed and overexpression has 

been detected in 98% of OC tumours. Cur inhibits LPA, thus reducing OC cell motility 

[12,22]. In addition, studies have shown Cur to inhibit NF-κB and thereby reduce 

inflammation [4,23,24]. Other studies have reported Cur to induce ROS production 

which stimulates the expression of DR5 on the cell surface, resulting in TRAIL mediated 

apoptosis as well as sensitising cells to TRAIL via inhibition of NF-κB [25,26]. 

Furthermore, various researchers have demonstrated Cur to disrupt the PI3K/AKT 

pathway which is involved in OC development [19,27,28]. Cur is therefore a unique 

phytochemical that has been shown to interact with multiple signalling pathways in OC 

and to function as a chemotherapeutic agent. 

 

In addition to its anti-cancer properties, Cur has fluorescent properties [29,30]. 

However, the fluorescent lifetime is short (degraded within 30 minutes with a low 

quantum yield) at physiological pH [31,32]. This impedes its suitability to be used as an 

in vivo imaging agent as part of a new theranostic system for OC. Moreover, Cur readily 

degrades in a variety of standard conditions, has negligible aqueous solubility and 

bioavailability, undergoes rapid metabolism, has poor photostability and has many 

PAINS characteristics [33,34]. Numerous studies have focussed on improving the 

solubility and bioavailability of Cur, but none have been successful in resolving the 

many stability and bioavailability issues faced in vivo [31-34]. Therefore, in addition to 

utilising Cur for the design of a new theranostic system in OC, this study aimed to 

improve the biopharmaceutical properties of Cur to further exploit the purported anti-

cancer and therapeutic properties of the phytochemical, by synthesising a novel 

therapeutically stable molecule. 

 

In order to achieve this, another natural molecule lawsone (2-hydroxy-1,4-

naphthoquinone) (a chemical constituent of the plant Lawsonia inermis) was also 
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selected based on its demonstratable anti-cancer activity [35,36]. The 1,4-

naphthoquinone pharmacophore has been at the centre of numerous studies and has 

reported biological activity via a dianion species or radical anion [36]. Quinone moieties 

are present in several anti-cancer drugs including daunorubicin, doxorubicin and 

mitoxantrone [37] and many derivatives synthesised from 2-hydroxy-1,4-

naphthoquinone have been demonstrated to have anti-cancer activity [38] resulting 

from redox cycling, arylation, intercalation, induction of DNA strand breaks, generation 

of free radicals and alkylation via quinone methide formation [38]. The anti-cancer 

activity of lawsone (1,4 naphthoquinone) has been attributed to its interaction with 

various signalling pathways, via inducing the rapid formation of ROS, which induces 

DNA damage and leads to cell death. [39]. Quinones are widely known for their 

fluorescent properties and many quinone derivatives are used as dyes and fluorescent 

labels [40]. Thus, lawsone exhibits inherent fluorescent properties owing to its structure 

making it possible to be incorporated within a new anti-cancer theranostic system.  

 

Therefore, this study focuses on combining an imaging and a therapeutic agent into a 

single platform, by synthesising a novel theranostic compound that combines Cur and 

lawsone in order to take advantage of their anti-cancer properties, 

[18,19,21,22,27,41](therapeutic) as well as the fluorescent properties, particularly of 

lawsone [40,42](diagnostic). Although both phytochemicals have independently been 

shown to elicit anti-cancer activity, each have several limiting factors to advance their 

clinical application. These limiting factors include molecular instability, rapid 

degradation and poor bioavailability; therefore, this work aims to overcome some of 

these limitations by the synthesis of a stable molecule with appropriate bioavailability, 

targeting capabilities and innate fluorescence. In addition, to facilitate the new 

theranostic system to function as an anti-cancer passive targeting system, the new 

combined molecule has been designed to have pH-responsivity based on the known 

acidification of the ECM during malignant transformation [14]. A Williamson ether 

synthesis reaction between Cur and lawsone was used as the chemical synthesis route 

to produce the novel theranostic compound termed CurNQ.  
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 Materials and Methods 

 

 Materials 
 

Curcumin (Cur) (95%) was received ex Gratia from Jiaherb Phytochem (China). 2-

Bromo-1,4-naphthoquinone, 98%, dimethylformamide (DMF), DAPI, and sodium 

hydroxide pellets were procured from Sigma-Aldrich (Darmstadt, Germany) and 

potassium carbonate was purchased from ACE chemicals (Johannesburg, South 

Africa). All other solvents, including methanol, ethanol, ethyl acetate, hexane and salts 

were of analytical grade and were used as received. Silica Gel 60 (0.015-0.040mm) 

was purchased from Merck (Darmstadt, Germany) and thin layer chromatography 

plates were purchased from Macherey-Nagel (Düren, Germany) and were viewed 

under UV light (254 nm and 366 nm). Cell lines were purchased from Cell Biolabs Inc 

(San Diego USA) and Fox Chase Cancer Facility (Philadelphia, USA). Cell culture 

consumables including growth media and reagents were purchased from Thermo 

Fischer Scientific (Waltham, USA).  

 

 Methods 
 

3.2.2.1 Synthesis of novel Cur derivative CurNQ 
 

The hydroxy moiety of lawsone was replaced with a reactive bromine group allowing 

for reactivity at this moiety. For the purpose of ease, the lawsone derivative 2-Bromo-

1,4-naphthoquinone (BrNQ) was purchased and utilised as received. In a fume hood 

shielded from light, one equivalent of Cur (50 mg, 1.36 mmols) was reacted with two 

equivalents of BrNQ (64 mg, 2.72 mmols) and two equivalents of potassium carbonate 

(37.6 mg, 2.72 mmols) in dry DMF (5 mL) as depicted in Scheme 3.1. The reaction was 

monitored continuously by thin layer chromatography (TLC) and after 2 hours the 

reaction was complete. The resulting reaction was quenched with dilute HCL solution 

and washed three times with ethyl acetate and water. The organic phase was collected, 

dried over anhydrous magnesium sulphate, filtered, and the organic solvent was 

removed under reduced pressure to obtain a crude product. The pure product was 

isolated via silica column chromatography using 30% (v/v) ethyl acetate:hexane eluent. 

The combined fractions were subjected to solvent evaporation and the resulting purified 

product CurNQ, was dried in vacuo and analysed. 
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Scheme 3.1: Reaction scheme for CurNQ synthesis.  

 

3.2.2.2  Nuclear Magnetic Resonance - Structural determination 
 

Multinuclear 1D, 1H and 13C NMR spectroscopy was performed to elucidate the 

structure of the synthesised molecule. 1H and 13C NMR spectroscopy was performed 

on the Bruker AVANCE II 500 MHz (Bruker Biospin, Germany) using deuterated 

dimethyl sulfoxide (DMSO) as a solvent at room temperature. All chemical shift values 

are reported in parts per million and coupling constants (J-values). 

 

3.2.2.3 High Performance Liquid chromatography–mass spectrometry - Structural 
confirmation  

 
The analysis of CurNQ was performed on a Bruker Compact electrospray ionization 

(ESI) Q-TOF high resolution compact mass spectrophotometer. 10 μL of the sample 

was injected into the HPLC and run through the C18 column (5-95% ACN). The solvent 

system was made up of solvent A, consisting of 0.1 % formic acid in H2O (%v/v) and 

50% solvent B, consisting of 0.1 % formic acid in Acetonitrile (%v/v). The samples were 

diluted to a concentration of approximately 10 ppm in a mixture of methanol and formic 

acid (1:1). The mass spectrum analysis was processed using the Bruker Daltonics data 

analysis program. 

 

3.2.2.4 Fourier Transform infrared spectroscopy (FTIR)- characterisation of structural 
moieties  

 
FTIR was performed using a single-reflection diamond MIRTGS detector on a 

PerkinElmer Spectrum 100, (PerkinElmer, Llantrisant, Wales, UK) to analyse the 

vibrational changes in the chemical structures which occurred during product formation. 

Through obtaining the spectra of Cur, BrNQ and CurNQ, the chemical structure of the 

product could be ascertained, as FTIR allows for functional group identification. All 
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samples were scanned from 4000-600 cm-1 at room temperature at a constant pressure 

of 120 psi.  

 

3.2.2.5 Differential scanning calorimetry (DSC) – characterisation of thermal 
properties  

 
Differential scanning calorimetry (DSC) was performed on the Mettler Toledo DSC-1 

STARe system (Mettler Toledo, DSC1, STARe System, Swchwerzenback, 

Switzerland) to evaluate the heat flow required for phase transition and the thermal 

properties of the new molecule as well as both starting materials. Six mg of each 

sample was loaded and sealed into a 40 mL aluminium crucible pan and a small 

puncture was inserted into the top of the crucible and was heated at a rate of 10 °C/min 

from 10-350 °C under constant N2 gas. The instrument was heat and enthalpically 

calibrated using indium metal (99.99 %). 

 

3.2.2.6 Powder X-ray diffraction (PXRD) – crystallinity characterisation 
 

Powder X-ray diffraction (PXRD) utilising a variable and fixed slit system was used to 

determine the crystallinity and atomic spacing and unit cell dimensions of the new 

molecule. This characterisation technique was performed on the Rigaku MiniFlex 600 

Benchtop X-ray Diffractometer (Rigaku Corporation, Tokyo, Japan). A powdered 

sample was packed onto the sample holder and was analysed at a scanning rate of 

15° per minute at a diffraction angle range of 3-90° with a degree step of 0.02, a voltage 

of 40 kV and a current of 15 mA.  

 

3.2.2.7 Fluorescent and Absorbance – spectrofluorometric characterisation 
 

The fluorescent and absorbance properties of CurNQ were evaluated to ascertain the 

fluorescent nature of CurNQ. The fluorescent properties of CurNQ were determined 

through obtaining the absorption and fluorescence spectra, which were measured and 

recorded on the Shimadzu UV-1800 spectrophotometer and Shimadzu RF-6000 

spectrofluorophotometer (Maryland, USA) respectively.  

 

3.2.2.8 Cell Culture  
 

The ovarian carcinoma cancer cell lines OVCAR-5 and SKOV3 were purchased from 

Cell Biolabs, Inc (San Diego USA) and Fox Chase Cancer Facility (Philadelphia, USA) 
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respectively. The healthy fibroblast cell line 3T3 was utilised as a control. The cells 

were cultured in DMEM with the media being supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin. Cells were incubated at 37°C with 5% 

CO2. Upon the cells reaching 70-80% confluency, the cells were washed, and sub-

cultured by harvesting using trypsin/EDTA.  

 

3.2.2.9 High Content Imaging – evaluation of cellular cytotoxicity 
 

Cells were grown until 80% confluency prior to utilisation. Upon confluency, media was 

removed, and cells were washed twice in sterile PBS. Trypsin/EDTA was then added 

to the flasks and incubated at 37°C for 5 minutes, allowing the cells to detach from the 

bottom of the flask. These cells were then collected and centrifuged. The pellet was re-

suspended, and the cells were counted using the trypan blue exclusion assay. A 

predetermined and equal number of cells were then added into each well of a 96 well 

plate. The cells were incubated overnight at 37°C and at 5% CO2, allowing the cells to 

attached to the plates. The following morning, cells were treated with each sample 

(CurNQ, Cur and BrNQ) at concentrations of 5 µM, 10 µM, 20 µM, 50 µM and 100 µM. 

Each treatment was performed in quintuplicate. Treatments occurred for 24 and 48 h. 

Subsequent to this time period, media was removed, and cells were fixed with 5% 

formaldehyde in PBS for 20 minutes. Next, cells were incubated for 15 minutes in a 1 

µg/mL solution of DAPI. The plates were then washed several times with PBS to 

remove all residual DAPI and to reduce background fluorescence. All plates were 

stored in the dark. Plates were then run on the Logos Biosystem CELENA® X High 

Content Imaging System and analyses were performed using their proprietary 

software. Using this software, a pipeline was set up to determine nuclei count, form 

factor, compactness and eccentricity. The following definitions were used: 

 

Eccentricity = ratio of the distance between the foci of the ellipse and its major axis 

length. 

Compactness = mean squared distance of the object’s pixels from the centroid 

divided by the area. 

Form Factor = 4*π*Area/Perimeter2 
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3.2.2.10 Statistical analysis 
 

All experiments were performed in triplicate or quadruplet for statistical purchases and 

standard deviations were calculated. One-way ANOVA, three-way ANOVA and a 

Tukey's Test for Post-Hoc Analysis were performed on acquired data. Statistical 

analyses were all performed on Stata/IC15.1.   
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 Results and Discussion 

 

 Synthesis and structural evaluation of novel molecule CurNQ 
 
1H and 13C NMR spectra were obtained for the novel molecule (Figure 3.1). In the 1H 

NMR (Figure 3.1A). The signal at 3.85 ppm which integrates to 6 protons was indicative 

of two methoxy groups (protons H11 and H11') on the Cur backbone. These methoxy 

groups have a similar spatial environment and because of this reason, the peaks for 

both appear at the same chemical shift. Moreover, doublets at 7.55(d, J = 15.8 Hz, 2H), 

and 6.75 (d, J =15.8 Hz, 2H) were characteristic of the alkenyl protons on Cur 

backbone. New multiplets centred around δ 8.08 (m, 2H), 8.00(m, 2H), and 7.90(m, 

4H), were assigned to the aromatic phenyl protons and a singlet at 7.74 ppm was 

ascribed to the cyclic alkenyl proton which are indicative of the successful derivatisation 

of Cur with BrNQ.  

 

In the 13C NMR (Figure 3.1B) two significant peaks appear at 183.1 and 178.1 ppm, 

these were assigned to the carbonyl (C=O, ketones) at C14,14’ and C21,21’ 

respectively. Moreover, the keto/enol carbon present at 182.8 ppm represents the 

distinctive keto/enol system of Cur. In the mass spectrum (Figure 3.1C) a peak at 

681.176 corresponded with is the exact mass of CurNQ with the addition of one 

hydrogen atom [M+H]+. This analysis gives complementary characterisation and is also 

indicative of the successful synthesis and isolation of CurNQ. 
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Figure 3.1: Spectral analysis of synthesised molecule A) 1H NMR of CurNQ in d-DMSO 1H 

NMR (500 MHz, DMSO-d 6 ) δ 8.11 – 8.04 (m, 2H), 8.04 – 7.97 (m, 2H), 7.94 – 7.85 (m, 4H), 

7.74 (s, 2H), 7.55(d, J = 15.8 Hz, 2H), 7.32 (d, J = 2.0 Hz, 2H), 7.15 (dd, J = 8.3, 2.0 Hz, 2H), 

6.83 (d, J = 8.2 Hz, 2H), 6.75 (d, J =15.8 Hz, 2H), 6.06 (s, 1H), 3.85 (s, 6H). B) 13C NMR of 

CurNQ in d-DMSO δ 183.1 (C=O), 182.8 (C=O), 178.1(C=O), 149.4, 148.3, 141.0, 140.5, 

139.6, 134.96, 134.7, 131.7, 131.0, 127.5, 126.7, 126.6, 123.4, 121.5, 116.0, 111.5, 101.3, 

56.0 (OCH3). C) HRMS-ESI spectrum of CurNQ 

 

 

In the FTIR spectrum of Cur (Figure 3.2A), the phenolic O-H stretching molecular 

vibration was observed around 3508 cm-1 [43]. In comparison to the FTIR spectrum of 

CurNQ this absorption band was not observed, and this was indicative of the removal 

of this hydroxyl group, and the occurrence of a reaction as this site. Stretching 

vibrational band of the hydroxyl group of the keto-enol tautomerism (C2, 2’) is present 

at 3347 cm-1 and is visible in both Cur and CurNQ spectra. The alkyl ether groups (C11, 

11’) of Cur are represented at wavenumber of 1155 cm-1, which is slightly shifted 

relative to the spectrum of CurNQ spectra (1153 cm-1) [44]. The aromatic ring of Cur 

and CurNQ (5,5’-10,10’) are assigned to vibrational bands 1488 and 1511 cm-1 

respectively. The sharp band at 2917 cm-1 in CurNQ and 3059 cm-1 in BrNQ are 

representative of aliphatic and aromatic C-H groups. The carbonyl functional groups of 

BrNQ (C14, 14’, 21, 21’) were present at 1677 cm-1 in the BrNQ spectrum and 1669 

cm-1 in the CurNQ spectrum. Moreover, the sharper peaks at 1590 and 1587 cm-1 and 

the small peaks present at 1457 and 1430 cm-1 are attributed to the aromatic C=C 

groups in BrNQ and CurNQ respectively (C15-20, 15’-20’) [45]. The presence of the 

carbonyl groups and the aromatic rings in CurNQ indicate the successful synthesis of 

the desired molecule, as BrNQ functional groups are present in CurNQ. Thus, the key 

functional groups of Cur and BrNQ are present in the FTIR spectrum of CurNQ.  

C 
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 Physiochemical characterisation of CurNQ 
 

The thermal properties of Cur, BrNQ and CurNQ were measured from 10-350 °C under 

inert conditions with a nitrogen flow rate of 50 mL.min-1 and with the temperature 

ramping at a rate of 10 °C per minute. DSC thermograms of the Cur, BrNQ and CurNQ 

were obtained and are presented in Figure 3.2C. Cur and BrNQ display sharp 

endothermic peaks at 182 °C and 131 °C respectively. These endothermic peaks 

represent the melting point of crystalline materials. Moreover, the peaks of these two 

endotherms agree with previously published data on the melting temperatures of both 

Cur and BrNQ respectively [46,47]. Moreover, the presence of a single peak as well as 

the sharpness of the peaks indicates Cur and BrNQ’s high degree of purity.  

 

The exothermic peak present in the CurNQ thermogram at 172 °C is representative of 

a crystallization peak, this crystallization peak is shortly followed by an endothermic 

peak at 200 °C which represents crystal melting. The presence of the exothermic 

crystallization peak further concurs with the PXRD results which indicate that CurNQ 

is an amorphous material. This release of energy represented by the exothermic peak 

is indicative of the ordering of the molecules to form a crystal which results in a release 

of energy, as the material enters a more ordered state. CurNQ requires a temperature 

of 172 °C to convert it from an amorphous material into a crystalline solid.  

 

Powder X-ray diffraction (PXRD) was then performed on the three samples to ascertain 

the crystalline phases present in each sample and is presented in Figure 3.2. A change 

in crystalline phases indicates a unit cell transformation and thus a structural change. 

The PXRD of CurNQ takes the shape of a 90% amorph, in contrast to the highly 

crystalline structure of both Cur and BrNQ. This change to an amorphous nature is also 

verified by the broad exothermic peak of CurNQ in the DSC thermogram.  

 

Overcoming low aqueous solubility has become a fundamental issue in drug discovery, 

as many new chemical entities are hydrophobic and display low aqueous solubility [48]. 

Multiple approaches to improve a drug’s solubility exist, one of which is converting the 

crystalline drug to its amorphous form. Amorphous drug formulations have multiple 

favourable properties over crystalline formulations, the most important of which is 
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increased solubility and increased bioavailability. The amorphous state is the highest 

energy form of a solid material with no long-range molecular order. Amorphous 

materials have larger molecular motions and more favourable thermodynamic 

properties, compared to their crystalline counterparts owing to their high energy form 

[48]. Together, this results in amorphous materials displaying greater aqueous solubility 

thereby increasing bioavailability. Consequently, many researchers convert crystalline 

drugs into amorphous formulations to harness these favourable properties [49]. As 

evident in Figure 3.2, both Cur and BrNQ have high levels of crystallinity. On the 

contrary, CurNQ has a highly amorphous structure. The amorphous nature of CurNQ 

is confirmed through both the PXRD and the DSC spectra. Concerns exist relating to 

the re-crystallization of an amorphous formulation which would then decrease its 

solubility and bioavailability [50]. As seen in Figure 3.2, the crystallization peak of 

CurNQ occurs at 172°C. This temperature would not be reached in vivo and thus 

removes the possibility of crystallization subsequent to treatment or during storage. 

The naturally amorphous nature of CurNQ is highly favourable and it is expected this 

amorphous nature will enhance CurNQ`s bioavailability and further eludes to CurNQ to 

be a highly promising drug candidate. 
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Figure 3.2: Structural Characterisation of CurNQ and comparison with Cur and BrNQ A) FTIR 

spectra B) PXRD spectra. C) DSC thermograms. The spectral characteristics of CurNQ was 

elucidated through FTIF, DSC and PXRD and these spectral characteristics were compared to 

those of Cur and BrNQ.  

A 

B C 



81 
 

 Fluorescent characterisation of CurNQ 
 

The rationale behind this novel theranostic molecule was to synthesize a novel 

molecule that exhibits fluorescent and anti-cancer properties, along with cancer 

targeting abilities. CurNQ contains multiple aromatic groups. Aromatic groups are 

known to exhibit intense fluorescence [51]. Consequently, CurNQ was expected to 

exhibit intense fluorescence owing to its highly aromatic chemical structure. This 

property can be exploited for cancer diagnostics, as a fluorescent signal can be 

detected and tracked in vivo. The excitation and emission spectra of a 1.5 µM solution 

of CurNQ was ascertained using the Shimadzu RF-6000 spectrofluorophotometer. The 

excitation peak of CurNQ was determined to be at 595 nm with the emission peak at 

670 nm. A high intensity peak was detected thus confirming the innate fluorescent 

nature of CurNQ and this fluorescent signal was further confirmed on the fluorescent 

microscope. Moreover, CurNQ displayed a large stokes shift of 75 nm. A large stokes 

shift is crucial for in vivo imaging applications as it reduces the overlap between the 

excitation and emission spectra thus reducing self-absorbance [52].  

 

Figure 3.3: Fluorescence properties and pH specific properties of CurNQ A) Excitation and 

emission spectra of 1.5 µM solution of CurNQ B) Saturation solubility of a I.5 µM solution of 

CurNQ at pH 7.4 and 6.8. 
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 pH responsivity of CurNQ 
 

The non-specificity and untargeted nature of current chemotherapeutics is a major 

hindering factor to successful treatment, as unspecific treatment results in severe side 

effects and often displays poor efficacy. Consequently, cancer targeting and specific 

release of an active agent at the tumour location is essential. Multiple tactics can be 

employed to achieve this. Herein, the acidification of the tumour microenvironment that 

accompanies malignant transformation was exploited for targeted detection and 

treatment. As seen in Figure 3.3, CurNQ displays a low solubility at physiological pH 

(pH 7.4); with a small shift in pH from 7.4 to 6.8, CurNQ experiences a dramatic 

increase in solubility. The saturation solubility increased from 11.15 µM at pH 7.4 to 

20.7 µM at pH 6.8. Hence, the saturation solubility almost doubled in response to this 

small change in pH. This establishes that CurNQ is highly pH responsive and 

demonstrates pH specific solubility. The slight acidification of the microenvironment 

surrounding a tumour is a hallmark feature of cancer and is termed the Warburg effect 

[14]. Therefore, CurNQ can detect this change in pH associated with malignant 

transformation resulting from its pH specific solubility. More than this, CurNQ displays 

bright fluorescence once soluble (Figure 3.3), thus the detection of the acidic 

microenvironment will be accompanied with a sharp increase in fluorescent intensity. 

Indeed, CurNQ demonstrates cancer targeting and detection abilities owing to its pH 

specific solubility and fluorescent properties. 

 

 High Content Imaging and in-depth Cytotoxicity studies of CurNQ, Cur and 

BrNQ 
 

High content imaging is an advanced technique that combines high throughput 

techniques and fluorescent microscopy to obtain quantitative data from complex 

biological systems [53]. It is a robust method utilising an automated microscope that 

allows for rapid, high content image acquisition and analysis [54]. Multiple independent 

measurements can be collected from a single cell or a single cell population. High 

content imaging removes the limitations of other techniques which collect a single 

average value for a population of cells, this technique allows for individual cells to be 

monitored and the effects of a drug to be quantified independently and simultaneously. 

Furthermore, high content imaging allows for the full effect of a selected compound to 

be evaluated in vitro [53]. Herein, this advanced technique was employed and using 
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this technique, the toxicity and dose dependency of CurNQ, Cur and BrNQ on three 

cell lines at 24- and 48-hours intervals was evaluated. Moreover, the morphological 

changes associated with treatment were quantified and analysed.  

 

OC was selected as the model cancer type for this study. To this end, two OC cell lines 

namely, OVCAR-5 and SKOV3 were utilised. The toxicity of CurNQ as well as any 

morphological changes that were induced through CurNQ treatment were ascertained 

using a high content imaging system. This high throughput imaging and screening 

method allows for an in-depth analysis of the effect CurNQ has on OC cells. The cells 

were also treated with equivalent concentrations of Cur and BrNQ. This acted as a 

comparative analysis, as previous studies have demonstrated the anti-cancer 

properties of these two compounds. Owing to the retention of active moieties of Cur 

and BrNQ in the novel molecule, it was expected that the viability results to resemble 

that of Cur and BrNQ; thus, all assays were performed with all three compounds.  

 

All three compounds displayed considerable reductions in cell viability in both OVCAR-

5 and SKOV3 cell lines. OVCAR-5 cell viability was greatly reduced in response to 

CurNQ treatment. Low concentrations of CurNQ reduced cell viability to below 40% 

after 24-hour incubation and cell viability reduction occurred in a dose dependent 

manner. After 48-hour incubation, cell viability increased slightly; however, this 

increase was not significant. The cell viability assay demonstrated that the toxicity of 

CurNQ to OVCAR-5 cells was in between that of Cur and BrNQ. Cur treatment did 

result in cytotoxicity, however, even at highest treated concentrations, cell viability did 

not reduce to below 30%. 
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Figure 3.4: Cell viability assays were performed using a High Content Imaging System. Three 

cell lines were utilised, 2 OC cell lines and 1 healthy fibroblast cell line. A) OVCAR-5 B) SKOV3 

C) 3T3. Each cell line was treated with varying concentrations of Cur, CurNQ and BrNQ and 

treatments where incubated for 24- and 48-hour intervals.  

 

Additionally, reduction in cell viability in response to Cur treatment was not dose 

dependent, but an overall general decrease in cell viability was observed. This may be 

owing to Cur degradation in cell culture media [32]. BrNQ treatment exhibited a far 

more potent cytotoxic effect than Cur treatment to OVCAR-5 cells (p = 0.000). In 

addition, the cytotoxic nature of BrNQ is highly dose dependent. A 20 µM treatment of 

BrNQ resulted in cell viability being reduced to below 10% after 24 hours. Reductions 

in cell viability to CurNQ treatment were observed in both OVCAR-5 and SKOV3 cell 

lines, and no statistical difference was observed between these two cell lines to CurNQ 
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treatment (p = 0.743). Cell viability increased slightly after 48 hours for CurNQ 

treatment, but this increase was insignificant (p=0.8970). This sharp reduction in cell 

viability observed in response to CurNQ treatment in both OVCAR-5 and SKOV3 cell 

lines is promising data suggesting that CurNQ could act as a potent anti-cancer drug 

against OC. 

 

The above assay was also performed on the healthy fibroblast line, 3T3. This acted as 

a control cell line and allowed for the effects of CurNQ on non-malignant cells to be 

ascertained. Traditional chemotherapeutics result in severe side effects owing to their 

non-specific toxicity, resulting in the equal death of healthy and malignant cells. The 

development of a treatment that is only toxic to cancerous cells would be highly 

advantageous and greatly enhance the clinical applications of such an anti-cancer 

agent. 3T3 cells did see a reduction in cell viability in response to CurNQ and BrNQ 

treatment (p=0.0185). BrNQ displayed severe toxicity to the healthy cells and cell 

viability dropped to below 15%; thereby, further demonstrating its clinical barriers to 

use as an anti-cancer agent. On the contrary, 3T3 cells did not experience severe 

toxicity to CurNQ treatment. Even at the highest tested concentration of CurNQ, the 

cell viability only dropped to 44%, although the reduction in cell viability was significant 

it was less severe than in response to BrNQ. These results are promising and indicate 

a lower overall toxicity of CurNQ to healthy cells. This would further accentuate 

CurNQ`s application as a cancer treatment as healthy cells will be affected to a far less 

extent than the malignant cells. On the contrary, the reduction in cell viability of 3T3 to 

Cur treatment was erratic and was not dose dependent. This further demonstrates the 

unreliability and unpredictability of Cur treatment owing to Cur instability and 

degradation.  

 

A three-way ANOVA statistical analysis was performed with the above data using 

Stata/IC 15.1 software. Across the three cell lines, there was a statistically significant 

difference (p = 0.000) to Cur, CurNQ and BrNQ treatment on cell viability and the 

administered concentration was also significant (p = 0.0095). Interestingly, the 

incubation time applied (p = 0.8807) was not significant. Additionally, the cell line had 

a significant impact of the treatment outcome (p = 0.0000). A Tukey post-hoc test 

revealed that there was no statistical difference in reduction of cell viability between 

OVCAR-5 and SKOV3 cell lines to CurNQ treatment (p = 0.743), however both cell 
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lines cell viabilities were reduced to a significant difference compared to 3T3 (p= 0,001; 

0,000). These statistics demonstrate that CurNQ is more effective in reducing cell 

viability in malignant cell lines than in a healthy fibroblast cell line.  

 

It has been well established that Cur displays poor solubility and bioavailability and is 

highly unstable. Cur degrades rapidly in various conditions and has multiple confirmed 

metabolites. Wang et al [32] demonstrated that 90% of Cur degrades within 30 minutes 

in PBS as well as 90 % degradation in cell culture media supplemented with FBS after 

8 hours. This rapid and complete degradation of Cur in PBS and cell culture media can 

explain the absence of dose dependent cell viability results to Cur treatment. All 

treatments were prepared in PBS and then added into the cell culture media. This 

would have resulted in the total degradation of Cur prior to the 24-hour incubation 

period. Cur degrades into at least 5 different metabolites, some of which are thought to 

have anti-cancer properties of their own and some of which do not (Figure 1.5) [33]. 

The unpredictability of Cur degradation precludes the results obtained to be highly 

accurate as each treatment event could have resulted in the formation of different 

metabolites as well as at varying proportions. This lack of stability and rapid 

degradation of Cur in aqueous solutions is greatly overlooked and is not considered in 

majority of research articles utilising Cur alone. These prohibitive properties preclude 

Cur’s use as an anti-cancer agent. 

 

Figure 3.5 displays microscopy images comprised of brightfield images overlaid on 

fluorescent images with DAPI staining. These images were acquired simultaneously 

using high content imaging. This combination of brightfield and fluorescent microscopy 

allows for a visual representation of the effect of treatments on OVCAR-5 cells 

morphology after 24 hours. Phenotypic changes that occurred in response to treatment 

can be visually monitored and qualitative data can be obtained. The reduction in cell 

count in response to an increased dosage of each treatment is clearly apparent and 

Figure 3.5 is a visual representation of the cell viability data displayed in Figure 3.4. As 

seen in Figure 3.5, cellular morphology becomes less consistent and variations in cell 

morphology are evident with increasing concentration of CurNQ. Importantly, the high 

content imaging software that was used to acquire these images also gives quantitative 

data on the morphology of the cells in these images, allowing for changes in 

morphology to be quantitatively assessed. This combination of qualitative and 
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quantitative data makes the high content imaging a powerful tool for drug discovery. 

The phenotypic changes in response to treatment can elucidate important cellular 

events and further reveal the mechanisms of action and effectiveness of a target 

compound. The use of machine learning to evaluate the morphological changes in 

response to a test compound is an advanced method to analyse the potential 

effectiveness of a novel compound. Cell morphology of OVCAR-5 cells in response to 

varying concentrations of Cur, CurNQ and BrNQ was quantified using the CELENA® 

X High Content Imaging System and their algorithm (Figure 3.6).  

 

Apoptosis is characterised by chromatin condensation, disassembly of nuclear scaffold 

proteins and DNA fragmentation [55]. These events would lead to the condensing of 

the nucleus, thereby resulting in the nucleus to become more rounded. This rounding 

of the nucleus can be detected, and the extent of rounding can be quantified using High 

Content Imaging, consequently, allowing for apoptosis to be detected and quantified. 

Compactness is a measure of a spheroid’s fullness. An equally filled circle will have a 

compactness of 1, with irregular objects or objects with holes having a value greater 

than 1. Therefore, in the context of cellular morphology, it would be expected that the 

compactness of healthy cells to be close to 1, and cells that are experiencing stress 

and that are undergoing apoptosis to have a compactness exceeding 1. Healthy cells 

would exhibit a compactness value close to 1, as a healthy nucleus is evenly “filled” 

with DNA. Apoptosis induces DNA fragmentation, thus reducing the amount of DNA 

evenly spread out across the area of the nucleus, thus a cell undergoing apoptosis 

would have a compactness exceeding 1 as DNA fragmentation would make the 

nucleus appear to have ‘holes’ or to appear irregular; the results concur with these 

assumptions. The compactness of all treated cells was greater than the control (Figure 

3.6). This indicated that DNA fragmentation and nuclear distortion was occurring as the 

nuclei became irregular subsequent to treatment. This concurs with the results 

displayed in Figure 3.4 that demonstrated the substantial reduction of cell viability in 

response to treatment.  

 

Moreover, the form factor and eccentricity values were obtained. These values indicate 

the level of circularity of an object. Form factor is calculated as 4*π*Area/Perimeter2 

and equals 1 for a perfectly circular object. The eccentricity is the ratio of the distance 

between the foci of the ellipse and its major axis length. The value is between 0 and 1. 
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An ellipse with an eccentricity of 0 is a circle, while an ellipse with an eccentricity of 1 

is a straight line. Chromatin condensation and DNA fragmentation is a hallmark of 

apoptosis [54]. Chromatin condensation causes the DNA to become dense, thereby 

condensing the nucleus into a more circular object. Therefore, a cell undergoing 

apoptosis would display a higher form factor and lower eccentricity.  

 

As evident in Figure 3.6, the form factor was only greatly altered in cells treated with 

CurNQ and BrNQ greater than 50 µM, and this treatment induced a large increase in 

the form factor. Therefore, after 50 µM of CurNQ or BrNQ treatment, higher levels of 

apoptosis would be expected as chromatin condensation causes the nucleus to 

become more rounded. Indeed, this aligns with the cell viability results in Figure 3.4. 

Moreover, eccentricity decreased in a dose dependent manner in response to CurNQ 

treatment, and it was reduced to a greater extent than both Cur and BrNQ treated cells. 

A lower eccentricity value indicates the nucleus is becoming more rounded, thus 

implying chromatin condensation and apoptosis was occurring. All three indicators of 

cell morphology align in indicating that apoptosis was induced in response to Cur, 

CurNQ and BrNQ treatment. Nuclear morphology is altered, the nuclei becomes more 

irregular and circular in shape. This eludes to chromatin condensation and DNA 

fragmentation thus indicating the induction of apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 
 

 5µM 20µM 100µM 

Cur 

  

 

CurNQ 

 

 
 

BrNQ 

   

Control 

 

 

 

 

Figure 3.5: Brightfield Microscopy images overlaid on fluorescent microscopy images with 

DAPI staining. Acquired through High Content Imaging.   
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Figure 3.6: Cell morphology analysis of OVCAR-5 cells subsequent to Cur, CurNQ and BrNQ 

treatment. Cell morphology data obtained on the CELENA® X. A) Eccentricity B) Compactness 

C) Form Factor 
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 Conclusions 

 

A novel theranostic molecule (termed CurNQ) was synthesised through a Williamson 

ether synthesis reaction between the phytochemicals Cur and lawsone. The CurNQ 

structure was confirmed through 1H and 13C NMR and HRMS-ESI. CurNQ was found 

to be highly pH specific with preferential solubility at the pH of the tumour 

microenvironment enabling tumour targeting in OC. Moreover, CurNQ facilitated 

tumour detection once soluble at the tumour microenvironment due to its intense innate 

fluorescence. Furthermore, CurNQ was cytotoxic to two OC cell lines demonstrating its 

applicability as a potential chemotherapeutic agent. Clearly, CurNQ has theranostic 

properties and may have applications in the simultaneous targeting, detection and 

treatment of OC.  
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  Chapter 4: Theranostic Mesoporous Silica Nanoparticles for 
Potential Cancer Targeting, Diagnostic and Treatment 

Applications 
 

 

 Introduction 

 

Leaky tumour vasculature is a hallmark feature of cancer. This induces nanoparticles 

to leak out of tumour blood vessels [1]. This phenomenon does not occur in heathy 

vessels owing to well-organized branching and regularly spaced capillary beds. This 

highly structured vessel is not apparent in tumour vasculature on account of rapid 

tumour growth, allowing for the leaking of nanoparticles into the tumour interstitium. 

Concurrently, poor tumour lymphatic drainage enables nanoparticle accumulation and 

enhanced retention [2,3]. The automatic accumulation of nanoparticles in tumour tissue 

has been well documented and is referred to as the Enhanced Permeation and 

Retention (EPR) effect [1]. This effect has been the rationale behind the field of 

nanomedicine for cancer intervention. EPR allows for the passive targeting of 

nanoparticles to tumour tissue [4]. The addition of an active targeting strategy in 

conjunction with EPR can allow for enhanced tumour targeting capabilities. 

 

Mesoporous silica nanoparticles (MSN) are a class of nanoparticles that have been 

widely studied for drug delivery applications. Silica is one of the most abundant natural 

resources and has been deemed safe and is widely used in food additives, 

pharmaceutical products and cosmetics. With the explosion into nanomedicine 

research, silica has been the focus of an abundance of research, mainly in terms of 

drug delivery [5,6]. MSN have numerous features that make them ideal for advanced 

drug delivery. These features include their solid framework, high surface to volume 

ratio, them being mesoporous thereby allowing for drug loading, their chemically inert 

nature, along with their biocompatibility, biodegradability and that they show no toxicity 

in vitro [7–11]. Moreover, their hydrophilic silanol surface is ideal for the delivery of low 

solubility drugs and allows for easy surface functionalization [10]. The large pores 

evenly distributed over the surface of MSN are ideal for drug loading, especially for the 

loading of hydrophobic drugs. The loading of hydrophobic drugs into MSN has become 

a standard approach in the delivery of hydrophobic drug molecules. The poor solubility 
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of these drugs is overcome as EPR delivers these loaded drugs directly into the tumour 

[12]. These properties of MSN make them ideal for the delivery of the novel molecule 

CurNQ. Consequently, MSN were selected as the nanoparticle of choice for CurNQ 

delivery. 

 

New cancer therapies should circumvent the issues that plague current 

chemotherapeutics, some of which include: high toxicity, non-specificity, cancer 

resistance and the lack of early detection systems [2,13]. One of the current trends in 

cancer research is the development of advanced platforms using nanotechnology that 

allows for simultaneous diagnostics and treatment, this field of research is referred to 

as theranostics [14]. Concurrent diagnostics and treatment would allow for earlier 

detection and treatment of malignancy, resulting in improved prognosis and lower 

mortality rates [15]. 

 

Theranostic intervention is often achieved using nanotechnology. Nanomedicine has 

become of great interest in the field of cancer research on account of enhancements 

to drug delivery mechanisms [1]. A significant barrier to cancer treatment is the non-

specificity of treatment which induces severe side effects and reduces treatment 

efficacy [13,16]. The targeting of treatment to cancer cells would reduce systemic 

toxicity and increase treatment effectiveness and thus is of immense interest [15]. The 

tuneable and controllable drug delivery that can be achieved using nanomedicine has 

propelled this field forward into the spotlight of cancer intervention [17]. 

 

The novel theranostic molecule described in the previous chapter was designed for the 

purpose of simultaneous cancer targeting, detection and treatment and was termed 

CurNQ (Chapter 3). The aim of this chapter was to enhance the theranostic capabilities 

of the novel molecule through advanced drug delivery techniques through the formation 

of a detectable fluorescent nanoparticle. The inclusion of MSN aimed to allow for the 

fluorescence of CurNQ to be detected and tracked. Moreover, MSN aimed to enhance 

the targeting capabilities on account of the EPR effect. Chapter 4 presents the 

synthesis of the complete nanosystem and explores its theranostic properties in vitro. 

Chapter 4 demonstrates the synthesis of MSN with an average size of 108 d.nm, a zeta 

potential of -42 mV and a PDI of 0.150. MSN were impregnated with CurNQ to form 

the novel nanosystem MSN_CurNQ. MSN_CurNQ was demonstrated to have pH-
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responsivity whereby after 96 hours, at pH 7.4 31.5% of CurNQ was released from the 

MSN compared to 57% release at pH 6.8, corresponding to an 25.5% increase in 

release with a 0.6 pH drop. The innate fluorescence was then characterised through 

confocal and fluorescence microscopy. Microscopy images illustrated the clear, 

distinct, specific, high intensity innate fluorescence of MSN_CurNQ which also 

demonstrated a high background to target ratio, thus confirming detection capabilities 

and potentially extending MSN_CurNQ’s application to molecular imaging purposes. 

Moreover, the chemotherapeutic potential of MSN_CurNQ was demonstrated as cell 

viability was reduced to below 50% in OVCAR-5, CACO-2, CHLA and MCF-7 cell lines. 

Furthermore, MSN_CurNQ displayed tumour specific toxicity whereby the cell viability 

was reduced to a far greater extent in the cancer cell lines compared to a healthy 

fibroblast cell line (p=0.000). Indeed, the novel MSN_CurNQ nanosystem has potential 

for applications in cancer targeting, detection and treatment. 

 

 Materials and Methods 

 

 Materials 
 

Hexadecyltrimethylammonium bromide (CTAB; MW- 364.45), Pluronic F-127 (MW – 

12600), Tetraethyl orthosilicate (TEOS; MW - 208.33), Phalloidin-Atto 488 (MW- 1472) 

and 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, MW- 350.25) were 

purchased from Merck/Sigma Aldrich (Darmstadt, Germany) and were used as 

received. High purity solvents (>98%) were purchased from ACE chemicals 

(Johannesburg, South Africa) and were also used as received. Cell lines were all 

purchased from Cell Biolabs Inc (San Diego, USA) and from Fox Chase Cancer Center 

(Philadelphia, USA). Cell culture consumables, 3- [4,5- dimethylthiazol-2-yl]-2,5-

diphenyl tetrazolium bromide (MTT), and other cell culture reagents were purchased 

from Thermo Fischer Scientific (Waltham, USA).  

 

 Mesoporous silica nanoparticle synthesis 
 

Mesoporous silica nanoparticles (MSN) were synthesised using a modified method 

originally reported by Yang and co-workers (Figure 4.1) [18]. Briefly, 1 g of cetrimonium 

bromide and 1 g of Pluronic F-127 was added to 480 mL of deionised water and was 

mixed at room temperature until a clear solution was obtained. To this, 3.5 ml of 2M 
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sodium hydroxide was added and the temperature was slowly increased to 80 °C. Once 

this temperature was kept constant, 6 mL of tetraethyl orthosilicate (TEOS) was added 

dropwise to the stirring solution at a constant drop rate. The solution was then allowed 

to stir rapidly for 2 hours. The solution was then filtered and dried at room temperature 

for 24 hours to obtain a white powder. This white powder was then calcined in a furnace 

at 550 °C for 5 hours to remove the unwanted surfactants.  

 

 

 

Figure 4.1: Reaction scheme for the synthesis of MSN 

 

 Determination of MSN size and zeta potential 
 

The size and zeta potential of the synthesised silica nanoparticles were analysed using 

the Zetasizer Nano ZS (Malvern, UK.). Dilute 10 mL suspensions of nanoparticles were 

sonicated for 30 minutes at room temperature to reduce particle aggregation. 2 mL of 

the dispersed samples were filtered into disposable cuvettes and the size, 

polydispersity index (PDI) and zeta potential values were recorded at 25°C on the 

ZetaSizer Nano ZS.  
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 MSN morphological characterisation  
 

Scanning electron microscopy (SEM) using a FEI Nova Nanolab 600 SEM was 

performed to determine nanoparticle morphology as well as offered a confirmation of 

the size determined through dynamic light scattering (obtained on the Zeta Sizer). 

Powdered sample of the nanoparticles was placed onto an aluminium specimen stub 

covered with a double-sided carbon adhesive disc and placed under a vacuum, flushed 

with argon, evacuated and sputter coated with gold for 4 minutes at 20kV. SEM images 

were obtained on a FEI Nova Nanolab 600 FEG-SEM/FIB. 

 

 Loading of CurNQ into MSN to create novel nanosystem 
 

MSN were impregnated with CurNQ and were designated MSN_CurNQ. To achieve 

this, the methodology previously utilised by Jambhrunkar et al [19] to load Cur into MSN 

was followed owing to similarity. Here 40mg of CurNQ was dissolved in methanol and 

mixed with 160 g of MSN particles (1:4 ratio) rapidly for 24 hours at room temperature 

protected from light. The solvent was then slowly removed under reduced pressure 

using a rotary evaporator, further encouraging CurNQ entrapment. The particles were 

washed thrice with ethanol and twice with deionised water to remove unentrapped 

CurNQ and loaded particles were collected via centrifugation at 5000 rpm for 10 

minutes. The particles were then dried in an oven overnight at 37 °C. The above 

procedure was repeated with Cur to produce MSN_Cur, which was to be used for 

comparative analyses.  

 

 Determination of Encapsulation efficiency of CurNQ within MSN 
 

A mixture containing 40 mg of CurNQ and 160 mg of MSN was added to methanol and 

was stirred rapidly, allowing for loading to occur [19]. The UV absorbance of the solution 

was measured at 429 nm at varying time points over 48 hours.  

 

𝐴𝑏𝑠 𝑎𝑡 𝑠𝑡𝑎𝑟𝑡 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑚𝑒𝑛𝑡 − 𝐴𝑏𝑠 𝑎𝑓𝑡𝑒𝑟 48 ℎ𝑜𝑢𝑟𝑠 = 𝐴𝑏𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑑𝑟𝑢𝑔 𝑢𝑝𝑡𝑎𝑘𝑒 

 

A decrease in absorbance over 48 hours was recorded and the concentration of drug 

uptake was calculated using a standard curve of concentration versus UV absorbance 

at 429 nm (R2=0.99). 
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Encapsulation efficiency was then calculated using the formula: 

 

𝑑𝑟𝑢𝑔 𝑢𝑝𝑡𝑎𝑘𝑒

𝑇𝑜𝑡𝑎𝑙 𝑑𝑟𝑢𝑔
 × 100 

 

Entrapment efficiency values of 54.54% and 32.5% were computed for CurNQ and Cur, 

respectively. A decrease in UV absorbance indicated successful entrapment owing to 

CurNQ being impregnated into MSN thereby being removed from the solution.  

 

 Determination of CurNQ release profile from MSN at varied pH 
 

CurNQ release from the MSN nanoparticles was measured at pH 7.4 and 6.8 at 37 °C 

for both MSN_CurNQ and MSN_Cur. One mg/mL of CurNQ-loaded nanoparticles were 

immersed in a PBS/CTAB solution and the pH of each sample was adjusted to mimic 

both physiological conditions (pH 7.4) and at the tumour microenvironment (pH 6.8). 

Samples were incubated and stirred on an orbital shaker incubator at a rate of 50rpm 

at 37 °C. At 12-hour intervals, 1 mL of buffer was removed, and UV absorbance was 

measured through UV/Vis spectroscopy at 429nm. Total CurNQ release was then 

calculated using a standard curve (R2=0.99) for both CurNQ and Cur respectively. The 

experiment was performed in triplicate to ensure statistical reliability (N=3). The 

experiment was concluded after 96-hours as no more CurNQ was released after this 

time.  

 

 In vitro determination of chemotherapeutic potential of MSN_CurNQ 
 

Multiple cell lines were used to determine the cytotoxic effects of MSN_CurNQ and 

MSN_Cur on a variety of cancer types. The following cell lines were cultured namely: 

OVCAR-5, 3T3, MCF-7, HeLa, CACO-2, HT-29 and CHLA. The cell lines were cultured 

using standard tissue culture techniques. Cells were either grown in RMPI 1640 or 

DMEM, depending on the guidelines specified by the cell line supplier. All media was 

supplemented with 10% foetal bovine serum (FBS) and 1% Streptomycin and penicillin 

[20]. Cells were incubated at 37⁰C at 5% CO2 atmospheric pressure. Once cells 

reached 80% confluency, cells were detached and sub-cultured using trypsin (0.05% 

w/v) and EDTA (0.01% w/v). 
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  Cytotoxicity studies through MTT assays 
 

Seven cell lines were cultured and the cytotoxicity of MSN_CurNQ and MSN_Cur was 

evaluated on all 7 cell lines. This allowed for an in-depth analysis of the cytotoxic effect 

of the loaded nanoparticles on a variety of cancer types. Cells were cultured as per 

above conditions. Upon the cells reaching 70-80% confluency, the cells were washed, 

and sub-cultured by harvesting using trypsin/EDTA. Thereafter, 1.5 x 104 cells (counted 

using trypan blue exclusion dye method) were plated in each well of a 96 well dish and 

were incubated at 37°C in 5% CO2 for 24 hours, allowing for cell attachment. 

Subsequently, cells were treated with varying concentrations of MSN_CurNQ and 

MSN-Cur. Cells were incubated in treatments for 24, 48, and 72-hour time period. After 

which, 3- [4,5- dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) reagent 

was added and left for 4 hours, subsequently, the MTT reagent was removed and 

DMSO was added to solubilize the formazan crystals. All samples were performed in 

quadruplicate for statistical reliability. Absorbance readings were then recorded on a 

Perkin Elmer Victor X3 2030 multilabel reader at 570 nm and 690 nm. 

 

 Determination of Fluorescent properties of MSN_CurNQ using Confocal 

microscopy  
 

OVCAR-5 cells were cultured on coverslips and allowed to reach 70% confluency. Cells 

were then treated with MSN_CurNQ for 24 hours, thereby allowing for cellular uptake 

to occur. After this, Phalloidin-Atto 488 was added, and staining occurred over 30 

minutes. Cells were then washed and fixed through incubation in 5% formaldehyde in 

PBS for 20 minutes. After fixation, DAPI stain was added at a concentration of 1 µg/mL 

and samples were left to incubate for 15 minutes in the dark. Hereafter, samples were 

washed thoroughly with PBS to remove unstained DAPI. Coverslips were stored in the 

dark in PBS. Coverslips were viewed on the Zeiss Laser Scanning Confocal 

Microscope (LSM) 780 (Oberkochen, Germany). Super resolution microscopy was 

performed using Airyscan technology as an add on feature to the LSM confocal 

microscope.  
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 Cytotoxicity studies using High Content Imaging System 
 

High content imaging is an advanced technique that combines high throughput 

techniques and fluorescent microscopy to obtain quantitative data from complex 

biological systems [21]. It is a robust method utilising an automated microscope that 

allows for rapid, high content image acquisition and analysis [22]. Cells were grown 

until 80% confluency prior to utilisation. Upon confluency, media was removed, and 

cells were washed twice in sterile PBS. Trypsin/EDTA was then added to the flasks 

and incubated at 37°C for 5 minutes, allowing the cells to detach from the bottom of 

the flask. These cells were then collected and centrifuged. The pellet was resuspended, 

and the cells were counted using the trypan blue exclusion assay. A predetermined 

and equal number of cells were then added into each well of a 96 well plate. The cells 

were incubated overnight at 37°C and at 5% CO2, allowing the cells to attached to the 

plates. The following morning, cells were treated with each sample (MSN_CurNQ and 

MSN_Cur) at varying concentrations for 24 hours. Each treatment was performed in 

quintuplicate. After this time period, media was removed, and cells were fixed with 5% 

formaldehyde in PBS for 20 minutes. Next, cells were incubated for 15 minutes in a 1 

µg/mL solution of DAPI. The plates were then washed several times with PBS to 

remove all residual DAPI and to reduce background fluorescence. All plates were 

stored in the dark. Plates were then run on the Logos Biosystem CELENA® X High 

Content Imaging System and analyses were performed using their proprietary software 

(Geonggi-do, South Korea). 

 

 Results and Discussion 

 

 Synthesis and characterisation of mesoporous silica nanoparticles  
 

Mesoporous silica nanoparticles (MSN) were synthesised and were aimed to act as a 

delivery platform for CurNQ [18]. Multiple methods for MSN synthesis were performed 

with their products being evaluated in terms of size, zeta potential ease of synthesis 

and reproducibility. A summary of synthesis routes performed is presented in Appendix 

C. Small particles with an average size around 100 d.nm with a substantial negative 

zeta potential were desired, allowing for the EPR effect as well as for the colloidal 

stability of the particles. A modified method from Yang, et al, allowed for the synthesis 

of MSN with the desired characteristics [18].  
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As shown in Figure 4.1, the average size of the synthesised MSN was determined to 

be 108 d.nm with a polydispersity index (PDI) of 0.150. Moreover, the zeta potential of 

the nanoparticles was determined to be -42 mV, confirming the colloidal stability of the 

nanoparticles with reduced potential for aggregation. Synthesis and particle evaluation 

were performed in triplicate to confirm reproducibility of desired MSN synthesis. 

 

The particle size was further confirmed, and the morphology determined through 

scanning electron microscopy (SEM). This allowed for the surface of the nanosystem 

to be characterised and to ascertain if the morphology of the nanosystem was uniform. 

As seen in Figure 4.1, the particles displayed a uniform morphology, being oval in 

shape and the average size of the particles observed through the SEM concurred with 

the zeta analysis results, with an average approximate size of 108 d.nm. (Figure 4.1). 

This uniformity was expected owing to the low PDI value which indicated an overall low 

polydispersity of the sample. 
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Figure 4.2: Size, morphology and zeta potential analysis of synthesised MSN. A) Size of MSM 

determined to be 108 d.nm through dynamic light scattering (N=3) B) Zeta potential of MSN 

obtained using the ZetaSizer and determined to be -42 mV (N=3) C) SEM microscopy image 

of the surface of MSN to evaluate surface morphology.  

 

 

 Impregnation of MSN with CurNQ  

 

Following MSN synthesis and calcination, MSN was impregnated with CurNQ and Cur 

individually to create the nanosystems MSN_CurNQ and MSN_Cur respectively. This 

was achieved through rapid mixing of the MSN and CurNQ in a small volume of 

methanol protected from light at room temperature for 48 hours, allowing for CurNQ to 

be impregnated in the pores of the MSN. Successful loading of MSN with CurNQ was 

confirmed through UV/Vis absorbance readings. The absorbance readings were taken 

before, during and after the 48-hour period. A decline in absorbance readings 

corresponded to the uptake of the drug into the pores of the nanoparticles, thereby 

leaving the solution and reducing the absorbance of the solution. This uptake was 

quantified, and the encapsulation efficiency was calculated. Moreover, to further 

confirm successful CurNQ encapsulation the size of the loaded nanoparticles was 

measured and compared to the empty nanoparticles. As expected, the size of the 

CurNQ loaded particles increased upon drug loading from an average of 108 d.nm to 

214 d.nm. This increase in size was owing to the pores of the particles being 
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impregnated with the product. The above process was repeated for the loading of Cur 

into MSN, thereby acting as a control. The entrapment efficiencies were calculated to 

be 54,54% and 32,5% for CurNQ and Cur respectively.  

 

 Evaluation of pH-responsiveness of MSN_CurNQ  

 

To support constant cell growth and proliferation, a cancer cell increases glycolysis and 

bypasses oxidative phosphorylation, this allows for the rapid production of ATP and for 

cellular proliferation to continue unabated [21]. This phenomenon is known as the 

‘Warburg effect’ and is a hallmark feature of oncogenesis. This increase in glycolysis 

induces the acidification of the ECM, owing to the production of lactate [21]. This results 

in the slight acidification of the tumour microenvironment and allows for the 

differentiation between cancerous and healthy tissue [21]. However, this overall pH 

reduction is slight. Therefore, exploiting this pH reduction to detect and target malignant 

cells would require a robust detection system which is highly pH sensitive and would 

elicit a large response to a small change in pH. As discussed in chapter 3, CurNQ 

displays pH-responsive solubility within the pH change that occurs during malignant 

transformation and demonstrated a substantial increase in solubility with a shift in pH 

from 7.4 to 6.8. Moreover, CurNQ was demonstrated to have high fluorescent intensity 

thereby releasing a strong fluorescent signal once soluble. It was thought that this shift 

in solubility and concurrent fluorescence could act as a molecular switch allowing for 

potential tumour targeting and detection applications.  
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Figure 4.3: Release assay of CurNQ and Cur from MSN at pH 7.4 and pH 6.8 over a 96-hour 

period.  

 

It was of interest to determine if this molecular switch occurred when CurNQ was 

loaded onto MSN and if this molecular switch could be exploited for cancer targeting; 

therefore, a release assay of CurNQ from the MSN was performed at pH 7.4 and pH 

6.8. This assay again included MSN_Cur acting as a comparison and allowed for the 

novelty of this pH switch to be highlighted. As seen in Figure 4.3, there was a large 

difference between the release profile of CurNQ at pH 7.4 compared to at pH 6.8, as 

well as a highly statistically significant different release profile between MSN_CurNQ 

and MSN_Cur (p=0.0001). The release of CurNQ at pH 6.8 is just less than double its 

release at pH 7.4. At physiological pH (7.4), there was only 10% release within the first 

12 hours, with it reaching 20% after 24 hours and peaking at 31,5% at 96 hours. 

This was in stark contrast to the release profile of MSN_CurNQ at pH 6.8. With this 

small reduction in pH, the novel nanosystem released 43,45% after 48 hours, with the 

release peaking at 57% at 96 hours. This equates to a 25,5% increase in release 

occurring in response to a 0.6 reduction in pH. Consequently, the release of CurNQ at 



108 
 

pH 6.8 was almost double the release at pH 7.4. This difference in release between 

the two pH values was highly statistically significant with a corresponding p-value of 

0.000. This highly significant p-value confirms the effects of pH on the release of CurNQ 

from the MSN, verifying the pH responsivity and specificity of the nanosystem. 

Moreover, this highly statistically significant p-value emphasizes the robust nature of 

CurNQ pH-responsivity. Clearly, the change in pH associated with malignant 

transformation acts as a solubility switch for CurNQ. This pH specificity was not 

observed for MSN_Cur (p=0.31), and notably MSN_Cur exhibited a slightly greater 

release at physiological pH, thereby indicating its non-specific pH solubility and its 

inability to act as a tumour targeting agent.  

 

The synthesis of CurNQ saw the addition of two quinone moieties and the substantial 

pH dependent release profile difference between Cur and CurNQ can be attributed to 

the addition of these quinone moieties. Quinones undergo a reversible two-electron 

redox reaction and the corresponding redox potential is strongly pH dependent. At 

acidic pH, reduction occurs and is a single step two-electron two-proton process and 

this reduction forms a hydroquinone and this hydroquinone form has a greater solubility 

than the quinone form [22]. Thus, this redox reaction accounts for the switch in solubility 

and the pH dependent release. 

 

The release profile aligns with the saturation solubility results presented in chapter 3. 

At pH 7.4 CurNQ’s saturation solubility was determined to be 11.5 µM, compared to 

20.7 µM at pH 6.8. This drastic increase in solubility in response to a small change in 

pH is what would allow CurNQ to act as a cancer targeting molecule through a pH 

specific solubility switch. Figure 4.3 confirms that this solubility switch occurs once 

CurNQ was loaded into MSN as the release of CurNQ from the MSN occurred in a pH 

dependant manner.  

 

Furthermore, Figure 4.3 demonstrated the increase of release of CurNQ over a period 

of 96 hours thereby demonstrating sustained release of CurNQ from the MSN. This 

sustained release is imperative to allow for the fluorescent detection of a tumour and 

to offer effective treatment upon release, owing to sustained exposure to the anti-

cancer agent. Again, this sustained release is not evident in MSN_Cur, as after 48 
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hours, there is no longer further release of Cur, further highlighting the novelty and 

applicability of the novel nanosystem.  

 

Targeting the slightly acidic tumour microenvironment for tumour targeting, detection 

and specific drug release has been of great interest for cancer theranostic applications. 

Several strategies have been investigated by several researchers to achieve this. Such 

strategies have included the modification of nanoparticles whereby their surface was 

modified with a pH sensitive compound such as glycol chitosan or through the 

introduction of protonatable groups. Other avenues include using polymers whereby 

acid labile bonds are introduced or through an amphiphilic polymer triggered prodrug. 

Other researchers have used calcium carbonate nanocrystals loaded with cancer drugs 

that disassociate at the tumour microenvironment, thereby releasing the drug at the 

desired location [23–24]. Moreover, many of these strategies utilise the acidic pH of the 

exosome or lysosome that allows for drug uptake, as the pH in the exosome or 

lysosome is substantially different to the pH of the cytosol or the microenvironment, 

thus pH differentiation is easier to achieve compared to the highly sensitive system that 

is required to detect the change to a slightly acidic microenvironment that accompanies 

malignancy [23–24].  

 

The realisation of pH-responsiveness in this study differs to all the strategies mentioned 

above. To best of our knowledge we are not aware of any active compound that 

intrinsically offers robust pH sensitivity without the addition of nanomaterials or pH 

sensitive groups. The simplicity of the pH-responsive solubility of the active compound 

is unique and is highly novel, especially owing to the sensitivity and alignment to the 

pH change that occurs during malignancy. Not only is the molecule highly pH specific 

which is rare, but it offers this specificity at the exact change in pH that is stimulated in 

response to oncogenesis. Clearly, this is an exceptional finding and can be exploited 

for tumour targeting and detection applications. 

 

 Evaluating the innate fluorescence of MSN_CurNQ and its detection capabilities 

 
As discussed in detail in chapter 2, the need for novel fluorophores for imaging 

applications is immense and there is a wide range of possible applications for in vivo 

imaging and detection devices. The synthesis of a fluorescent compound that is ideal 



110 
 

for imaging applications is a large area of research. Here, the aim was to extend 

previous research in the synthesis of a novel fluorescent compound that possesses 

additional theranostic attributes. The considerations when designing a new fluorescent 

compound that is ideal for imaging applications is immense. An ideal fluorophore for 

imaging applications should have an appropriate background to target ratios, high 

specificity, appropriate absorption and emission wavelengths to avoid tissue 

autofluorescence, appropriate solubility and fluorescence stability, exhibit cell 

permeability and have a long fluorescent lifetime. The synthesis of a fluorophore that 

fulfils these requirements is a large task and is a vast area of research (Chapter 2). 

 

As presented in chapter 3, CurNQ has a high fluorescence intensity and as discussed 

above its pH-responsive solubility would allow it to release a fluorescent signal at the 

pH of the tumour microenvironment. However, without the loading of CurNQ onto a 

nanoparticle, the fluorescence of CurNQ cannot properly be traced and visualised, as 

generalised fluorescence is difficult to pinpoint in vitro and in vivo. Therefore, the 

loading of CurNQ onto a delivery vehicle is crucial to exploit its fluorescent capabilities 

for detection applications. In order to explore these fluorescent capabilities and to 

determine if MSN_CurNQ can be used for detection and imaging applications, confocal 

microscopy utilising super resolution Airyscan technology and fluorescent microscopy 

on the CELENA® X High Content Imaging System were performed.  

 

These assays were used to verify fluorescence and to determine whether the loaded 

nanoparticles could be accurately detected and visualised using the innate fluorescent 

properties of CurNQ; moreover, cellular uptake could be evaluated. Cellular uptake is 

important as for an active compound to exert its desired effect, it is required to enter 

the cell. The OC cell line OVCAR-5 was utilised for this assay. This cancer cell line was 

selected owing to the promising results which were observed in chapter 3, and 

consequently OC was used throughout as the model cell line to evaluate the novel 

theranostic molecule.  

 

Cells were incubated with MSN_CurNQ for 24 hours, to allow for cellular uptake to 

occur. Subsequently, cells were fixed in formaldehyde and stained with DAPI. The cells 

were then viewed under the Zeiss LSM 780 confocal microscope (Figure 4.4 and 4.5) 

as well as the CELENA® X High Content Imaging System (Figure 4.6).  
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Figure 4.4: Confocal microscopy images of MSN_CurNQ in OVCAR-5 cells after 24 hours. 

Blue fluorescence is DAPI nuclear staining and red fluorescence is MSN_CurNQ.  
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Figure 4.5: Confocal microscopy images of MSN_CurNQ in OVCAR-5 cells after 24 hours. 

Blue fluorescence is DAPI nuclear staining, green fluorescence is Phalloidin-Atto 488 actin 

stain and red fluorescence is MSN_CurNQ.  
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Figure 4.6: Fluorescent microscopy images acquired on the CELENA® X High Content 

Imaging System of OVCAR-5 cells incubated with MSN_CurNQ for 24 hours. Blue 

fluorescence is DAPI nuclear staining and red fluorescence is MSN_CurNQ. D) Cells given no 

treatment (control). No red fluorescence is present in the control group, confirming 

fluorescence is from MSN_CurNQ.  

C 

D 
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As seen in the microscopy images, MSN_CurNQ displayed clear, distinctive, high 

intensity fluorescence. The fluorescence was distinctive enough to pinpoint small 

clusters of nanoparticles, with almost no fluorescent blur. Moreover, an exceptionally 

high target to background ratio was observed with almost no background or unspecific 

fluorescence. This is a crucial requirement for a fluorophore effective for in vivo 

imaging. Hence, this distinctive and precise fluorescence with low background poses 

MSN_CurNQ as a potentially powerful imaging agent. Cell permeability is critical to 

allow for internal cellular imaging, as well as required for therapeutic applications; as 

seen in the above images, MSN_CurNQ exhibited cell permeability, and was evenly 

distributed throughout the cytoplasm. No loss of fluorescent intensity was observed 

after repetitive imaging over time using the same sample, therefore MSN_CurNQ has 

a long fluorescent lifetime, has stable fluorescence as was not easily photodegraded 

or photobleached. These fluorescent properties potentially offer the opportunity to 

extend the use of MSN_CurNQ for molecular imaging applications.  

 

Moreover, the fluorescent images demonstrate that there was cellular uptake of 

MSN_CurNQ, but not nuclear uptake. The nanoparticles can be observed to cluster 

around the nucleus, yet they do not enter the nucleus. Cellular uptake is of great 

importance, as for a drug to elicit its response, it is required to enter the cell. Clearly, 

cellular uptake occurs allowing for MSN_CurNQ to elicit its potential anti-cancer effects. 

Cellular uptake may occur through endocytosis or membrane permeation; however; 

the method of uptake cannot be determined through the above microscopy images. 

 

As discussed above, it was expected that the inclusion of a nanosystem would be 

required to realise the potential detection and imaging applications of CurNQ. 

Therefore, it was of interest to visualise cells treated with the loaded nanosystem 

MSN_CurNQ and CurNQ treatment alone. As seen in Figure 4.7, no red fluorescence 

is observable in cells treated with CurNQ alone, this indicates that CurNQ needs to be 

loaded onto a nanoplatform for detection capabilities to be realised.  

 

One of the main objectives of this research as to synthesise a molecule with appropriate 

fluorescent properties to allow for detection and imaging applications. Cur cannot be 

used for detection or imaging applications owing to its short fluorescent lifetime and its 

low quantum yield. Furthermore, it undergoes rapid photo bleaching and has a low 
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quantum yield and fluorescent intensity in aqueous solution [25]. Therefore, it was a 

challenge to improve these fluorescent properties with Cur’s core structure being 

present in CurNQ and to develop a fluorescent molecule having suitable properties for 

fluorescence detection applications. Cur has an excitation and emission spectra of 450 

nm and 550 nm and these wavelengths would induce tissue autofluorescence if used 

in in vivo applications, therefore a longer excitation wavelength is required to avoid 

autofluorescence. The synthesis of CurNQ resulted in the excitation and emission 

wavelengths being significantly red shifted compared to Cur. CurNQ had an excitation 

and emission wavelength of 595 nm and 670 nm respectively, this equates to a red 

shift of 145 nm. This is noteworthy, as excitation at 595 nm would substantially reduce 

tissue autofluorescence and would allow for effective in vivo imaging. Moreover, CurNQ 

displayed a large stokes shift of 75 nm. A large stokes shift is crucial for in vivo imaging 

applications as it reduces the overlap between the excitation and emission spectra thus 

reducing self-absorbance [26]. 

 

The microscopy images demonstrated MSN_CurNQ to have highly precise, distinctive 

and high intensity fluorescence. Moreover, a high target to background ratio, low 

fluorescent blur, a long fluorescent lifetime and fluorescent stability indicate 

MSN_CurNQ to be a potentially powerful diagnostic and imaging agent.  
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Figure 4.7: Confocal microscopy images demonstrating that CurNQ is required to be loaded 

onto a delivery vehicle to allow for fluorescence detection and tracking. OVCAR-5 cells treated 

with CurNQ for 24 hours (no MSN), nuclear DAPI staining, phalloidin 488 actin stain.  

 

 Evaluating the chemotherapeutic properties of MSN_CurNQ through high 

content imaging 
 

High content imaging is an advanced technique that combines high throughput 

techniques and fluorescent microscopy to obtain quantitative data from complex 

biological systems [27]. It is a robust method utilising an automated microscope that 

allows for rapid, high content image acquisition and analysis [28]. Multiple independent 

measurements can be collected from a single cell or a single cell population. Herein, 

this advanced technique was employed using the CELENA® X High Content Imaging 

System. The high content imager was used to measure cell viability in response to 

MSN_CurNQ and MSN_Cur treatments; moreover, the number of nanoparticles were 

counted, enabling the evaluation of the effect of concentration on cell viability.  
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As seen in Figure 4.8, there was a dose dependent response to MSN_CurNQ and 

MSN_Cur treatment. With an increasing count of loaded MSN, there was a decrease 

in cell count, occurring in an inversely proportional manner. Therefore, treatment with 

MSN_CurNQ and MSN_Cur resulted in a decrease in cell viability. The visual 

representation with concurrent qualitative data acquired from the high content imager 

makes the high content imaging system a powerful tool in evaluating the anti-cancer 

properties of a particular system and in the drug discovery process. These results 

indicate the potential of MSN_CurNQ to act as a chemotherapeutic agent.  

 

 

 

Figure 4.8: Nuclei count, and MSN count of OVCAR-5 cells treated with varying concentrations 

of MSN_CurNQ for 24-hours. Nuclei and MSN count were quantitatively obtained using a high 

content imaging system. 

 

 In vitro cytotoxicity assay – MTT 
 

The previous research presented in chapter 3, investigated the cytotoxic effect of 

CurNQ on two OC cell lines and on a non-malignant fibroblast cell line. The results 

illustrated substantial cytotoxicity of CurNQ to the OC cell lines OVCAR-5 and SKOV3, 

yet low cytotoxicity to a non-malignant fibroblast cell line 3T3. This research was 
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promising and indicated the ability of CurNQ to potentially act as a potent anti-cancer 

agent. Consequently, it was of interest to investigate the cytotoxic nature of 

MSN_CurNQ. Moreover, owing to the novelty of the novel molecule, it was of interest 

if these cytotoxic effects would translate to variety of cancer cell types. To this end MTT 

assays were performed on 6 cancer cell lines and one non-malignant fibroblast cell 

line. The purpose of these MTT assays were two-fold. Firstly, it was crucial to determine 

if CurNQ would induce its previously observed potent anti-cancer effects whilst loaded 

onto the MSN delivery vehicle and secondly to evaluate if the cytotoxicity of CurNQ 

was translatable to a variety of cancer types.  

 

As seen in Figures 4.9 to 4.14, the cytotoxicity of MSN_CurNQ and MSN_Cur 

depended greatly on the cancer cell type. Certain cancer cells such as CACO-2 and 

OVCAR-5 exhibited large reductions in cell viability, whereas other cancer cell lines 

such as HeLa experienced low overall toxicity in response to the loaded nanoparticles. 

Concentration administered and incubation time both affected overall cytotoxicity; 

however, cancer cell type was the largest determining factor.  

 

The greatest reductions in cell viability were observed for the OVCAR-5 and CACO-2 

cell lines. Cell viability dropped substantially after 48 hours of incubation for both cell 

lines. This aligns with Figure 4.3 which demonstrated the sustained release of CurNQ 

from the nanoparticles over a 96-hour period, thus the reduction in cell viability occurred 

once CurNQ was released. Release of CurNQ from the MSN increased drastically after 

24 hours (Figure 4.3), after which it would be able to exert its effects culminating in the 

decline in cell viability at 48 hours. This sustained release is ideal for anti-cancer 

mechanisms, as it first allows for the nanoparticles to accumulate in the tumour prior to 

the complete release of the active compound. Additionally, this sustained release would 

allow for a longer detection window, in respect to the nanosystem’s proposed detection 

applications.  

 

Although cell viability was reduced to the greatest extent at 48 hours, at the 24-hour 

incubation period, 400 ng/mL of MSN_CurNQ induced a reduction in cell viability to 

28,5% in OVCAR-5 cells. This shows that this high concentration of CurNQ induced 

immediate cell death and this same response of immediate cell death occurred in the 

CACO-2 cell line. This suggests that enough CurNQ was released to induce cell death 
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after 24 hours on account of the high concentration administered. In the OVCAR-5 cell 

line, time was the most significant factor in the reduction of cell viability, as after 48 

hours, all treatment concentrations induced a reduction in cell viability to below 50%. 

However, cell recovery was observed after 72 hours in cells receiving treatments of 

less than 200 ng/mL of MSN_CurNQ, whereas cell viability remained low after 72 hours 

in cells that received 200 ng/mL or higher of MSN_CurNQ. This same pattern of cell 

recovery in response to low doses of the nanosystem was observed in CACO-2 cells, 

with the recovery being greater; but again, treatment with 200 ng/mL or greater induced 

sustained reductions in cell viability. Therefore, higher concentrations of treatment are 

required to induce lasting cell death. 

 

MCF-7 and CHLA cell lines demonstrated a slightly lower reduction in cell viability 

compared to OVCAR-5 and CACO-2, yet cell viability was still reduced to below 50%, 

hence MSN_CurNQ shows promise as a chemotherapeutic agent to a variety of cancer 

cell types. Interestingly, the MCF-7 and CHLA cell lines experienced their greatest 

reduction in cell viability after 24 hours, differing from the response observed for 

OVCAR-5 and CACO-2 cell lines. While the release from MSN peaks after 96 hours, 

there is not a large difference in release between 24 and 48 hours on account of the 

sustained release from the nanoparticles. The MCF-7 and CHLA cell lines had an 

immediate response to treatment, with cell viability reducing to below 50% in cells 

receiving 200 ng/mL or higher of MSN_CurNQ. However, MCF-7 and CHLA cells 

recovered subsequent to their initial reduction in cell viability, and this also occurred in 

cells receiving the highest concentration of MSN_CurNQ; yet cells do not recover to 

full viability suggesting treatment was still effective in reducing the overall cell 

population. Although cell viability reduction was not as high as OVCAR-5 and CACO-

2, the reduction in cell viability in MCF-7 and CHLA cell lines was significantly different 

to the reduction observed for 3T3 cells (p=0.000), indicating MSN_CurNQ treatment 

does result in a significant reduction in cell viability to a variety of cancer types. 

Accordingly, it is recommended that in an in vivo setting, that a treatment regime is 

instigated, whereby a patient would receive several doses of the nanosystem, as to 

ensure malignant cell recovery does not occur.  

 

There was a slight reduction in cell viability in HT-29 cells, cell viability was reduced to 

around 70%; and very low reductions in cell viability were observed for the HeLa cell 
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line. This small reduction in cell viability precludes MSN_CurNQ’s chemotherapeutic 

application for these cancer types, as a greater reduction in cell viability are required 

for a system to be considered to have chemotherapeutic applications. On the contrary, 

MSN_CurNQ can still be applied as a detection and targeting system in these cancers. 

Owing to the multifaceted nature of MSN_CurNQ, its applications are not limited to a 

select few cancer types. Indeed, further treatment options would be required for cancer 

types that are not adequately treated by MSN_CurNQ; however, its application as a 

first line detection and targeting system is applicable.  
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Figure 4.9: Cytotoxicity of MSN_CurNQ and MSN_Cur to OVCAR-5 and CACO-2 cell lines. 

MSN_CurNQ and MSN_Cur treatments were administered at a range of concentrations over 

a 72-hour period and the reductions in cell viability were determined through an MTT assay. 

Large reductions in cell viability towards MSN_CurNQ treatment were observed and cell 

viability reductions differed statistically significantly to 3T3 cell line (p = 0.000). 
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Figure 4.10: Cytotoxicity of MSN_CurNQ and MSN_Cur to MCF-7 and CHLA cell lines. 

MSN_CurNQ and MSN_Cur treatments were administered at a range of concentrations over 

a 72-hour period and the reductions in cell viability were determined through an MTT assay. 

Moderate reductions in cell viability towards MSN_CurNQ treatment were observed and cell 

viability reductions differed statistically significantly to 3T3 cell line (p = 0.000). 
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Figure 4.11: Cytotoxicity of MSN_CurNQ and MSN_Cur to HT-29 and HeLa cell lines. 

MSN_CurNQ and MSN_Cur treatments were administered at a range of concentrations over 

a 72-hour period and the reductions in cell viability were determined through an MTT assay. 

Low reductions in cell viability towards MSN_CurNQ treatment were observed and cell viability 

reductions of HT-29 differed statistically significantly to 3T3 cell line (p = 0.004). 
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Statistical analyses were performed to ascertain the effect of MSN_CurNQ and 

MSN_Cur on different cancer cell lines and on a healthy fibroblast cell line. Cell line 

was a statistically significant factor in the reduction of cell viability (p=0.0000). 

Administered concentration was also a statistically significant factor in cell viability 

reduction (p=0.0000). OVCAR-5 cells were the most responsive to MSN_CurNQ 

treatment, and the reduction in cell viability was significantly different to each other cell 

line tested (HeLa, CHLA, MCF-7, HT-29 and 3T3 p= 0.000; CACO-2 p = 0.035). 

Importantly, there was a significant difference in the reduction in cell viability of the 

healthy cell line 3T3 to all other cancer cell lines investigated, barring HeLa cells 

(OVCAR-5, CACO-2, MCF-7, CHLA p=0.000, HT-29 p = 0.004; HeLa p= 0.378). This 

means that MSN_CurNQ reduced cancer cell viability to a greater extent than it did to 

a healthy fibroblast cell line. The highly statistically significant p-values of 0.000 and 

0.004 verify the selective toxicity of MSN_CurNQ to cancer cells, meaning 

MSN_CurNQ is more toxic to cancer cells than it is to a healthy cell line. This selective 

toxicity further extends the cancer targeting capabilities of the nanosystem and further 

cements its novelty and applicability in the field of cancer theranostics. 

 

According to the obtained results a high concentration of MSN_CurNQ is required for 

effective and sustained reductions in cell viability. This high required dosage would not 

be a limiting factor to successful treatment on account of the observed cancer selective 

toxicity. Cell viability remained above 80% for the healthy fibroblast cell line 3T3, after 

treatment with 400 mg/mL of MSN_CurNQ, thereby indicating that MSN_CurNQ is 

nontoxic to these healthy fibroblast cells. This suggests that it would be safe to 

administer high concentrations of MSN_CurNQ to patients, as this should induce large 

reductions in cancer cell viability and a very low reduction to healthy cell viability.  

 

MSN_CurNQ thereby offers a three-pronged approach for cancer targeting namely its 

pH-responsive solubility, the EPR effect and its selective toxicity towards cancer cells. 

This makes MSN_CurNQ a highly advanced and novel nanosystem for cancer 

theranostics. 
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Figure 4.12: Cytotoxicity of MSN_CurNQ and MSN_Cur to the healthy fibroblast cell line 3T3. 

MSN_CurNQ and MSN_Cur treatments were administered at a range of concentrations over 

a 72-hour period and the reductions in cell viability were determined through an MTT assay. 

Very minor reductions in cell viability towards MSN_CurNQ treatment were observed 

 

 

Figure 4.13: A comparative analysis of the reduction in cell viability to a variety of cell lines in 

response to MSN_CurNQ treatment at 300 ng/mL after 48 hours.  
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Figure 4.14: Cell viability in response to concentration of MSN_CurNQ after A) 24 hours and 

B) 48 hours in 6 cancer cell lines and in 1 healthy fibroblast cell line. 

 

 

 Potential in vivo cytotoxic effects of MSN_CurNQ 
 

The cytotoxicity results demonstrated a reduction in cytotoxicity of MSN_CurNQ 

compared to CurNQ administered alone (Figure 4.15). This decrease in cytotoxicity 

could be owing to the limited release of CurNQ from the nanoparticle, as seen in Figure 

4.3, the greatest release observed was 57% of loaded CurNQ. This limited release 

could account for the reduction in cytotoxicity. On the other hand, lower reduction in 

cell viability may be attributed to the nature of 2D cell culture. Tumour progression relies 

on multiple contributing factors, many of which are from the microenvironment. The 

tumour microenvironment is as important to tumour formation and progression as the 
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cancer cells themselves [29]. Cancerous tissue is not just a mass of malignant cells, 

but the interaction between multiple cells types, both malignant and non-malignant, as 

well as multiple signalling molecules and ECM components [30]. The tumour 

microenvironment is a highly complexed system that allows malignant cells to become 

rouge organs that can recruit and corrupt healthy cells [31]. Unfortunately, this complex 

and intricate system cannot be accurately mimicked through 2D cell culture techniques. 

This may explain the reduction in observed cell viability of OVCAR-5 cells to 

MSN_CurNQ compared to when treated with CurNQ alone. The pH change that 

accompanies malignancy cannot be accurately replicated in 2D cell culture, and the pH 

is closer to physiological conditions than the tumour microenvironment owing to the 2D 

nature of the cell culture techniques. Thus, the pH specific solubility and release profile 

of the novel nanosystem could not be observed accurately through these cell culture 

techniques. This obstacle was avoided when testing the cytotoxicity of CurNQ and Cur 

alone, as they were solubilised prior to treatment. Therefore, in vivo it would be 

expected that a greater reduction in cell viability in response to MSN_CurNQ treatment 

than observed in Figure 4.9-4.14. Hence, MSN_CurNQ could be a highly effective 

chemotherapeutic agent to a variety of cancer types when tested in vivo.  

 

 

 

Figure 4.15: Cell viability assay of OVCAR-5 cells treated with CurNQ and Cur alone after 24-

hour incubation.  
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Indeed, this research demonstrated that CurNQ requires to be loaded onto a 

nanoplatform to allow for all its theranostic capabilities to be realised. CurNQ delivered 

using nanotechnology results in the formation of a promising novel theranostic system 

allowing for potential simultaneous cancer targeting, detection and treatment.  

 

 Conclusions 

 

The loading of CurNQ onto the MSN platform aimed to allow for enhanced delivery and 

enable in vitro and in vivo imaging and detection. To this end, MSN were synthesised 

and were impregnated with CurNQ to form the novel nanosystem MSN_CurNQ. CurNQ 

demonstrated pH responsive release from MSN, specific to the tumour 

microenvironment whereby after 96 hours 31.5% of CurNQ was released at pH 7.4 

compared to 57% release at pH 6.8. This pH responsivity may allow for potential tumour 

targeting applications. Moreover, MSN_CurNQ exhibited high intense, clear and 

distinctive innate fluorescence enabling detection and possible imaging applications. 

Moreover, MSN_CurNQ induced cytotoxicity culminating in a reduction to below 50% 

cell viability in OVCAR-5, CACO-2, CHLA and MCF-7 cell lines thereby demonstrating 

its chemotherapeutic potential to a variety of cancer cell types. Furthermore, 

MSN_CurNQ treatment did not induce cytotoxicity to the healthy fibroblast cell line 3T3, 

demonstrating cancer selective toxicity, furthering the nanosystem’s novelty and 

potential applications. Clearly, the novel nanosystem MSN_CurNQ has potential 

applications in cancer theranostics.  
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 Chapter 5: Preclinical studies to evaluate the safety, 
tolerability, toxicity and potential efficacy of CurNQ and 
MSN_CurNQ for cancer intervention in MF-1 nude mice 

 

 

 Introduction 

 

Additionally, the cytotoxicity of MSN_CurNQ was tested on the healthy murine 

fibroblast cell line 3T3. The nanosystem showed no cytotoxic effect on the healthy 

murine cell line. From these results we assume that the nanosystem will not induce 

toxicity in the mice and will only affect the tumour cells.  

 

The success of in vitro studies warranted the initiation of an in vivo preclinical trial. 

Previously, extensive in vitro assays on CurNQ and MSN_CurNQ cytotoxicity were 

performed on 7 cancer cell lines namely CHLA, MCF-7, HT-29, HeLa, CACO-2, SKOV3 

and OVCAR-5 and on the healthy fibroblast cell line 3T3. The promising results 

acquired deemed it necessary to extend the research into an animal model for further 

investigations. To further understand the effectiveness and true theranostic potential of 

the nanosystem, an animal model is required. In vitro and computer modelling data is 

not sufficient to mimic in vivo conditions, and an in vivo study is required to ascertain 

the effectiveness of the nanosystem [1]. Animal testing is required prior to clinical trials 

performed on human subjects owing to ethical considerations. The safety profile, 

pharmacokinetic behaviour and effectiveness of the nanosystem and novel compound 

alone needs to be evaluated in an in vivo model prior to human testing. It has become 

common and standard scientific practise in cancer research to induce a human tumour 

in a nude mice model [1]. MF-1 nude mice were selected for this study owing to their 

immunocompromised nature, allowing for the growth of a human tumour in the animal 

model, thus providing information of how a human tumour would respond to treatment 

but with using an animal model.  

 

OVCAR-5 was determined to be the most responsive cell line; accordingly, it was 

selected for use in the in vivo study through the initiation of an OVCAR-5 xenograft in 

female MF-1 nude mice. The experimental design was approved by the animal ethics 

committee prior to the initiation of the study. 
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A preclinical trial of CurNQ and MSN_CurNQ was performed on 25 female MF-1 nude 

mice. The preclinical trial was divided into two parts, part A and B. Part A aimed to 

determine the safety, tolerability and toxicity of CurNQ and MSN_CurNQ on a mouse 

model, and part B aimed to establish OVCAR-5 tumour xenografts in MF-1 nude mice 

and then to evaluate the potential efficacy of CurNQ and MSN_CurNQ as a 

chemotherapeutic agent. Part A consisted of six mice divided into 2 groups of 3 and 

part B consisted of 20 mice divided into 4 groups of 5. Strict ethical guidelines set out 

by the animal ethics committee were adhered to throughout the preclinical trial and the 

reduction of animal suffering was always prioritised.  

 

 Methods and Materials 

 

 Materials 
 

Female MF-1 mice were procured from the University of Cape Town Research Animal 

Facility. Standard cages and commercial laboratory food were provided by the CAS of 

the University of the Witwatersrand. Sodium Pentobarbitone and Isoflurane were 

provided by the CAS of the University of the Witwatersrand and were used as received. 

The OVCAR-5 cell line was purchased from Cell Biolabs Inc. (San Diego, USA) and 

cultured using the previously described methodology (chapter 3 & 4). CurNQ and 

MSN_CurNQ were synthesised as previously described (chapter 3 & 4). Matrigel was 

purchased from Merck/Sigma Aldrich (Darmstadt, Germany) and other cell culture 

consumables used in the establishment of the injected OVCAR-5 cells were purchased 

from Thermo Fischer Scientific (Waltham, USA). Additional consumables utilised 

throughout the animal study were provided by the CAS of the University of the 

Witwatersrand. 

 

 Part A -Selection of appropriate dose 
 

The recommended starting dose of CurNQ and MSN-CurNQ for Part A of the study 

was unknown owing to its novelty. Consequently, in order to select an appropriate 

starting dose, the IC50 of CurNQ in OVCAR-5 cells in vitro was evaluated. OVCAR-5 

cells were selected as the most promising cell line owing to previous in vitro results and 

a xenograft tumour from this cell line was required to be established. 

 



136 
 

The rationale in determining an appropriate in vivo starting dose was to find established 

anti-cancer drugs that exhibit similar IC50 values in vitro to CurNQ, and through the 

evaluation of their effective in vivo doses to estimate an appropriate starting in vivo 

dose for CurNQ. The IC50 value of CurNQ in OVCAR-5 cells was calculated to be 4.048 

µM using the software Prism-GraphPad and its graph is displayed in Figure 5.1. A 

search of the literature was conducted to find anti-cancer drugs demonstrating a similar 

IC50 in OVCAR-5 cells and four drugs were found matching this criteria namely: 

cisplatin, nimbolide, linstitinib and PF-562271 [2–8]. Their effective in vivo doses in 

nude mice range from 3 mg/kg to 33 mg/kg [2–8].  

 

Cisplatin, a potent anti-cancer agent, is administered at a dose of 3 mg/kg; however, 

PF-562271, a focal adhesion kinase inhibitor that has been shown to inhibit cancer 

progression, has an effective dose of 33 mg/kg. Nimbolide a chemotherapeutic 

phytochemical is effective at 5 mg/kg but safe at 20 mg/kg, and Linsitinib, a potent 

small molecule demonstrating anti-tumour activity in several solid tumours is dosed at 

25 mg/kg [2–8]. Thus, to select an appropriate dose for CurNQ, a median dose of the 

above range was selected, 10 mg/kg. It was thought 10 mg/kg would be an effective 

dose to ascertain the safety profile of CurNQ whilst hopefully not exceeding the LD50.  

 

0.0 0.5 1.0 1.5 2.0

0

50

100
CurNQ 24 Hour Treatment

IC50= 4,048 M

Log(concentration)

C
e

ll
 v

ia
b

il
it

y

(%
)

 

Figure 5.1: IC50 value of CurNQ in OVCAR-5 cells calculated using prism-GraphPad.  
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 MF-1 female nude mice  
 

Twenty-six female MF-1 nude mice aged 5 weeks old were procured from the 

University of Cape Town. Mice were transported in air filtered cages according to 

standard operating procedures. Once arriving at the Wits central animal services 

(CAS), mice were placed in individual cages in a barriered unit. Mice were kept under 

sterile conditions in air filtered cages under strict sterile protocols. The temperature was 

maintained at 22°C ±1°C, humidity 60% ±10%, with a 12-hour light/dark cycle [9]. Mice 

were allowed free access to water and commercial laboratory complete food and were 

monitored daily by veterinary personal. Habituation practises proceeded for 1 week to 

allow for the mice to habituate to the environment as well as to the researchers and 

veterinary staff. 

 

 Part A - Administration of CurNQ and MSN_CurNQ, Health monitoring, 

Euthanasia and Histopathology 

 

CurNQ and MSN_CurNQ were prepared in 100 µL of saline and were administered via 

tail vein injection [9–11]. Stage one of this study involved three mice being allocated to 

each experimental group and dosing occurred on days 0, 4, 7, and 10 of the study. The 

experimental groups were classified as follows: 

 

Group 1: Mice injected with a dose of 10 mg/kg CurNQ.  

Group 2: Mice injected with a dose of 10 mg/kg MSN_CurNQ. 

 

The health of the mice were monitored closely through body weight changes, the 

presence of infection or ascites, the impairment of grooming and movement, changes 

in food intake or water consumption, fur colour, and exploratory behaviour were used 

as indications of the overall health of the mice [11]. Additionally, a welfare monitoring 

score sheet was filled out to assess the health of the mice as well as to evaluate the 

potential side effects which present from the administration of CurNQ and 

MSN_CurNQ. Continuous dosing with health monitoring allowed for the safety and 

tolerability of CurNQ and MSN_CurNQ to be assessed. At the end of the study period, 

mice were euthanised through an injection with Sodium Pentobarbitone and their heart, 

liver, spleen, lung and kidney were collected [12]. Hematoxylin and eosin (H&E) 

staining was conducted on heart, liver, spleen, lung and kidney samples obtained after 
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euthanasia and were processed by a veterinary pathologist at Idexx laboratories. 

Histopathology allowed for the evaluation of toxicity.  

 

 Part B -Tumour xenograft establishment  

 

One and a half million OVCAR-5 cells suspended in DMEM (0.2 mL) containing 50% 

Matrigel [12,13] were subcutaneously injected into the left lateral flank of the nude mice 

whilst mice were under anaesthesia induced via isoflurane. When tumours did not grow 

after 2 weeks, 3 million OVCAR-5 cells suspended in DMEM (0.2 mL) containing 50% 

Matrigel were reinjected into the left lateral flank of the nude mice [13]. Tumours then 

proceeded to grow. Once most of the mice developed tumours of 5 mm, the efficacy 

study was initiated.  

 

 Part B- Evaluation of chemotherapeutic potential of CurNQ and MSN_CurNQ 

 

The chemotherapeutic potential of CurNQ and MSN_CurNQ were required to be 

evaluated in an in vivo animal model bearing xenograft tumours. The mice used to 

develop the appropriate technique for the establishment of the tumour xenograft were 

utilised for the efficacy study, thereby reducing the total number of animals used. Thus, 

20 tumour bearing mice were allocated to this study and were divided into 4 test groups. 

Once tumours reached 5mm the efficacy study commenced. The test groups were 

allocated as follows: 

 

Group 1: Mice injected with a dose of 10 mg/kg CurNQ.  

Group 2: Mice injected with a dose of 10 mg/kg MSN_CurNQ. 

Group 3: Mice injected with a dose of 25 mg MSN_CurNQ. 

Group 4: Mice injected with saline (control). 

 

The dosages were selected based on the results obtained from part A of the study. 

Part A demonstrated that 10 mg/kg of CurNQ and MSN_CurNQ were well tolerated 

and all mice survived continuous dosing during a 10-day period. Histopathology results 

indicated 10 mg/kg of CurNQ could result in toxicity if the dose was to be increased, 

thus 10 mg/kg was utilised as the dose for the efficacy study. Conversely, low toxicity 

was observed in mice receiving 10 mg/kg of MSN_CurNQ thus it was deemed safe to 
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increase this dosage to 25 mg/kg. An experimental group of 10 mg/kg MSN_CurNQ 

was included to offer a direct comparison to the 10 mg/kg CurNQ treatment group. 

 

MSN_CurNQ and CurNQ were dissolved in 100 µL of saline and were sonicated prior 

to administration. Treatments were administered via IV tail vein injection [13]. Mice 

were terminated prior to the end of the study if the tumour size reached 15 mm, which 

was deemed as the ethical end point [14]. Treatments were administered twice per 

week and the study proceeded for 4 weeks after which the mice that had not previously 

reached the ethical end point were terminated. The tumours were measured using 

digital callipers biweekly and the mice were continuously weighed as a critical health 

measurement [15]. Health monitoring was performed twice daily, and mice were 

checked daily by veterinary personnel to ensure their health and that no suffering 

occurred.  

 

 Results and Discussion  

 

 Part A – Safety Tolerability and Toxicity of CurNQ and MSN_CurNQ 
 

Tolerability, safety and toxicity are important measurements that are required prior to 

evaluating the efficacy of a novel compound. Six mice were allocated to Part A of the 

preclinical trial, with three mice being allocated to each experimental group. Mice were 

continuously monitored of any signs of ill health, pain or distress. All 6 mice survived 

the 10 days and showed no overt signs of ill health, pain or distress. Weight changes 

in the mice were used to evaluate the tolerability of CurNQ and MSN_CurNQ [16]. Mice 

did not experience substantial weight loss in response to either treatments (Figure 5.2). 

From the weight chart shown in Figure 5.2, MSN_CurNQ was better tolerated than 

CurNQ as the weight changes were the most stable in mice receiving MSN_CurNQ. 

Mice receiving CurNQ experienced weight fluctuations over the 10-day period. 

Behavioural changes were not observed in either group, and none of the mice were 

observed to have experienced discomfort or pain in response to treatment [17,18]. 

Thus, CurNQ and MSN_CurNQ was overall considered to be well tolerated by the mice. 

Moreover, all mice survived the entire length of the study and continuous dosing did 

not result in any outwardly observable negative side effects, thus both treatments were 
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considered safe at the administered dose. This was deemed a positive result for the 

preclinical trial. 

 

 

 

Figure 5.2: Weight changes of mice receiving CurNQ and MSN_CurNQ over Part A of the 

preclinical trial.  

 

After the completion of the study, organs were sent for histopathology. Histopathology 

revealed the toxicity of drugs administered on the collected organs and are displayed 

in Table 5.1. Mice having received 10 mg/kg of CurNQ had mild to moderately swollen 

hepatocytes, and their cytoplasms were mildly vacuolated and granular. Hepatocyte 

swelling and vacuolar change is pathological in nature [19,20], however this condition 

was mild to moderate in these mice. Additionally, the lining tubing epithelial cells of the 

inner cortex of the kidney were mildly swollen in these mice. Furthermore, the white 

pulp follicles of the spleen were notably expanded and highly active indicating an 

immune response [21]. All other organs displayed an overall normal histopathology. 

The histopathology results taken in conjunction with the survival and weight fluctuations 

observed from the mice receiving CurNQ indicated CurNQ to be slightly toxic yet can 

be tolerated at the above dose. An increase in dose could result in greater toxicity 
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presenting in the form of liver and kidney damage which would likely be owing to a 

disruption of ATP synthesis, mitochondrial injury, free radical formation, peroxidation 

or perturbed cell signalling [22].  

 

MSN_CurNQ appeared to induce less severe toxic effects than CurNQ administered 

alone. Here too, hepatocytes and deep cortical tubules of renal cells were slightly 

swollen, and a decrease in luminal diameter was observed in the deep cortical tubules. 

However, this swelling was less severe than mice receiving CurNQ. The white pulp 

follicles of the spleen were also active in group 2. The weight chart of MSN_CurNQ 

demonstrated that mice tolerated MSN_CurNQ better than CurNQ alone and their 

weights were mostly stable. Therefore, the loading of CurNQ onto the nanoplatform 

reduces the toxicity of CurNQ. Owing to the slight swelling of hepatocytes and renal 

cells, escalating doses should be closely monitored as to avoid toxicity; yet mice would 

likely be able to tolerate a higher dose of MSN_CurNQ.  
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Table 5.1: Histopathology of mice organs from preclinical trial part A. Three mice were 

allocated to each experimental group, and histopathology samples are presented for each 

mouse. 
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 Part B – OVCAR-5 tumour xenograft establishment and efficacy evaluation of 

CurNQ and MSN_CurNQ in MF-1 nude mice 
 

5.3.2.1 Establishment of tumour xenografts  
 

Different cell lines often require different experimental techniques to successfully 

establish xenografts in all inoculated mice and many researchers experience difficulties 

in this regard [23]. Therefore, including the establishment of tumour xenograft in the 

preclinical trial was performed to perfect this technique and to remove future potential 

difficulties. Indeed, it was the case that difficulties arose in establishing a tumour 

xenograft. The first attempt saw the injection of 1.5 million OVCAR-5 cells into the left 

lateral flank of 20 mice. Two weeks later, no tumours growth was evident. This 

prompted a reinjection of tumour cells. The second attempt saw 3 million OVCAR-5 

cells being injected into the same location. This time, care was taken to maintain the 

cells at 37°C for as long as possible prior to injection. Mice proceeded to grow tumours 

in this location, and after tumours reached about 3 mm rapid growth occurred (Figure 

5.3). However, 2 mice had what appeared to be small tumours begin to appear and 

then after some time disappeared. These perceived tumours could have been swelling 

in the inoculated area that later subsided. A further 2 mice developed small tumours (2 

mm), yet these tumours did not proceed to grow after the initial growth, the reason for 

this is unclear. Consequently, not all inoculated mice successfully developed tumours. 

The reason for this is unknown but other studies have reported that not all mice 

inoculated developed tumours [24–26]. This pilot study clarified the techniques and 

difficulties involved in the establishment of a human tumour xenograft. Going forward, 

an additional 20% of mice should be inoculated to account for the mice that do not 

successfully develop tumours, additionally 3 million cells should be injected at the start 

of the study, as this is the amount of cells required to induce tumour growth. The tumour 

growth pattern, mice behaviour and weights were also monitored to ascertain the 

effects of tumour growth on the health of the mice. The tumour growth over the 4-week 

period is presented in Figure 5.3. The establishment of a human tumour xenograft was 

therefore considered a success, and the methodology in establishing an OVCAR-5 

xenograft in MF-1 mice was confirmed. 
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Figure 5.3: Xenograft tumour growth in nude mice over a 4-week period.  
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5.3.2.2 Part B – Evaluation of CurNQ and MSN_CurNQ Efficacy 
 

The chemotherapeutic effects of CurNQ and MSN_CurNQ were required to be 

evaluated on an in vivo animal model bearing OVCAR-5 xenograft tumours [27]. The 

same mice used to establish the methodology for xenograft formation were utilised for 

the efficacy study, thereby reducing the total number of required animals. Whilst the 

tumours were developing, one mouse developed an unrelated skin illness and was 

euthanised, therefore 19 mice were utilised for the efficacy study. The 4 experimental 

groups were defined above. The control group was allocated 4 mice, whilst the 

experimental groups were allocated 5 mice per group. The 4 mice with the smallest 

tumours at the starting point of the efficacy study were allocated to the control group. 

This was done to prevent the premature termination of the study, as the control group 

was most likely to experience the highest rate of tumour growth resulting in the ethical 

end point being reached prior to the mice in the treatment group which would then not 

allow for an effective comparison. 

 

At the start of the efficacy study all mice appeared to have tumours; after which tumours 

belonging to 2 mice allocated to the control group began to rapidly shrink and 

proceeded to disappear. After this occurred it was evident that these apparent tumours 

were in fact swelling around the injection site which later subsided. The other 2 mice 

allocated to the control group, had small tumours that developed slowly initially with 

their growth halting after reaching 2 mm. Inopportunely, these 2 events occurred after 

the commencement of the efficacy study and no additional unallocated mice were 

available. This resulted in mice in the control group bearing no tumours. Therefore, the 

control group was required to be excluded from the results, deeming the other obtained 

results inconclusive.  

 

It was decided to see the study to completion with the remaining treatment groups to 

obtain preliminary results and for the study to act as a pilot study. This was considered 

ethically justified as to not waste the lives of the remaining 15 mice. Five mice were 

allocated to each experimental group and mice were administered with the allocated 

treatment twice a week over a period of 4 weeks. Treatments were suspended in 100 

µL of saline and were administered via IV tail vein injection. The tumour size and 
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weights of the mice were measured biweekly. All mice survived throughout the study, 

further confirming the safety and non-toxicity of the administered treatments.  

 

All tumours in the experimental groups grew throughout the study and no tumour 

shrinkage occurred (Figure 5.3). The average tumour growth rate was the lowest for 

the mice treated with CurNQ alone compared to mice treated with both doses of 

MSN_CurNQ. This was unexpected as it was expected for MSN_CurNQ to induce a 

larger response than CurNQ alone owing to the targeted and sustained release from 

the nanoparticles. This could indicate that the full dosage of CurNQ was not released 

from the MSN in vivo. This may be on account of the sustained release of CurNQ from 

MSN whereby the release peaks at 96 hours (Figure 4.3) and in vivo the particles may 

have been eliminated or cleared prior to this point, in so doing reducing the actual dose 

administered which correlated to a higher average growth rate.  

 

The CurNQ treatment group resulted in the lowest average growth rate. This is 

promising as it suggests CurNQ may be effective in reducing the growth rate of a 

tumour, and if administered at the right dosage over the correct period it may have 

promise as an effective chemotherapeutic agent.  

 

The growth rate of MSN_CurNQ 10 mg/kg and MSN_CurNQ 25 mg/kg were very 

similar; the growth rate of MSN_CurNQ 25 mg/kg was 7.6% lower than MSN_CurNQ 

10 mg/kg, with the actual average tumour size being 19% lower (Figure 5.5). This 

indicates that an increase in administered dose does influence the tumour growth rate 

and size; however, this relationship between dose growth rate and tumour size is not 

directly proportional.  
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Figure 5.4: Weight changes of tumour bearing mice treated with 10 mg/kg CurNQ, 10 mg/kg 

MSN_CurNQ and 25 mg/kg MSN_CurNQ over part B of the preclinical trial. 
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Figure 5.5 A) Average tumour size and B) average tumour growth rate of mice treated with 10 

mg/kg CurNQ, 10 mg/kg MSN_CurNQ and 25 mg/kg MSN_CurNQ over a 4-week period. The 

control group was required to be excluded from the results as 2 of the mice in the control group 

did not develop tumours and the development of fully grown tumours did not occur in the 

remaining 2 mice, therefore all obtained results are considered as preliminary.  
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All mice demonstrated a highly similar pattern of weight changes throughout the study, 

and no significant differences were present between experimental groups (Figure 5.4). 

A decline in weights were observed for all treatment groups between measurements 3 

and 6. These measurement days coincided with the initial growth of the tumours; thus, 

directly affecting the health of the mice and thereby their weights. All mice then 

experienced an improvement with their weights increasing until the termination of the 

study. The similar weight fluctuation pattern between all experimental groups suggests 

that weight changes are most likely on account of tumour growth and were not in 

response to the treatment administered (Figure 5.4). Moreover, the weight again 

observed from measurements 7 to 9 may be on account of tumour growth with the 

additional weight being from the tumour itself. Therefore, the weight changes alone 

cannot give a complete reflection on the health of the mice. Normal behaviour and 

eating habits were observed and no outward appearances of pain were noted; thereby 

indicating treatments were overall well tolerated. Furthermore, a histopathology 

assessment was performed on collected organs after the completion of the study. 

These results correlated to the histopathology results obtained from Part A of the in 

vivo study.  

 

Mild hepatocellular swelling and vaculour changes were present in the liver samples 

and were observed from individuals across all treatment groups. However, these 

changes were mild and were determined by the veterinary anatomical pathologist to be 

non-pathological with mild swelling to be of metabolic origin. Mild renal changes were 

also present in some individuals from the CurNQ 10 mg/kg and MSN_CurNQ 25 mg/kg 

treatment groups. Here, the deep cortical convoluted tubules showed minimal to mild 

swelling of the lining epithelial cells with eosinophilic cytoplasm; however, these 

changes were considered mild. No other pathological changes were evident. Hence, 

overall CurNQ and MSN_CurNQ treatment can be considered to induce low overall 

toxicity.  
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Figure 5.6: Necrosis factor of tumours in experimental groups. The necrosis factor is rated 

from 0 to 3, with 0 being no necrosis occurring and 3 being >50% of section viewed. 

 

Histopathology was performed on the tumours collected at the end of the study. A 

histological assessment was performed to ascertain the necrosis factor and the mitotic 

rate of the tumours. Additionally, histology confirmed the tumours were typical of 

anaplastic solid epithelial neoplasia and thus correlated to the OVCAR-5 cell line used 

and confirmed the methodology used to induce the human tumour xenograft was 

successful. The necrosis factor is a measure of the degree of necrosis evident in a 

viewed specimen [28,29]. The necrosis factor is rated from 0 to 3, with 0 being no 

necrosis occurring and 3 being >50% of section viewed undergoing necrosis (Figure 

5.6). The histopathological results stated that the areas of necrosis occurred in the 

centres of the neoplasms, thus necrosis could be drug-induced or on account of 

hypoxia. Higher levels of necrosis were evident in the MSN_CurNQ treatment (2.2 and 

2) groups compared to the CurNQ treatment group (1.5). This suggests the 

nanosystem was more effective in inducing necrosis than CurNQ administered alone. 

Moreover, the high levels of necrosis evident in the MSN_CurNQ treatment groups is 

promising and indicates MSN_CurNQ may induce tumour necrosis.  
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The mitotic rate was also evaluated in the neoplasms and is displayed in Figure 5.7. 

The mitotic rate is defined as the number of mitotic cells per high power field, taken as 

the highest count of three high power fields. The higher the mitotic rate, the more 

aggressive the tumour [30,31]. As per Figure 5.7, MSN_CurNQ 25 mg/kg had the 

lowest mitotic rate, suggesting the higher dose of MSN_CurNQ reduced the mitotic rate 

of the cancer cells. This together with the higher observed necrotic factor in Figure 5.7, 

was a promising indication that MSN_CurNQ may reduce the mitotic rate of a tumour 

and induce necrosis, thus it could be effective as a chemotherapeutic.  

 

Owing to the higher rate of necrosis and the lower mitotic rate of the mice treated with 

MSN_CurNQ 25 mg/kg, it was unexpected that the average growth rate was higher 

than that of the CurNQ treatment group. The reason for the seeming contradiction is 

unclear and these results remain inconclusive. It does seem evident that the higher 

dosage of MSN_CurNQ (25 mg/kg) was more effective than the lower dosage of 

MSN_CurNQ (10 mg/kg) as it resulted in a lower average tumour growth rate, and a 

lower mitotic rate with a similar necrosis factor. Without an experimental control group, 

conclusive and statistically significant results could not be drawn from the in vivo 

efficacy study and the results remain as preliminary findings. Yet, the results are 

promising and warrant the continuation of further in vivo studies as CurNQ and 

MSN_CurNQ may have potential as a chemotherapeutic agent. 

 
 

Figure 5.7: The Mitotic rate of the tumours in the three experimental groups.  
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 Conclusions  

 

All mice survived continuous dosing thereby deeming both treatments safe. 

MSN_CurNQ was better tolerated than CurNQ as less weight fluctuations occurred. 

Histopathology showed mild hepatocyte swelling with vacuolar changes present as well 

as swelling of the lining tubing epithelial cells of the inner cortex of the kidney in both 

treatment groups; however these histopathologist were more prominent from mice in 

the CurNQ treatment group and presented mildly for mice in the MSN_CurNQ 

treatment group. Hence, the dose of 10 mg/kg of CurNQ and MSN_CurNQ was 

deemed safe; however, an increased dose of CurNQ may induce liver or kidney 

damage. Accordingly, a maximum dose of 10 mg/kg CurNQ is recommended in future 

preclinical trials. The results of this preclinical trial were positive, demonstrating repeat 

exposure to CurNQ and MSN_CurNQ was well tolerated, safe and only resulted in mild 

toxicity.  

 

OVCAR-5 tumour xenografts were successfully established in 15 mice and an efficacy 

study was conducted to evaluate the chemotherapeutic potential of CurNQ and 

MSN_CurNQ. On account of the control being excluded, conclusive and statistically 

significant results could not be drawn, and the acquired results are considered as 

preliminary findings. The 10 mg/kg CurNQ treatment group had the lowest average 

tumour growth rate. The 25 mg/kg MSN_CurNQ treatment appeared to be more 

effective as a chemotherapeutic than the lower dosage of 10 mg/kg MSN_CurNQ as it 

resulted in a lower average tumour growth rate, and a lower mitotic rate with a similar 

necrosis factor. These results suggest CurNQ and MSN_CurNQ may induce tumour 

necrosis and may reduce tumour growth rate; indeed, these preliminary results were 

promising and warrant the continuation of further in vivo studies as CurNQ and 

MSN_CurNQ may have potential as a chemotherapeutic agent. 
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 Chapter 6: Conclusions and Future perspectives 
 

 Conclusions 

 

This thesis presents the synthesis of a novel theranostic nanosystem for targeted 

cancer intervention, through the synthesis of a chemotherapeutic fluorescent 

compound, that is specifically solubilised at the pH associated with the malignant 

microenvironment. A novel molecule, termed CurNQ was synthesised through a 

Williamson ether synthesis reaction between curcumin (Cur) and lawsone. These two 

phytochemicals were selected for further modification owing to the abundant research 

that demonstrates their respective anti-cancer and fluorescent properties. However, 

each of these phytochemicals have several limitations precluding their clinical 

translation including, molecular instability, rapid degradation and poor bioavailability. 

Therefore, this research aimed to improve the biopharmaceutical properties of Cur and 

lawsone to further exploit the purported anti-cancer therapeutic properties of these two 

phytochemicals, by synthesizing a novel therapeutically stable molecule (CurNQ) with 

appropriate bioavailability, targeting capabilities and innate fluorescence.  

 

Structural elucidation of CurNQ was performed with 1H and 13C NMR, HRMS-ESI and 

FTIR. CurNQ was demonstrated to have pH specific solubility, its saturation solubility 

increased from 11.15 µM at pH 7.4 to 20.7 µM at pH 6.8. This large shift in solubility 

coincides with the shift in pH that occurs upon malignant transformation, thereby 

enabling cancer targeting owing to the Warburg effect. Moreover, CurNQ displayed 

high intensity intrinsic fluorescence, thus once soluble a high intensity fluorescent 

signal would be released, enabling detection applications. Ovarian carcinoma (OC) 

was selected as the model cancer type for this thesis. To this end, two OC cell lines 

namely, OVCAR-5 and SKOV3 were utilised. The toxicity of CurNQ as well as any 

morphological changes that were induced through CurNQ treatment were ascertained 

using a high content imaging system. This high throughput imaging and screening 

method allowed for an in-depth analysis of the effect that CurNQ had on OC cells. 

Significant reductions in cell viability to below 50% occurred in response to CurNQ 

treatment in both OVCAR-5 and SKOV3, and no statistical difference was observed 

between the reduction in cell viability between these two cell lines (p = 0.743). Cell 

morphology of OVCAR-5 cells in response to varying concentrations of CurNQ was 
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quantified using the CELENA® X High Content Imaging System and cell eccentricity, 

form factor and compactness were quantified. Compactness and form factor increased, 

and eccentricity decreased with increasing concentrations of CurNQ. This implied DNA 

fragmentation, nuclear distortion and chromatin condensation was occurring and was 

induced in response to CurNQ treatment, all of which signify the induction of apoptosis. 

This sharp reduction in cell viability and induction of apoptosis observed in response to 

CurNQ treatment in both OVCAR-5 and SKOV3 cell lines was promising data, 

suggesting that CurNQ could act as a potent ovarian anti-cancer drug. 

 

The loading of CurNQ onto a nanoplatform platform was performed to allow for 

enhanced delivery and enable in vitro and in vivo imaging and detection. The 

introduction of the nanoplatform was included to allow for advanced delivery through 

enhanced retention and passive tumour targeting owing to the EPR effect. Mesoporous 

silica nanoparticles (MSN) were synthesised and were impregnated with CurNQ 

thereby forming the novel nanosystem MSN_CurNQ.  

 

CurNQ demonstrated pH responsive release from MSN, specific to the tumour 

microenvironment, whereby after 96 hours 31.5% of CurNQ was released at pH 7.4 

compared to 57% release at pH 6.8. This equated to a 25,5% increase in release 

occurring in response to a 0.6 reduction in pH with the actual release of CurNQ at pH 

6.8 being almost double the release at pH 7.4. This difference in release between the 

two pH values was highly significant with a corresponding p-value of 0.000. This highly 

significant p-value confirms the effects of pH on the release of CurNQ from the MSN, 

thus verifying the pH responsivity and specificity of the nanosystem. Moreover, this 

highly significant p-value emphasizes the robust nature of CurNQ pH-responsivity. 

Clearly, the change in pH associated with malignant transformation acts as a solubility 

switch for CurNQ allowing for potential cancer targeting applications. 

 

The fluorescent nature of MSN_CurNQ was evaluated using confocal and fluorescent 

microscopy. The microscopy images demonstrated MSN_CurNQ to have highly 

precise, distinctive and high intensity fluorescence with a high target to background 

ratio, low fluorescent blur, a long fluorescent lifetime and fluorescent stability, all of 

which demonstrated MSN_CurNQ to be a potentially powerful diagnostic and imaging 

agent, with potential applications in cancer detection. 
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MTT assays were performed on 6 cancer cell lines and one non-malignant fibroblast 

cell line. MSN_CurNQ induced cytotoxicity culminating in a reduction to below 50% cell 

viability in OVCAR-5, CACO-2, CHLA and MCF-7 cell lines thereby signifying its 

chemotherapeutic potential to a variety of cancer cell types. Importantly, there was a 

significant difference in the reduction in cell viability of the healthy cell line 3T3 to all 

other cancer cell lines investigated, barring HeLa cells (OVCAR-5, CACO-2, MCF-7, 

CHLA p=0.000, HT-29 p = 0.004; HeLa p= 0.378). Thus, MSN_CurNQ reduced cancer 

cell viability to a greater extent than it did to a healthy fibroblast cell line. The highly 

statistically significant p-values of 0.000 and 0.004 verifies the selective toxicity of 

MSN_CurNQ to cancer cells. This selective toxicity further extends the cancer targeting 

capabilities of the nanosystem and furthers its novelty and applicability in the field of 

cancer theranostics. MSN_CurNQ thereby offers a three-pronged approached for 

cancer targeting namely its pH-responsive solubility, the EPR effect and its selective 

toxicity towards cancer cells. This makes MSN_CurNQ a highly advanced and novel 

nanosystem for cancer theranostics.  

 

The promising in vitro results prompted the initiation of an in vivo preclinical trial utilising 

female MF-1 nude mice. The preclinical trial was divided into part A and part B. Part A 

aimed to assess the safety, toxicity and tolerability of CurNQ and MSN_CurNQ in nude 

mice. Part B took the form of a pilot study on tumour xenograft establishment and 

evaluated the potential efficacy of CurNQ and MSN_CurNQ as a chemotherapeutic.  

 

Part A saw all mice survive continuous dosing of 10 mg/kg CurNQ and MSN_CurNQ, 

administered via tail vein injection thereby deeming both treatments safe. MSN_CurNQ 

was better tolerated than CurNQ, as less weight fluctuations occurred. Histopathology 

showed mild hepatocyte swelling with vacuolar changes present as well as mild 

swelling of the lining tubing epithelial cells of the inner cortex of the kidney in both 

treatment groups; however, these pathologies were more prominent from mice in the 

CurNQ treatment group and presented mildly for mice in the MSN_CurNQ treatment 

group. The results of part A of the preclinical trial were positive, demonstrating repeat 

exposure to CurNQ and MSN_CurNQ was well tolerated, safe and only resulted in mild 

toxicity.  
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OVCAR-5 tumour xenografts were successfully established in 15 mice and an efficacy 

study was conducted to evaluate the chemotherapeutic potential of CurNQ and 

MSN_CurNQ. Mice were administered biweekly with 10 mg/kg CurNQ, 10 mg/kg 

MSN_CurNQ and 25 mg/kg MSN_CurNQ via IV tail vein injection for 4 weeks. On 

account of the control being excluded, conclusive and statistically significant results 

could not be drawn, and the acquired results are considered as preliminary findings. 

The 10 mg/kg CurNQ treatment group resulted in the lowest average growth rate, whilst 

the 25 mg/kg MSN_CurNQ treatment group appeared to be more effective than the 

lower dosage of 10 mg/kg MSN_CurNQ as it resulted in a lower average tumour growth 

rate, and a lower mitotic rate with a similar necrosis factor. These preliminary results 

suggest CurNQ and MSN_CurNQ may induce tumour necrosis and may reduce the 

tumour growth rates; hence these results were promising and warrant the continuation 

of further in vivo studies.  

 

In conclusion, MSN_CurNQ is a highly novel theranostic nanosystem with potential 

applications in cancer targeting, detection and treatment. 

 

 Limitations 

 

Some limitations were encountered during the research, the most significant being the 

difficulty in synthesising CurNQ.  Owing to the instability of Cur (discussed in chapter 

3), all synthesis reactions took place in the dark. This may pose a challenge in future 

when scaling up synthesis of CurNQ. Certain challenges were faced during the animal 

study such as the difficulty in dispersing a high concentration of CurNQ in the small 

volume of saline that is safe for injection, thus making this injection process tricky.  

 

 Future recommendations 

 

This thesis presents the synthesis of a novel molecule designed for cancer 

theranostics. Owing to the novelty of the molecule CurNQ, all information available on 

this molecule is limited to this thesis. Thus, this thesis is the first fundamental step and 

lays the groundwork for all future research. Complexities and potential limitations are 

still to be revealed. The novelty of the study sets the scene for multiple further research 
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avenues and the highly promising nature of this research warrants the initiation of 

multiple future studies exploring all aspects of this promising novel molecule and 

nanosystem.  

 

The promising in vivo preliminary results from the preclinical trial warrants the 

continuation of animal studies. The unforeseen circumstances that resulted in the 

control group being excluded requires the in vivo efficacy study to be repeated with a 

control group in place. A future study should extend the preliminary in vivo work 

performed here to include a secondary double-blinded efficacy study on a variety of 

doses of CurNQ and MSN_CurNQ. In addition, detailed pharmacokinetic and 

pharmacodynamic in vivo studies are required as CurNQ is a novel drug compound. If 

CurNQ proves effective in a mice model, further animal studies should be considered 

to extend the preclinical trial evaluations of CurNQ as a theranostic agent. Detailed in 

vivo work fully evaluating all aspects of a novel drug compound is required prior to the 

commencement of clinical trials as is especially needed owing to the novelty of CurNQ. 

Thus, these in-depth and detailed studies should be considered for future post doctorial 

work. Moreover, imaging applications of nano-enabled CurNQ should be explored 

whereby an in vivo fluorescence imaging system is utilised. Successful in vitro imaging 

was demonstrated in chapter 4, thus it is of interest if these imaging applications could 

be translated to an animal model, which would allow for targeted tumour detection and 

imaging applications. 

 

The properties of CurNQ demonstrated in this thesis highlights the complexity and 

multi-faceted nature of this novel molecule. It is exceptionally rare to discover a 

molecule with multiple potential applications, and thus research into CurNQ as a 

potential drug candidate is only initiated through this thesis. A far more robust 

understanding on CurNQ is required if it is to be propelled into clinical trials. Detailed 

studies on Cur’s interaction and effect on multiple biochemical pathways has been 

discussed in literature, these same biochemical properties may stand true for CurNQ; 

however, this needs to be determined in vitro and detailed biochemical understanding 

on its mechanisms of actions are required. Moreover, the pharmacology of CurNQ is 

currently unknown and is required to be determined in detail both in vitro and in vivo. 

Furthermore, Cur has been cited to have applications in diseases other than cancer 

such as inflammation, Alzheimer’s disease, inflammatory bowel disease and 
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cardiovascular disease. The application of CurNQ may also extend to these various 

diseases and this possibility should be explored. It is exciting to find a compound with 

the potential of such diverse applications, and all these possibilities should be explored.  
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 Appendix A 
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 Appendix B 
 

Table S1: Preliminary reactions performed prior to the successful synthesis of CurNQ 

 

  

  

Starting 

material 1 

Starting 

material 2 

Other reagents Solvent Reaction 

conditions 

Outcome 

Curcumin 2-Bromo-1,4-

naphthoquinone 

Potassium tert-

butoxide 

DMSO 45°C, 8 hours Complete 

degradation 

Curcumin 2-Bromo-1,4-

naphthoquinone 

Potassium tert-

butoxide 

DMSO 120°C, 2 hours Complete 

degradation 

Curcumin 

 

2-Bromo-1,4-

naphthoquinone 

Copper chloride, 

potassium 

carbonate, 1-

methylimidazole 

Toluene 140°C, 12 

hours 

Product 

degraded 

Curcumin 2-Bromo-1,4-

naphthoquinone 

CTAB, NaOH Dichloromethane 60°C, 12 hours Curcumin 

degradation in 

basic conditions 

Curcumin 2-Bromo-1,4-

naphthoquinone 

Copper(I) iodide, 

Dimethylglycine, 

cesium carbonate 

Dioxane 90°C, 6 hours Product 

degradation 

Curcumin Hydrazine 

hydrate 

 Acetic acid 118°C, 8 hours Curcumin-

hydrazine was 

obtained. 

Curcumin-

hydrazine 

2-Bromo-1,4-

naphthoquinone 

Potassium 

carbonate 

Acetone 56°C, 12 hours Product could not 

be purified 

completely, could 

not obtain clear 

NMR 

Curcumin 2-Bromo-1,4-

naphthoquinone 

Potassium 

carbonate 

Dimethylformamide 

(dry) 

153°C, 12 

hours 

Curcumin 

degradation 

Curcumin 2-Bromo-1,4-

naphthoquinone 

Potassium 

carbonate 

Dimethylformamide 

(dry) 

Room 

temperature, 

12 hours 

Curcumin 

degradation 

Curcumin 2-Bromo-1,4-

naphthoquinone 

Potassium 

carbonate 

Dimethylformamide 

(dry) 

In the dark, 

room 

temperature, 

1.5 hours 

Successful 
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 Appendix C 
 

 

Preformulation reactions performed for the determination of experimental conditions 

required for the successful synthesis of mesoporous silica nanoparticles with 

favourable properties.  

 

The following methods were performed when trying to obtain silica nanoparticles with 

favourable properties. These methods produced nanoparticles which were either too 

large, had a high polydispersity index, a negligible zeta potential or displayed poor 

reproducibility.  

1. Two solutions were prepared: 

A) 0.5M TEOS dissolved in 15 mL pure ethanol 

B) 0.5M NH4OH dissolved in 5 mL pure ethanol and 3 mL deionised water 

 

Solution B was added dropwise to solution A at a rate of 0.2 mL per minute and stirred 

for 3 hours at room temperature. The final product was obtained through centrifugation, 

was then dried at 110 °C for 24 hours and milled to obtain a fine powder. 

2. Pure ethanol and water were sonicated for 10 minutes. TEOS (0.8 M) was then 

added and sonication commenced for 2 hours. NH4OH (1.87 M) was then added 

dropwise at a rate of 0.03 mL per minute and the solution was left under 

sonification for a further 5 hours. The solution was then allowed to dry for 24 

hours after which the silica nanoparticles were collected.  

3. A solution of pure ethanol (10 mL), deionised water (3 mL), TEOS (1 mL), and 

PEG (2.5 g) was mixed for 30 minutes. HN4OH (1 mL) was then added dropwise. 

The reaction was left to stir for 2 hours. The resulting powder was dried overnight 

at 100 °C and the powder was then calcined at 650 °C for 1 hour.  

4. Ethanol (4 M) and water were sonicated for 10 minutes after which TEOS (0.067 

M) was added to the mixture. NH4OH (14 M) was then added dropwise into the 

solution and sonication was continued for 60 minutes. The solution was then 

centrifuged, washed twice with ethanol and once with water.  

5. Different concentrations of precursors were used, thereby observing the effects 

of concentration on particle properties. For the below mentioned concentrations, 

ethanol and water were sonicated for 10 minutes after which TEOS was added 
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to the mixture. NH4OH was then added dropwise into the solution and sonication 

was continued for 60 minutes. The solution was then centrifuged, washed twice 

with ethanol and once with water. The silica nanoparticles were then calcined at 

500 °C for 2 hours to remove unwanted surfactants. 

 

Table S2: Preformulation reactions performed for the determination of experimental conditions 

required for the successful synthesis of mesoporous silica nanoparticles with favourable 

properties.  

Attempt TEOS (mL) Water (mL) NH4OH (mL) Ethanol (mL) Outcome 

1 0.2 3 1 5.8 Particle size 

too large 

2 2 3 1 4 Particle size 

too large 

3 0.8 0.2 1 8 Polydispersity 

index too high 

4 0.8 5 1 3.2 Negligible 

zeta potential 

5 0.8 3 0.2 6 Polydispersity 

index too high 

6 0.8 3 4 2.2 Negligible 

zeta potential 

7 0.7 2 1.3 9 Polydispersity 

index too high 

 

 

6. A reaction vessel containing ethanol (2.33 mL), water (2.52 mL) and Pluronic F-

68 (10 mg) was placed in a sonicator bath. TEOS (0.15 mL) was then added to 

the solution and sonication was continued for 30 minutes. NH4OH (5.4 mL) was 

then added to the reaction and was left to react for 1.5 hours. The particles were 

then collected and washed numerous times with ethanol. 

7. Ethanol (5.8 mL), water (3 mL) and Pluronic F-127 (12mg) were mixed together. 

TEOS (0.2 mL) was then added to the solution and stirring was continued for 30 

minutes. NH4OH (5.4 mL) was then added to the reaction and was left to react 
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for 3 hours. The particles were then collected and washed numerous times with 

ethanol. 

8. CTAB (1 g) was dissolved in deionised water (480 mL) until clear. To this 

solution, 2M NaOH (3.5 mL) was added and the temperature was raised to 80 

°C. Once the temperature was constant, TEOS (5 mL) was added dropwise at 

a rate of 1mL/min into the solution. The reaction was left to stir for 2 hours. The 

precipitate was isolated by filtration and was washed numerous times with water 

and ethanol. The nanoparticles were then left to dry overnight at 60 °C. The 

particles were then calcined at 550 °C. 

 

The final method used, adapted from Yang et al 2006, proved to produce mesoporous 

silica nanoparticles of 108nm, a PDI of 0.15 and a zeta potential of -42mV was as 

follows:  

CTAB (1 g) and Pluronic F-127 (1 g) were dissolved in deionised water (480 mL) 

until clear. To this solution, 2M NaOH (3.5 mL) was added and the temperature 

was raised to 80 °C. Once the temperature was constant, TEOS (5 mL) was 

added dropwise at a rate of 1mL/min into the solution. The reaction was left to 

stir for 2 hours. The precipitate was isolated by filtration and was washed 

numerous times with water and ethanol. The nanoparticles were then left to dry 

overnight at 60 °C. The particles were then calcined at 550 °C to obtain the final 

product.  

 

 

Scheme S1: Reaction mechanism slightly modified from Yang, et al., 2006 for the synthesis of 

mesoporous silica nanoparticles with desired properties.  
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