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Abstract 
 
 
One of the most important barriers to the success of anticancer therapy is the 

dysregulation of apoptotic pathways that limit effectiveness of current chemotherapy.  

A long-term objective seeks to exploit links between apoptosis and the functions of 

mitochondria to favour apoptosis and thus circumvent mechanisms of multi-drug 

resistance.  

 

The specific aims of this research are the synthesis, characterisation and evaluation 

of a series of novel anthraquinone-based, tri-partite hybrid DCA-ciprofloxacin-TPP 

compounds to repurpose clinically useful antibiotics as non-genotoxic anticancer 

agents; and towards the design of dual anticancer and antibacterial agents.  

These hybrid compounds consist of 3 components: ciprofloxacin (a broad-spectrum 

clinically useful 2nd generation fluoroquinolone antibiotic), dichloroacetate (DCA, a 

metabolic inhibitor of mitochondrial oxidation), and a triphenylphosphonium (TPP) 

cationic group, a hydrophobic carrier group with delocalised charge, capable of 

passing through mitochondrial membranes and accumulating in this organelle.  

 

Dichloroacetate (DCA) is characterised as an apoptosis inducer in cancer cells; 

specifically, its clean mechanism of action to inhibit the critical mitochondrial enzyme 

pyruvate dehydrogenase kinase 2 (PDK2).  

 

Four members of the series code-named Aq-Pip-DCA, Aq-Pip-Lys(TFA)-NH-TPP, 

Aq-Pip-Lys(Cp-TFA)-NH-TPP, and Aq-Pip-Lys(Cp-DCA)-NH-TPP hybrids showed 

good antibacterial activity. Ciprofloxacin (CIPRO) conjugate Aq-Pip-Lys(Cp-TFA)-

NH-TPP was the most potent agent to inhibit bacterial growth in both sensitive 

(ATCC47055) and resistant (LIB213) strains of Escherichia coli (MIC 0.5 and 8 mg/L, 

respectively), and in Staphylococcus aureus both sensitive (82) and resistant (83) 

strains with MIC values 4 and 64 mg/L. In preliminary experiments, compounds from 

the series have shown cytotoxic activity against the resistant HCT15 colon 

carcinoma cell line at micromolar concentrations. Ciprofloxacin-TPP-DCA hybrids 

could provide multi-targeted leads for the design of biologically active agents with 

dual anticancer and antimicrobial activities.  
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Graphical Abstract Concept Diagram 

Anthraquinone-DCA-ciprofloxacin-TPP+ hybrid conjugates were designed as agents for targeted drug 

delivery to mitochondria of cancer cells, evading the nucleus, by exploiting their high mitochondrial 

membrane potential. By structural and evolutionary analogy, it was proposed that the conjugates 

could be targeted to bacterial cells to create anticancer or antibacterial or dual acting agents.  
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Chapter 1  

Introduction 

1.1) Aim 

To synthesize, characterize and evaluate a series of novel hybrid anthraquinone-

dichloroacetic acid (DCA)-ciprofloxacin-triphenylphosphonium (TPP+) compounds as 

potential dual anticancer and antibacterial agents.  

 

1.2) Hypothesis 

 

Novel anthraquinone-triphenylphosphonium conjugates will be transferred directly 

into the mitochondria of cancer cells, avoiding the nucleus to afford non-genotoxic 

agents with the potential to circumvent multi-drug resistance (MDR). Further, it is 

hypothesized that such conjugates, incorporating triphenylphosphonium cations 

(TPP+) could be targeted (especially) to Gram-negative pathogens, given the 

evolutionary relationship and structural similarity between their double membranes 

and those of mitochondria. Anthraquinone-TPP hybrids incorporating ciprofloxacin 

also have potential as new antibacterial agents or as modulators of anticancer drug 

efficacy.  

 

1.3) Background  

1.3.1) Cancer chemotherapy and resistance 

 

Chemotherapy is one of the most common methods of cancer treatment (Schmidt et 

al., 2008) which is clinically effective at the beginning to control tumour growth (Li et 

al., 2008) yet cancer cells in vivo re-proliferate over time and fail to respond to 

treatment. Pre-existence of resistance-mediating factors in tumours makes the 

chemotherapy ineffective, and results in high proportions of cancer cells after the 

treatment. Multi-drug resistance (MDR) is a main obstacle to the success of 

chemotherapy (Filipa, Antonio and Isabel, 2011) in which trans-membrane 

glycoproteins, notably P-glycoprotein, behave as so-called efflux pumps capable of 

removing exogenous substances including anticancer drugs and metal compounds 

from cancer cells.   
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A high degree of molecular heterogeneity of tumours plays a significant role in the 

incidence of multi-drug resistance which is associated with lethal side-effects and 

increased recurrence rates. Resistance can also develop due to mutations during 

treatment of tumours as well as through other adaptive processes, such as activation 

of alternative compensatory signaling pathways to inactive the drug through 

structural modification and increased expression of biological targets (Jones, Matsui 

and Smith, 2004). 

 

These problems are exacerbated after the transfer of acquired resistance from one 

drug into another anticancer treatment regimen despite having mechanistic and 

structural differences among used agents. This phenomenon is generally 

characterised as multidrug resistance (MDR). MDR is one of the extensive forms of 

drug resistance (Schmidt et al., 2008) which is caused by the overexpression of P-

glycoproteins (P-gp), and multi-drug resistance-associated proteins (MRP1) (Grant 

and Blackmore, 1994) and similarly, antimicrobial resistance (Nicolas et al., 2019). In 

general, drug resistance presents as a major barrier to successful management of 

chemotherapy. 

 

This hypothesis that the pattern of gene expressions of residual tumour cells after 

treatment is different from initial tumour cells leads to a unified explanation of 

success and failure of chemotherapy that the majority of cancer cells would be 

damaged by chemotherapy, yet a small population of chemotherapy-resistant cancer 

cells would be spared by tumour regrowth. Despite continuous efforts to develop 

effective clinical outcomes, there is still a need for a fully satisfactory clinical outcome 

to overcome the increasing complications of chemo-resistance. 

 

Chemo-resistance is not merely a matter of some drug-resistant factors, rather it is a 

complex, dynamic and elusive system (Hu and Xuan, 2008). A wide range of 

molecular mechanisms has been associated with chemo-resistance (Stein, 1967). 

Efflux of anticancer agents through P-glycoproteins (P-gp) is a major contributing 

factor which can be solely responsible for chemo-resistance that limits the approach 

of cancer therapy directly to targeting cells (Sutendra et al., 2011). 
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Including these, the presence of bacteria in cancer cells can also lead to resistance 

of chemotherapeutics (Zhang et al., 2021). Bacterial infections have also been 

recognized as one of major barriers impeding the successful management of 

chemotherapy in cancer patients leading to antimicrobial resistance. Antimicrobial 

resistance which is also called as multi-drug resistant bacteria (MDR bacteria) is the 

greatest threat for cancer patients due to the use and misuse of multiple 

antimicrobials (Nicolas et al., 2019). Infections caused by MDR bacterial strains such 

as Staphylococcus aureus, E. coli are harder to treat as they play a key role to resist 

the transfer of antimicrobial agents through drug resistant mechanisms (Zhang et al., 

2018).  

 

Therefore, dual-active compounds having both antibiotic and antitumour properties 

could be a better choice to inhibit the growth of malignant cells effectively to 

overcome the barriers to successful management of chemotherapy (Zhang et al., 

2021).  

 

1.3.2) Cancer drug resistance 

 

The process of development of cancer drug resistance is complex and elusive due to 

the dynamic progression of interaction between drugs and cancer cells. Resistance 

of cancer cells against anticancer drugs has never been exposed unless 

effectiveness of chemotherapy deteriorates. The principle of drug resistant cancer is 

associated with a combination of different factors. There are dominant cellular 

factors which are solely responsible for drug-resistance in cancer cells such as 

increasing rates of drug efflux (Vogelstein and Kinzler, 2004) and decreasing rates of 

anticancer drug influx (Figure 1.1). 



 

 
4 
 

 

 

Figure 1.1: Cellular factors responsible for drug resistance 

 

Drug efflux is mediated by the ATP-binding cassette (ABC) transmembrane proteins 

such as P-glycoproteins (P-gp) which is the primary cause of chemo-resistance and 

affects normal cellular functions such as signal transduction, uptake of extracellular 

materials, secretions of hormones and proteins, prevention of harmful xenobiotic. P-

glycoproteins (P-gp) (Triller et al., 2006) and multidrug resistant-associated proteins 

(MRP1) (Baldi et al., 2004) function as unilateral ‘’pumps’’ that can recognize 

multiple substrates and block the entrance of anticancer drugs to cancer cells 

(Nicolas et al., 2019). Intra-tumoural bacterial populations contribute to cancer drug 

resistance by altering the cancer drug’s structure and metabolism to render it 

ineffective. For instance, Gemcitabine (Figure 1.2), a common first line treatment in 

some chemotherapies, could be metabolised into its inactive form by E. coli leading 

to cancer drug resistance (Rudin et al., 2011).  
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Figure 1.2: Chemical Structure of gemcitabine 
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Bacteria are able to transform exogenous substances or organic molecules such as 

pollutants, nutrients and toxins through endogenous enzymes (Arora and Jain, 2012) 

which has increased the potential interaction between bacteria and systematically or 

orally administered drugs (Lehouritis, et al., 2015) . Gemcitabine (2′, 2′-di-

fluorodeoxycytidine, Gem) is a nucleoside analogue which is phosphorylated by 

deoxycytidine kinase to its active metabolites. However, bacteria transform 

gemcitabine into its inactive form (2′, 2′-difluorodeoxyuridine, dFdU) due to the 

presence of long isoform of the enzyme cytidine deaminase (CDD) which results in 

resistance to gemcitabine (Figure 1.3) (Xi et al., 2022). 

 

 

Figure 1.3: Effect of bacteria on gemcitabine in colon cancer cells (adapted from Xi et al., 2022)  

 

Bacterial resistance is an ongoing concern through multiple mechanisms such as the 

targeted protein is modified by drug-efflux or drug-influx pumps as bacteria are more 

vulnerable to evolutionary change and variation than other organisms (Croix, 1996).  

There are multiple targets approaching cancer drug resistance which depend upon 

two fundamental bases. At the upstream base, many of the anticancer agents induce 

the release of P-gp, and MRP1 to block the entry of anticancer drugs to prevent 

them from reaching their target. At the downstream base, anticancer agents induce 

apoptosis in cancer cells, while malignancy is genetically predisposed to apoptotic 

resistance which impedes the apoptotic action of anticancer drugs (Gewirtz, 1999). 
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Figure 1.4: Anti-cancer drug resistance mechanisms 

 

Mechanism of resistance of anticancer drugs (Figure 1.4) can also be articulated 

with the complications in drug delivery, activation of detox system (ROS 

homeostasis) of cancer cells deactivate the detox mechanism of cancer drug 

therapy, defective immune system (Pluen et al., 2001), activation of DNA repair 

system and blocking of apoptosis (Stein, 1967). 

 

It is therefore clear that introduction of chemotherapy to cancer patients will be 

effective at the beginning, yet normal cellular factors could impede the development 

of chemotherapy and increase the need of a successful approach to target basic 

mechanisms of tumors’ growth. 

 

1.3.3) Bacterium-induced resistance 

 

Microbes and malignancy both exhibit a symbiotic relationship which is regarded as 

a double-edged sword. However, on the one hand bacteria can act as an emerging 

cancer therapy approach (Park et al., 2017) by using multifunctional bacteria-driven 

‘microswimmers’ as targeted drug delivery systems with significantly enhanced drug 

transfer to tumours, when compared with free drug (doxorubicin) or the passive drug-

loaded microparticles alone.  

 

On the other hand, microbial infections can cause major complications for cancer 

patients leading to granulocytopenia due to myelosuppressive chemotherapy 

(Schimpff et al., 1971). Microbes can trigger cancer cells’ progression through 
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several mechanisms: promotion of epithelial-mesenchymal transition (EMT), 

modulation of immune system and induction of chronic inflammation (Geng et al., 

2020; Li et al., 2019) through direct translocation which affect the metabolism of host 

cells and cause genotoxicity.  

 

Immunosuppression can also be caused by myelosuppressive cytotoxic 

chemotherapy that led to increased risk of infections. Induced immunosuppression 

by chemotherapy practices or the breakdown of mucosal barriers make the cancer 

patients susceptible to microbial infections (Holland, Fowler, and Shelburne, 2014).   

 

The emergence of multi-drug resistant bacteria many of which, according to the 

World Health Organization (WHO) list, are Gram-negative pathogens, has been 

described as ‘the silent pandemic of antimicrobial resistance’. E. coli has been 

recognized as a causal factor in infections in cancer patients, particularly those with 

hematological malignancies with neutropenia, B-cell-mediated immunity or splenic 

function dysfunction (Safdar and Armstrong, 2011). 

 

Colorectal Cancer (CRC) is the second leading cause of mortality in men and 

women worldwide. Insights of microbial involvement in the gut environment have 

contributed to our understanding of the mechanism of CRC initiation and strains of E. 

coli have been causally associated with the development of CRC due to the 

incidence of colitis (Arthur et al., 2013).  

 

Methicillin resistant Staphylococcus aureus (MRSA) has been accounted for 

microbial infections in cancer cells and accounted for one of the leading causes of 

invasive bacterial resistance in cancer patients (Mikulska et al., 2014).  

 

There is no clear mechanism of multi-drug resistance (MDR) in cancer cells. The 

World Health Organization (WHO) considers it a serious challenge of the twenty-first 

century (Morrison and Zembower, 2020; Patel et al., 2021). Oncologists have 

observed that resistance to cancer cells has never been detected until it is exposed 

to cancer therapy. Despite the availability of several clinically effective anticancer 

regimens, work is still in progress to develop a targeted approach with impressive 

cytotoxic activity against resistant mechanisms (Perez, Adachi and Bonomo, 2014). 
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1.4) Mitochondria 

 

Mitochondria are a major compartment of human cells which are bound by double 

membrane, characterized as a bio-energetic and biosynthetic organelle that utilize 

the substrates of the cytoplasm to drive the mechanistic pathway of fatty acids, 

electron transport chain (ETC), TCA cycle (Sullivan and Chandel, 2013), respiratory 

chain to synthesize fatty acids, nucleotides, amino acids, lipids, iron clusters and 

antioxidants (NADPH) as well (Morais et al., 1994). 

 

Mitochondria have evolved some billion years ago from α-protobacteria and became 

endosymbionts later in eukaryotic cells, as per the theory proposed originally by 

Lynn Sagan in 1967 (Sagan, 1967).  The evolution of complex cellular systems of 

mitochondria has made it independent of host cells due to the presence of their own 

genomic material (Yang et al., 1985). Mitochondrial biological activities exhibit similar 

characteristics to bacterial ancestors of mitochondria such as double membrane, 

energy production and existence of their own DNA (Sullivan and Chandel, 2013).  

 

Mitochondria have long been recognized as a powerhouse of eukaryotic cells that 

leads to the production of energy (ATP) through oxidative phosphorylation 

(OXPHOS) and the respiratory chain (Eisenberg-Bord and Schuldiner, 2017). 

Mitochondria are more than a central core of energy for cell homeostasis and are 

involved in all aspects of cellular metabolism. Their structure, function and pathology 

are intermittently connected to each other and that has made it relatively easy to 

study all aspects of mitochondria.  

 

Figure 1.5: Biosynthetic and bioenergetic processes of mitochondria 
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Glycolysis is a universal pathway of normal cells that utilizes one molecule of 

glucose to convert it into two molecules of pyruvic acid and the released energy is 

restored in the form of ATP and reducing equivalent NADH. The main aim of 

glycolysis is to provide energy (ATP) to all metabolic pathways of a normal cell 

through electron transport system (ETC). The substrates of glycolysis, anabolic and 

catabolic reactions of fatty acids and amino acids are processed through TCA cycle 

to generate high energy electrons (NADH and FADH2) to power electron transport 

chain (ETC) (Khutornenko et al., 2010) and to generate reactive oxygen species 

(ROS) which can stimulate the activation of signaling transduction pathways such as 

MAP kinase and HIFs which are essential for the regulation of cell homeostasis 

(Sullivan and Chandel, 2013). ETC is an essential requirement which is processed 

through OXPHOS and is also associated with the generation of ROS (Figure 1.5) 

(Anderson et al., 1981).  

 

Mitochondria also play a critical role to programmed cell death due to the emergence 

of BCL-2 family proteins, cytochrome-c, and apoptotic inducing factors (AIF) which 

comprise of proteins released to induce apoptosis. Pro-apoptotic proteins activate 

the release of BAX and BAK which induce pore formation and deactivate anti-

apoptotic factors to alter membrane potential. Then, cytochrome-c stimulates the 

release of apoptotic inducing factors (AIF) from the pores of mitochondrial 

membrane (Lant and Derry, 2013).  Mitochondrial pores stimulate the release of 

cytochrome-c which forms a complex for apoptosis by the addition of apoptotic 

protease activating factor (Apaf-1) to accelerate apoptosis (Valero et al., 2005). The 

mitochondrial membrane potential is an electrochemical gradient and play a critical 

role in the stability of mitochondrial processes such as apoptosis, release of ROS 

and also activate nuclear encoded proteins to translate through mitochondrial 

membranes (Heerdt, Houston & Augenlicht, 2005). 

 

Mitochondria regulate through critical cell processes from ATP production to 

apoptosis and measuring their function could be an imperative way to target cancer 

cells through different aspects of cellular metabolism (Frezza, Cipolat and Scorrano, 

2007).  
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1.4.1) Metabolism of cancer cells 

 

Abnormal cell metabolism is a hallmark of cancer cells’ growth, yet its regulation is 

not completely understood (Yu et al., 2017). Cancer cells regulate through multiple 

metabolic pathways to complete the supply of energy production and biosynthetic 

metabolites depending upon the requirements of cellular dysfunction (Pavlova and 

Thompson, 2016). Cancer cells’ progression and resistance to therapies depend 

upon the suppression of apoptosis.  

 

Mitochondria which are regarded as powerhouse of cells play an important role in 

the progression of cancer cells as an energy source through the generation of 

reactive substrates (Mashayekhi et al., 2014). Cancer cells exhibit various degrees 

of mitochondrial dysfunction through metabolism, mitochondrial membrane potential 

(Δψm) or the generation of ROS which could provide a general possibility to target 

cancer cells and improve therapeutic efficacy of chemotherapeutics (Hara et al., 

2011a).  

 

Mitochondrial DNA (mtDNA) plays a key role in the metabolic regulation of 

replication system of cancer cells (Wen, Zhu, and Huang, 2013). There are several 

approaches that have been developed to target cancer cells’ progression through 

mitochondrial metabolism which is associated with multiple changes in cellular 

functioning (Trachootham et al., 2008).  

 

Mitochondrial Membrane Potential (Δψm) is an important factor of mitochondria and 

changes response to apoptotic signals, microenvironment and localization of an 

individual cell during growth (Heerdt, Houston and Augenlicht, 2005). The most 

noticeable difference between healthy and cancer cells is the mitochondrial 

membrane potential (Δψm) (Constance and Lim, 2012) as mitochondria produce 

relatively high transmembrane electric potential of -180mV in cancer cells as 

compared to plasma membrane which produces potential of -60mV in healthy cells 

(Jean, et al., 2014).  

 

In the similar way, initiation and development of cancer cells is influenced by 

bacterial infections leading to genomic stability and integrity to cause DNA damage 
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(Geng et al., 2020). Bacterial infections are one of the most important inflammatory 

factors leading to DNA damage and increasingly recognized as a risk factor for 

cancer cells’ progression (Moergel et al., 2013). The mechanism of development of 

cancer cells is hard to determine due to diverse interaction between microbes and 

host cells. Microbial infections have been reported for cancer-inducing factors by 

damaging host cells’ DNA, induction of inflammation, suppression of immune 

system, promotion of epithelial-mesenchymal transition (EMT), hormone secretion 

and lymph proliferation (Geng et al., 2020; Li et al., 2020). Bacteria can translocate 

to cause genotoxicity which affect the metabolism of host cell’s environment (Zhou et 

al., 2020). Microbial susceptibility could be a practical therapeutic approach into 

tumour to colonize hypoxic environment of cancer cells without suppressing the 

immune system (Zhang et al., 2018).  

 

There are certain antibiotics including chloramphenicol that have been characterized 

to target mitochondrial biogenesis. Chloramphenicol can inhibit both bacterial and 

mitochondrial protein synthesis, causing mitochondrial stress and decreased ATP 

biosynthesis. The adverse effect of suppressing mitochondrial protein synthesis in 

the treatment of infections has reduced its use as an antibiotic (Schwarz and Firkin, 

1976). Overuse and abuse of antibiotics can increase the risk of cancer. 

Chloramphenicol has been shown to promote cancer progression, which may be 

more related to its 70S ribosomal inhibitory action and should be avoided in patients 

undergoing chemotherapy (Li et al., 2010). 

 

 

 

Figure 1.6: Chemical structure of Chloramphenicol 

 

 

 

 



 

 
12 

 
 

1.4.2) Mitochondrial dysfunction and cancer cells 

 

Cells proliferate through multiple metabolic and biosynthetic pathways for energy 

production depending upon the availability of metabolites and cellular functions. In 

normal conditions, mitochondria (double-membrane organelle) play an essential role 

not only as a powerhouse of cell but also as a reservoir to promote apoptotic 

proteins essential for induction of apoptosis (Pavlova, and Thompson, 2016) and 

utilize glucose, fatty acids, amino acids for energy production through several 

biochemical pathways such as OXPHOS, electron transport chain (ETC) and the 

generation of ROS.  

 

The process of tumourigenesis exhibits several degrees of dysfunction in 

mitochondria such as higher mitochondrial membrane potential (Δψm), shift of 

energy metabolism, blocked apoptosis, and elevated level of ROS (Lu, Ogasawara, 

and Huang, 2008). These alternative pathways could provide a therapeutic approach 

to target mitochondria of cancer cells and improve the selectivity of chemotherapy in 

oncology (Hara et al., 2011b). 

 

Mitochondrial dysfunction is manifested by a switch of energy metabolism from 

(OXPHOS) to glycolysis and release of ROS leading to development of cancer cells 

(Wen, Zhu and Huang, 2013). Transport of electrons through mitochondrial 

respiratory chain is associated with the generation of ROS, which are formed by the 

reaction of leaked electrons from respiratory chain with oxygen to release 

superoxide, in the process of OXPHOS. Mitochondrial oxidative damage leads to a 

change at the level of ATP and ROS balance affect upon the cell viability and 

proliferation (Hara et al., 2011b). 

 

Glycolysis is generally regarded as the dominant metabolic pathways of cancer cells’ 

proliferation. Cancer cells have a high dependence on glycolysis which is quite 

unlikely in normal conditions of cells. Mitochondria play a vital role in the survival and 

death of cells and the feature of an outer membrane and an inner mitochondrial 

membrane is unique for organelles and due to the presence of highly dense and 

abundant phospholipids with a high protein to lipid ratio (Chen et al., 2010). Clearly, 
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these features point to its exploitation as a biological intracellular target for 

therapeutic intervention. 

 

Aerobic glycolysis is an aggressive metabolic phenotype to produce energy (ATP) in 

the presence of excessive oxygen which is also the premise underpinning the 

Warburg effect (Warburg, 1956). ATP production at a high rate can lead to the 

generation of biomass of fatty and amino acids which are essential targets for rapid 

cell proliferation (Hsu and Sabatini, 2008). In general, cancer cells take up glucose 

as a glycolytic flux to produce lactate instead of oxygen as an intermediate to fulfill 

the metabolic demand of cancer cell proliferation (Bock et al., 2013). 

 

In addition to those, mitochondrial outer and inner membranes are the major barriers 

to passive diffusion of small molecules such as xenobiotics due to high mitochondrial 

membrane potential (Δψm) in cancer cells. Δψm decreases the opening of 

mitochondrial transition pores (MTP) which is a mega-channel involved in 

mitochondrial membrane permeabilization (MMP) and release of pro-apoptotic 

factors to induce mitochondrial apoptosis.  

 

Including the heterogeneity of genetics and histology of tumour cells, malignancy is 

also associated with an induction of common pathways to support the proliferation of 

cancer cells through catabolism, anabolism, and redox cycle (Li et al., 2012). Hence, 

mitochondrial dysfunction of cancer cells could be an attractive therapeutic approach 

to cause apoptosis of cancer cells.  

 

Considerable attention has been devoted to mitochondrial stresses because they 

can stimulate both beneficial and pathogenic adaptive responses, and there is 

growing evidence that retrograde signalling (mitochondria to nuclear messaging) can 

affect pathways that include regulation of cell proliferation, cell migration and 

invasion, apoptosis-resistance and chemo-resistance (Sullivan and Chandel, 2014; 

Guha et al., 2017). 

 

Retrograde signalling could provide mechanisms by which altered mitochondrial 

function leads to changes in nuclear gene expression and metabolism mediated by 

specific transcription factors in favour of enhanced tumour initiation and invasion. 
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Furthermore, the connections between mitochondrial retrograde signalling and 

metabolic alterations in the tumour microenvironment are the focus of a recent 

review (Yang and Kim, 2019). 

 

Consequently, agents that can prevent the tumour-promoting effects that may arise 

from retrograde signalling would be of therapeutic importance and strengthens the 

motivation in this study to design molecules that can be delivered selectively to this 

organelle in cancer.  

 

1.4.3) Bacterial infections and cancer progression 

 

Bacterial infection is a common and continuous problem in cancer patients. Direct 

and indirect effect of cancer on immune system increases the susceptibility of 

infections in cancer patients (Hugonnet et al., 2004). There are more than a million 

bacterial species present in a human body. Different bacterial species are found to 

initiate cancer development through different mechanisms at different sites. For 

example, Fusobacterial species can cause colon and oral carcinoma (Geng et al., 

2020).  

 

Inflammation is a natural response of immune system to protect the regulation of 

host cells. Persistence to chronic inflammation could lead to cancer cell progression 

but it is not specific to bacterial species (Liu et al., 2015) (Figure 1.7a). The longer 

persistence of bacterial species in host epithelial cells stimulates the secretion of 

pro-inflammatory cytokines (IL-6, IL-1) leading to severe inflammation (Sugimoto, 

Ohno, Graham, and Yamaoka, 2011) which is further associated with DNA damage 

(Habib, Moinuddin and Ali, 2005), aberrant cell differentiation, mutation, and cancer 

cells’ metastasis (Irrazabal et al., 2020). The amplified inflammation by bacterial 

infection results in enhanced cell division leading to metastasis of cancer cells 

(Figure 1.7b) (Korniluk et al., 2017). 

 

Bacterial infections are tumour stimulating and carcinogenic to cause genomic 

instability which produces toxins to hamper the regular stability of signals associated 

with cancer cells’ proliferation (Tegos et al., 2008). Genomic stability is a key factor 

to maintain the integrity of cells by protecting cells from oxidative stress, DNA 
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replication errors and several exogenous carcinogens causing DNA damage (Figure 

1.7c). Genomic instability process tumorigenesis through spontaneous mutation 

leading to metastasis (Dixon et al., 2015). Not all bacterial strains are carcinogenic, 

yet Gram-negative bacteria favour genomic instability and oncogenic transformation 

to induce DNA damage (Weyler et al., 2014).  

 

 

Figure 1.7: Bacterial infections leading to cancer cells’ development 

 

It was also reported that a baseline of cancer development is the immune cell hyper- 

activation/evasion by bacteria. Bacterial outer surface has complex antigenic 

moieties (Sivagnanam, Zhu and Schlichter, 2010), and lipopolysaccharides rich 

capsule which bind with specific toll-like receptors (TLR) which signals the regulatory 

pathway of cell proliferation and apoptosis. Hyper-activation of TLR and escaping of 

immune recognition can cause cancer cell development (Bergenhenegouwen et al., 

2016) (Figure 1.7b). For example, E. coli caused uncontrolled metastasis in non-

small cell lung cancer by the hyper-activation of TLR4 and TLR9 which is related 

with lipid synthesis (Ye et al., 2016).  

 

Historically, no connection was known between bacterial infections and cancer, 

however, two different mechanisms are considered to be amongst the major causes 

of cancer. One of these is chronic inflammation which could be induced by parasitic 
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or bacterial infection but related to malignancy due to their chronicity. The longer the 

inflammation persists the more likely are the chances of malignancy developing 

(Payne, Nowak, and Blumberg, 1992). H. pylori infections of the gastrointestinal tract 

have for some years been linked with carcinogenesis associated with an 

inflammatory process. Once established the infection can persist for decades. The 

International Agency for Research on Cancer (IARC) considers H. pylori a definite 

cause of gastric cancer development and in 2019 declared it a group 1 carcinogen 

(France, 2019). 

 

The association between bacterial infections and cancer cells development has been 

explored yet the mechanism of action is not fully understood. Although, the symbiotic 

relationship between bacteria and induction of cancer could lead to a useful 

approach of successful management of chemotherapy.  

 

1.5) Concept of drug design and discovery 

 

The development of new pharmaceutical agents following the mono-therapy 

approach is expensive and laborious along with subsequent clinical trials receiving 

before FDA approval takes about 15 years which makes it more important to find a 

feasible approach which should be economically efficient. Including these, drug 

resistance has been a major problem leading to failure of chemotherapy practices in 

cancer patients (Sutendra, et al., 2011). However, combination of two or more 

therapeutic approaches to target cancer cells has become a cornerstone in cancer 

chemotherapy (Giaccone et al., 2004) as it is economically effective therapeutic 

approach (DiMasi, Hansen and Grabowski, 2003) to reduce the incidence of 

resistance in cancer cells. 

 

The oxidative property of cancer cells and multi-drug resistance (MDR) due to 

overexpression of P-gp resulting in increased efflux of drug candidates through 

cancer cell (Wu et al., 2017) promote the need of a biophysical drug delivery system 

(Guilhelmelli et al., 2013). The major concept of drug design and development of 

anticancer and antibacterial prodrugs has been based upon the targeted drug 

delivery directly into mitochondria of cancer cells to induce mitochondrial oxidative 
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damage of tumors without effecting the normal cells and into bacterial cells to hinder 

the growth of bacterial population.  

  

1.5.1) Ciprofloxacin (CIPRO) 

 

CIPRO is an FDA approved and widely prescribed broad spectrum antibiotic that 

belongs to the fluoroquinolone class (Mandell et al., 1994). Structure activity 

relationship (SAR) has revealed the pharmacological importance of CIPRO in 

microbiology and oncology.  

 

CIPRO is pharmacologically active against both strains of bacteria by targeting 

primarily to topoisomerase II (Gellert et al., 1977), DNA-gyrase (Gellert et al., 1976) 

in Gram-negative bacteria, and topoisomerase IV in Gram-positive bacteria through 

a non-covalent binding (Ficker, Paolucci and Christensen, 2017; Shindikar and 

Viswanathan, 2005).  

 

CIPRO is known regarding the possible effects of substitutions on the ring system to 

inhibit the growth of both Gram-negative and Gram-positive bacteria. The presence 

of carboxylic acid (-COOH) at position-3 and carbonyl group at position-4 are 

essential for antimicrobial activity (Figure 1.8). However, substitution at position-7 is 

also important to maintain specificity and serum half-life (Tillotson, 1996).  
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Figure 1.8: Chemical Structure of ciprofloxacin 

 

Structure activity relationships (SAR) have shown that position-7 (Figure 1.8) 

improves lipophilicity, broadening the antibacterial spectrum, safety, potency, and 

pharmacokinetic properties of CIPRO (Koga et al., 1980). MDR has decreased the 

efficacy of antibiotics through different mechanisms such as expulsion of antibiotics 

via efflux pump. There is a need to develop an approach of antimicrobials to 
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overcome MDR impacting on pathological ways such as through a biophysical drug 

delivery system, drug modification and drug combination methods (Guilhelmelli et al., 

2013). Significantly, SARs have also reported the substitution of CIPRO at the C-3 

position could be an imperative choice to enhance anticancer potential of CIPRO 

(Ahadi et al., 2020). Likewise, considering the similarities between mitochondrial and 

bacterial membranes, two derivatives of TPP+-conjugated with CIPRO through an 

ester and an amide bond at position-3 (Figure 1.9) have been developed to increase 

the efficacy of CIPRO as an antibacterial targeting the bacterial membranes which 

has successfully established the efficacy of TPP+-CIPRO hybridization to combat 

MDR bacteria (Kang et al., 2020). 
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Figure 1.9: Chemical structures of TPP+-conjugated with ciprofloxacin through (a) an ester bond and 

                  (b) amide bond 

 

It is also previously investigated and documented that an introduction of a 

substituent on N4-piperazine moiety can dramatically improve the biological and 

physiological potential of CIPRO as antibacterial and anticancer agent (Gootz et al., 

1994) including lipophilicity of the compound. 

 

For example, 7-((4-substitued) piperazin-1-yl) derivatives of ciprofloxacin  

(Figure 1.10) have been synthesized which are non-toxic and showed potent 

antitumour activity which demonstrates that the cytotoxic activity of CIPRO could be 

potently modulated by the addition of simple substituents on N4-piperazinyl ring 

(Azéma et al., 2009). 
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Figure 1.10: Chemical structure of 7-((4-substitued)piperazin-1-yl) derivatives of ciprofloxacin 

 

Including CIPRO there are other antibiotics that have effects upon cancer cell 

metabolism and mitochondrial biogenesis. Levofloxacin (Figure 1.11) is one of those 

broad-spectrum FDA-approved antibiotics that synergistically acts with 

chemotherapeutics as an attractive combination to treat breast cancer. Biologically, it 

has been proven that breast cancer cells have higher mitochondrial biogenesis than 

normal breast cells.  

 

The mechanism of action of levofloxacin as anticancer agent acts through the 

inhibition of mitochondrial biogenesis which is associated with the deactivation of 

signalling pathways responsible for the growth and development of breast cancer 

(Yu, Li and Zhang, 2016). 
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Figure 1.11: Chemical structure of Levofloxacin 

 

The cytotoxic potential of CIPRO is revealed by the induction of apoptosis and 

inhibition of cancer cell progression by cell cycle arrest. Very recently it has been 

employed in adjuvant chemotherapy and are also recognized to regulate the 

stemness of cancer cells (Figure 1.12). CIPRO has made a unique element among 

all other family members of antibiotics due to its recognized property of apoptosis 

and G2 cell cycle arrest of several cancer cell lines (Smart et al., 2008) such as 
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U87MG (Glioblastoma), Panc-1 (pancreatic cancer), MLC9981 (prostate cancer), 

MDA MB-231 (breast cancer), H460 (lung cancer), HTB9 (bladder cancer), HT-29 

(colorectal carcinoma) and K562 (leukemia cells) (Gürbay et al., 2005; Reuveni et 

al., 2008). 

  

 

Figure 1.12: Anticancer potential of ciprofloxacin 

 

There are several approaches such as derivatization, cyclization and bio-steric 

replacement could be applied to design CIPRO-based anticancer and antibacterial 

agents.  

 

Likewise, tetracycline and tigecycline belonging to the same class of antibiotics have 

also been recognized as anticancer agents on acute myeloid leukemia (AML) 

through the induction of mitochondrial degeneration and cell-cycle arrest. 

Tetracycline (Figure 1.13) and derivatives have long been investigated as anticancer 

agents on Hela cell lines with a significant inhibitory action and an effect on 

mitochondrial structure (Buy and Showacre, 1961). 

 

 

Figure 1.13: Chemical structure of Tetracycline 
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However, the main effect of Tigecycline (Figure 1.14) on cancer cells is the inhibition 

of cell-proliferation, cell cycle arrest and mitochondrial dysfunction. It also helps via 

autophagy to induce apoptosis and inhibits angiogenesis on solid tumours (Škrtić  

et al., 2012).   

 

Figure 1.14: Chemical structure of Tigecycline 

 

Structure activity relationships of CIPRO have revealed the fact that CIPRO could be 

a dynamic choice to regulate cancer cells’ death. Good penetration ability of CIPRO 

into different tissues and glands has also made it eligible for both anticancer and 

antibacterial studies. In fact, in-vitro studies have established the need of high 

concentration of CIPRO to gain cytotoxic potential (Kassab and Gedawy, 2018; 

Yadav et al., 2015) as it was found to induce apoptosis at a higher concentration 

while at a lower concentration it could inhibit the proliferation of Jurkat cells but not 

cell death (Kloskowski et al., 2012).  

 

To focus on biological importance of CIPRO, it is therefore particularly aimed to 

design a CIPRO hybrid with a structural modification at C-3 and N4-piperazine ring 

having both anticancer and antibacterial potential. 

 

1.5.2) Dichloroacetic acid (DCA) 

 

The interest in the therapeutic use of dichloroacetate (DCA) (Figure 1.15) has been 

increasing as an anticancer agent (Sun et al., 2010) which is a mitochondrial-

targeting agent, metabolically acts to switch the metabolism of cancer cells from 

anaerobic glycolysis to aerobic glycolysis by inhibiting the activity of mitochondrial 

enzymes (PDK) and metabolizing the activity of pyruvate dehydrogenase (PDH) 

(Bonnet et al., 2007).  
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Figure 1.15: Chemical structure of DCA 

 

DCA activates the release of pyruvate dehydrogenase enzyme (PDH) by inhibiting 

pyruvate dehydrogenase kinase (PDK) in mitochondria of cancer cells that fosters 

the mitochondrial oxidation of pyruvate and interrupts in the metabolic advantage of 

cancer cells (Stacpoole, Handerson, Yan and James, 1998) which leads to mutation 

in mitochondrial DNA resulting in respiratory chain dysfunction by the release of 

cytochrome-c through oxidative phosphorylation (Figure 1.16).  

 

Figure 1.16: Mechanism of action of DCA 

 

There are numerous drugs targeting cancer cells’ metabolism, yet DCA has been 

recognized as highly reactive due to its positive effect to chemotherapy (Pathak et 

al., 2014; Ward and Thompson, 2012) as it plays a key role to induce apoptosis in 

cancer cells by increasing mitochondrial oxygen species (ROS). It is a small 

molecule (150 Da) that can penetrate to all types of cells and tissues. It acts as a 

lactate lowering drug that has a counteractive effect on the acidosis state of tumor 
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microenvironment by inhibiting the tumour growth and dissemination (Papandreou, 

Goliasova and Denko, 2011; Stockwin et al., 2010). The presence of pyruvate in 

mitochondria causes an increased efflux of cytochrome c, apoptotic-inducing factors 

and upregulates the level of ROS resulting in consequent reduction in the viability of 

cancer cells (Figure 1.16) (Ruggieri et al., 2015). 

 

The biological activity of DCA as a single candidate is not considered to be ideal, 

therefore there is a need to modify DCA to enhance its potential (Yang et al., 2010). 

Such as DCA was conjugated with CIPRO through a structure-based conjugation 

reaction and the resulting conjugate has been proved to be effective against Gram-

negative and Gram-positive bacteria with highly potent antimicrobial property (Figure 

1.17) (Seliem et al., 2019). 
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Figure 1.17: Chemical structure of DCA derivative of ciprofloxacin 

DCA can inhibit the growth of cancer cells and initiate cancer cell death, yet its 

cytotoxic potential is quite low (IC50  1000 M) and because of this, is a starting 

candidate for improving cytotoxic activity which has led to the synthesis of a variety 

of DCA derivatives. Notably, the cytotoxic activity of DCA has been successfully 

augmented by conjugating it with triphenyl phosphonium cation (TPP+) to afford a 

conjugate denoted as ‘Mito-DCA’ through a direct translocation to mitochondria of 

cancer cells to induce apoptosis (Figure 1.18) (Pathak et al., 2014).  
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Figure 1.18: Chemical structure of Mito-DCA 
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The synergistic effect of DCA with other chemical agents and reduction in adverse 

effects has also made it an eligible candidate in biomedicine practices (Stander, 

Stander and Joubert, 2015). The number of tested strategies of different cancer cell 

types is too limited to report about the efficacy of DCA, yet in-vitro and in-vivo study 

of DCA on xeno-transplant models has revealed its apoptotic effect and decreased 

tumour growth (Sutendra et al., 2013).  

 

Based upon the pharmacological evidence of DCA as anticancer agent and 

increasing antimicrobial potency of antibiotics has led to a hopeful achievement of 

conjugating DCA with CIPRO to exhibit both anticancer and antibacterial properties 

in a single candidate, during this research programme.  

 

1.5.3) Anthraquinones (AQ) 

 

Anthraquinones (AQ) have extensive therapeutic effects on cancer cells that are 

related to angiogenesis, metastasis, and invasion, reversing multi-drug resistance, 

promoting tumor apoptosis, and increasing sensitivity to chemotherapy (Ge and 

Russell, 1997). 

O

O

 

Figure 1.19: Chemical structure of anthraquinone 

 

The structural core of anthraquinone (Figure 1.19) has attracted the interest as an 

anticancer agent (Fan, Shi and Lowary, 2007) as they can uncouple mitochondrial 

OXPHOS causing mechanistic investigation in their redox chemistry. Additionally, 

the antioxidant property of anthraquinone have increased their importance in 

chemotherapy to induce cancer cell death through oxidative stress mechanism by 

increasing the concentration of ROS (Ge and Russell, 1997). 

 

It is generally believed that cytotoxic activity of anthraquinone work through DNA 

interaction. However, the mechanism of interaction is not fully understood. The 
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anthraquinone related anticancer drugs could interact with mitochondrial DNA 

(mtDNA), preferentially at the rich sites of guanine and cytosine. This cleavage can 

cause conformational changes in the mtDNA which could lead to inhibition of mtDNA 

replication in cancer cells and may cause mtDNA damage (El-Gogary, 2002). On the 

other hand, anthraquinones have been shown to inhibit the activity of mitochondrial 

topoisomerase II which could lead to DNA damage. Mitochondrial topoisomerases II 

are one of the essential enzymes to control the topological state of mitochondrial 

DNA involve in genetic process such as replication and transcription which are 

activated in cancer cells’ growth. Therefore, mitochondrial topoisomerase II could be 

an important cellular target to control the growth of cancer cells to design new 

antineoplastic drugs (Kou et al., 2012). 

 

Additionally, anthraquinone have the biological activity to modulate ROS-mediated 

mechanism in cancer cells which could evaluate their antioxidant activity in cancer 

cells and trigger cell death by reaching the level of ROS to toxic threshold level 

(Hancock, Desikan and Neill, 2001). Anthraquinone exhibit antibacterial activity 

through the disruption of redox process of bacteria. High concentration of 

anthraquinone can disrupt bacterial membrane agents (Chan, Zhang, and Chang, 

2011). Molecules having anthraquinone compounds can inhibit bacterial DNA gyrase 

through the exhibition of their toxicity on bacterial cell by stabilizing the double-

stranded break of DNA which is created by gyrase to block the transcription 

(Williamott et al., 1994).  In general, anthraquinone could be a better choice to 

design the framework of novel anticancer compound. 

 

To develop potent antitumour agents, a series of anticancer agents have been 

designed and developed having anthraquinone as a base component due to its 

reported antioxidant and anticancer activities (Bhasin et al., 2013) with a possible 

mode of interaction following the disruption of cellular redox process (Fukuda et al., 

2009). For example, a doxorubicin analogue has been successfully synthesized 

having TPP+ and DCA attached in it and investigated for its cytotoxic potential on 

DOX-resistant xenograft tumor model (Figure 1.20) (Sharma et al., 2018).  
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Figure 1.20: Chemical Structure of doxorubicn analogue with TPP+-cation and DCA 

 

1.5.4) Triphenylphosphonium cation (TPP+):  

 

Lipophilic cations such as triphenyl phosphonium (TPP+) cations (Figure 1.21) have 

the capability to target mitochondria in cancer cells through a biophysical means of 

drug delivery system. TPP+-cations can accumulate several hundred-folds in 

mitochondria in the absence of transporters to cross mitochondrial membranes. The 

hydrophobic surface of TPP+-cations make it eligible to enter mitochondrial matrix 

probably due to high mitochondrial membrane potential (Δψm) in malignant cells 

(Millard et al., 2010).  

P
+

OH

O

Br-

 

Figure 1.21: Chemical Structure of (4-carboxybutyl)triphenylphosphonium bromide 

 

The structure activity relationship of TPP+ conjugates has revealed the mystery that 

lipophilicity of TPP+-cations enable them to target mitochondria in cancer cells. 

Accordingly, lipophilic TPP+-cations have been widely used as a probe to target 

mitochondria. In addition to these, malignant cells are highly oxidative due to high 

electron transport chain and TCA cycle that could offer a biophysical drug delivery 
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system in mitochondrial matrix. This has raised the possibility of TPP+-cations having 

large surface area to cross mitochondrial membranes and accumulate in 

mitochondrial matrix. TPP+ based lipophilic cations can sufficiently delocalize the 

positive charge to cross the large surface area and therefore there is no need to 

apply a further specific transporter for mitochondrial translocation (Jonnalagadda et 

al., 2020).  

 

TPP+-cations cross inner and outer membranes of cancer cells through traversing 

the high mitochondrial membrane potential directly the mitochondria of malignant 

cells. The membrane can prevent non-cancerous cells from being damaged as as 

commonly affected by chemotherapy. The positive ion of TPP+ can delocalize at the 

hyperpolarized state of cancer cells which diminishes the need of specific 

translocators to target mitochondria of cancer cells (Dong et al., 2013) (Figure 1.22). 

 

 

Figure 1.22: Translocation of triphenyl phosphonium cation to mitochondria of cancer cells 

 

In earlier work from this laboratory, focusing on the mechanism of action of the 

TPP+-cation, a series of novel anthraquinone TPP conjugates was synthesized, 

including an ester-linked amino-anthraquinone-triphenylphosphonium (AQ-TPP) 

conjugate code-named SH1 (Figure 1.23) that was shown to accumulate inside 

mitochondria to circumvent P-gp mediated resistance which was tracked by using 

MitoTrackerFM tracer dye. Furthermore, SH1 was proved to be equally cytotoxic in 
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the highly resistant HCT-15 colon cancer and relatively sensitive MCF-7 breast 

cancer cell lines (MCF-7) (Mohammed, 2021), and was not found in the nucleus.  
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Figure 1.23: Chemical structure of SH1 (Mohammed, 2021) 

 

The observation that the anthraquinone-TPP conjugate SH1 selectively accumulated 

in the mitochondria of cancer cells provided a prototype to aid the rational design of 

the more complex hybrid conjugates incorporating CIPRO both with and without 

additional coupling to DCA.  
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Chapter 2  

Results and Discussion 

2.1) Background 

 

This chapter presents the results and discussion of experiments to design, discover 

and evaluate novel intracellularly targeted compounds having variously, anticancer 

and antibacterial activity to overcome MDR. The intracellularly targeted drugs were 

specifically designed to target the mitochondria of cancer cells by exploiting the high 

mitochondrial membrane potential in cancer cells and/or the lipid membranes of 

bacteria. A major reason to target bacteria in the context of cancer therapy is that 

intra-tumoural bacteria are known to promote resistance of tumour cells to 

chemotherapy drugs by metabolizing the respective active drug and drug candidates 

into inactive forms (Xi et al., 2022). 

 

The anticancer activity of some chemotherapeutics could be potentiated by the 

administration of antibiotics in patients but chemoresistance via microbe-induced 

drug-detoxification could be lethal in cancer patients on chemotherapy (Lehouritis et 

al., 2015). Therefore, the design of a chemical moiety following a combination 

strategy of a dual antibacterial and anticancer drug candidate could be an imperative 

choice to overcome the failed impacts of chemotherapy due to MDR.  

 

Pursuing this dual approach in this programme of research, the rational drug design 

and synthetic strategy towards novel anticancer and antibacterial compounds are 

explained including the synthesis, purification and characterization details and 

biological evaluation of selected synthesized compounds in antibacterial and 

anticancer activity assays. 

 

2.2) Rational drug design 

 

There is a growing need to design and develop new strategies that allow therapeutic 

interventions in difficult drug targets. Multiple approaches are needed to develop a 
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drug, these approaches are the basis of rational drug design (Fuller, Burgoyne and 

Jackson, 2009).  

 

To date many approaches have been proposed to overcome multi-drug resistance 

(MDR) such as repositioning of drug molecules, combination of different drugs or 

adoption of improved (targeted) drug delivery mechanisms. Many new chemical 

agents inhibiting both microbes and cancer cells have been suggested for targeting 

the molecular mechanisms of MDR. Notably, various approaches based on using 

cationic polymers or inhibitory integral proteins have been recognized to be effective 

against both Gram-negative and Gram-positive bacteria (Baker et al., 2018).  

 

It is also necessary to identify a functional relationship between cancer cells and 

cytotoxic agents which leads to the selection of chemical moieties due to the 

presence of multiple ways of targeting of mitochondria of cancer cells. Many 

chemical modifications have been made to clinically used drugs to identify the 

compounds with defined intracellular targets, decreased general toxicity and 

circumvention of drug resistance, particularly the anthracycline class, typified by 

doxorubicin (adriamycin). The most important structural moiety responsible for 

therapeutic properties of anthracyclines is the anthraquinone core. Therefore, 

anthraquinones and their analogues are widely used as scaffolds for the design of 

anticancer drug candidates. Drug modifications have been made to escape 

resistance mechanisms (Shchekotikhin, et al., 2016); afford differential binding with 

mtDNA (El-Gogary, 2002), achieve selective inhibition of mitochondrial 

topoisomerases II (Kou et al., 2012); block metabolic pathways of cancer cells to 

induce apoptosis (Bonnet et al., 2007) and modulate the generation of ROS species 

(Hancock, Desikan and Neill, 2001). 

 

Broadening the spectrum of biological activity by creating hybrid molecules 

composed of different agents that exert their pharmacological effects by different 

molecular mechanisms has proved a viable approach. For example, novel 

anthraquinone-quinazoline hybrids have emerged as anticancer drug candidates 

with promising multitargeted biological activities (Liang, et al.,, 2020).  

 



 

 
31 

 
 

In the research described in this thesis, the major concept of drug design and 

development of anticancer and antimicrobial hybrids has been based upon targeted 

drug delivery to induce mitochondrial damage in tumour cells without damaging the 

healthy cells, and concomitantly into bacterial cells to hinder the growth of bacterial 

populations associated with the tumour microenvironment of solid tumours.  

 

Modification in the chemical structure of the anthraquinone scaffold and 

derivatization of CIPRO were combined with the aim to optimize the therapeutic 

effects and physico-chemical properties, which could lead to the generation of a new 

series of clinical candidates in chemotherapy practices.  

 

The general structure of the target compounds in this work, is shown in its simplest 

diagrammatic form in Figure 2.1. The figure depicts a tri-component (tripartite) 

system that contained the anthraquinone scaffold, orthogonally connected to a 

mitochondrial-targeted TPP+ vector and a ciprofloxacin-DCA conjugate, thus 

introducing the pharmacophores with anticancer and antibacterial potential and an 

organelle-seeking and bacterial membrane-penetrating targeting group.  

 

Targeting mitochondria of cancer cells has been a promising focus to improve the 

efficiency of chemotherapy, yet high mitochondrial membrane potential hinders the 

accumulation of drugs in cancer cells. The oxidative property of cancer cells and 

multi-drug resistance (MDR) due to overexpression of P-gp resulting in increased 

efflux of drug candidates through cancer cells (Wu et al., 2017), promote the need of 

a biophysical drug delivery system such as the TPP+ cation. 
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Figure 2.1: Rational design of novel dual anticancer and antibacterial hybrid drugs 

 

Conjugation of a drug candidate with a triphenylphosphonium (lipophilic) cation is a 

promising approach which would accumulate the drug ~10 times greater in cancer 

cells than normal cells as a consequence of the differential mitochondrial membrane 

potential of cancer cells that is more negative (~ –220 mV) than healthy cells  

(~ –160 mV). It is hypothesized that structure-based conjugation of drug-candidates 

by exploiting a biophysical drug delivery system would cause a physical damage to 

mitochondria of cancer cells leading to selective anticancer and antibacterial effects 

to overcome the effects of MDR (Smith et al., 1999). 

 

Sharma et al. reported a cancer-selective multicomponent conjugate that triggers an 

oncogene-directed reprogramming of mitochondrial metabolism to restore 

mitochondrial OXPHOS, which promoted active doxorubicin (Dox) translocation from 

mitochondria to the nucleus and significantly increased apoptosis and in both Dox-

sensitive and Dox-resistant tumour models, including simultaneous circumvention of 

drug-efflux pumps (Sharma et al., 2018). 

 

The encouraging results in the published literature, outlined above, to target 

mitochondria and broaden the spectrum of biological activity of a drug, provided in 

part the motivation to design a new hybrid compound of some complexity, having 

CIPRO as a main component, and predicted to possess both antibacterial and 

anticancer properties.  
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2.2.1) Synthetic strategy 

 

The main purpose to synthesize TPP+-targeted drug is the translocation of novel 

anticancer and antibacterial agent through a biophysical drug delivery system which 

would be possible by the conjugation of CIPRO molecule with triphenyl-

phosphonium cation (TPP+).  

 

Following the above approach, in this research programme a synthetic strategy was 

proposed (Figure 2.2) to design a new dual TPP+-targeted anticancer and 

antibacterial agent. Starting with commercially available 2-chloroanthraquinone, a 

piperazine substituent was introduced in 2 steps to synthesize KA2. Further, KA1 

was conjugated to lysine in order to introduce two points of attachment for both the 

TPP carrier (on the alpha amino group) and (later) Boc-protected ciprofloxacin (at 

the epsilon amino group), affording intermediate KA9. Subsequently, deprotection of 

the Boc group (standard removal with trifluoroacetic acid) in KA9, followed by 

conjugation to DCA gave the ultimate target compound KA11.   

 

Amide bonds would be formed where possible to assemble the individual 

pharmacophores into their hybrid conjugates to prevent enzymatic breakdown that 

might occur if ester bonds were used.  In this research project, several derivatives of 

anthraquinone derivatives have been synthesized through nucleophilic substitution 

reactions (on commercially available chloroanthraquinones) leading to the formation 

of anthraquinones substituted with secondary amines that give enzymatically stable 

tertiary amides upon reaction with carboxylic acids. Furthermore, it has been 

reported that presence of nitrogen atoms plays an important role in binding with 

mtDNA and maintaining a drug-mtDNA complex in cancer cells (Niedziałkowski et 

al., 2019).  
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Figure 2.2: Overview of the proposed synthesis of target compound KA11  
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Anthraquinones (anthracene-9,10-diones) which are a structural core of the 

anthracycline antibiotics, have attracted great interest for their proven or potential 

applications (Fan, Shi and Lowary, 2007) as chemotherapeutics (Schneeweiss et al., 

2019). However, alteration in the chemical structure of anthraquinones may 

adversely affect their electrochemical properties which can lead to a change in their 

mechanism of action and their redox properties. It is necessary to consider the type 

of substituent which would be used to generate anthraquinone derivatives (Lehmann 

and Evans, 2001). The position of a substituent on an anthraquinone moiety along 

with its stereochemistry (if present) but not a concern in this research, and precise 

functional groups leading to specific binding of the compound with the target receptor 

molecule, are all factors that may lead to a large change in antitumor activities of the 

compound (Tripathi et al., 2001).  

 

In a related but limited number of studies, has been reported that anthraquinone 

hybrids containing the piperazine ring as a substituent at different positions exhibit 

anticancer properties (Niedziałkowski, et al., 2019). The piperazine ring structure 

plays an important role in many pharmaceuticals and biological research (Lien et al., 

1997). The effect of the piperazine ring as a substituent depends upon the chemical 

moiety directly attached to one or both of its nitrogen atoms (Figure 2.3) 

(Ganushchak et al, 1971); equally, including the number of substituents on an 

anthraquinone moiety, given anthraquinone derivatives with a single piperazine ring 

has been proved to be highly cytotoxic as compared to two piperazine substituents 

(Niedziałkowski et al., 2019). 

 

Figure 2.3: Chemical structure of piperazine ring showing the points of attachment to other groups 

 

Singh et al., have emphasized the versatility of the piperazine ring system as a 

biological scaffold in a recent review and its use as a nucleophile in a number of 

settings (Singh et al., 2022). The piperazine has the unique feature of ease of 

functionalization for research targets in chemistry which has made it an important 



 

 
36 

 
 

candidate in medicinal chemistry to search for new chemicals with a therapeutic 

impact (Solankee et al., 2010). 

 

Piperazine can be used to replace chlorine in 2-chloroanthraquinone by nucleophilic 

displacement, involving an addition-elimination process (Figure 2.4). The electron-

withdrawing effects of the carbonyl groups in the quinone make the C-2 carbon atom 

of the anthraquinone susceptible to nucleophilic substitution (normally a difficult 

process to achieve in simple aromatic systems). A piperazine nitrogen atom adds on 

to C-2 with loss of its proton; this is followed by elimination of a chloride ion to give 

the desired product.  
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Figure 2.4: Nucleophilic displacement of chlorine by piperazine (an addition-elimination sequence) 

 

A drawback with using piperazine as the free base is the possibility of obtaining 

unwanted reaction at each of its nitrogen, whereas we require only the mono-

substituted 1:1 anthraquinone-piperazine adduct. A further difficulty is the general 

poor solubility of anthraquinone-based spacer compounds of this type in organic 

solvents, making their isolation and purification difficult. Consequently, in this 

research, a partially protected derivative of piperazine (possessing a Boc-protecting 

group on one nitrogen) was used to favour the desired product (Section 2.3.1).  

 

Conjugation of drugs with a TPP+ molecule to facilitate uptake into mitochondria of 

cancer cells is not a new concept and various chemical agents have been 

synthesized with TPP+-cations, including antioxidants (Cheng et al., 2016).  

 

The advantage of TPP+ based drug delivery over other drug delivery systems is the 

stability of TPP+ cation in biological systems and ease of conjugation (Zielonka et al., 

2017). The delocalized TPP+-cation is usually linked through a spacer or an alkyl 

chain which modulates the lipophilicity, cellular uptake and site of mitochondrial 

sequestration. Some of the published chemical methodology was therefore used as 

starting points for establishing reaction conditions and adapted to the molecules 
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used in the present study, keeping in mind the overall design principles (Figure 2.5) 

and the ‘in-house’ prototype anthraquinone-TPP conjugate SH1. 

  

 

Figure 2.5: Anatomy of TPP+- based functional analogues of SH1 

 

In this rational drug design and development, DCA (a mitochondrial targeted agent 

that inhibits pyruvate dehydrogenase kinases) is a strong candidate to develop its 

cytotoxic potential (Sun et al.,, 2010) because of its modulating action on a major 

metabolic component of (cancer) cells (Bonnet et al., 2007). Additionally, the 

possibility of achieving a  synergistic effect with DCA provides motivation for  

conjugating DCA with other anticancer agents via a structure-based modification 

(Seliem et al., 2019). Further, good penetration ability of CIPRO has made it an 

eligible candidate for chemotherapy practices (Ahadi et al., 2020). 

 

2.3) Synthesis of hybrid anthraquinone, TPP+, ciprofloxacin and DCA 

conjugates 

 

2.3.1) Synthesis of AQ-PIP-BOC (KA1) 

 

KA1 was synthesized by reacting 2-chloroanthracene-9,10-dione with 1-tert 

butyloxycarbonyl-piperazine (Scheme 01).  The reaction was successfully performed 

at 40oC by the use of DMSO as a solvent.  

The synthesis of KA1 was confirmed by TLC using the solvent system 

(dichloromethane: ethyl-acetate 9:1). The compound was isolated by solvent 

extraction with water and dichloromethane and purified by column chromatography. 
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The pure fractions of KA1 were collected, filtered and dried. The orange precipitate of 

KA1 was formed by the addition of diethyl ether. KA1 was obtained in low yield (34%) 

but the conditions were not optimised; the compound was deemed pure by 

chromatographic analysis and NMR spectroscopy, and used for subsequent reactions.  

 

The structure of KA1 was confirmed by high resolution electrospray (+) mass spectrum 

showing a clear signal (100%) at m/z 393.1805, corresponding to the expected 

molecular weight of KA1 (392.44766 Da) (Figure 2.6). Additionally, good correlation 

was found between theoretical isotope and observed data of C23H24N2O4 (Figure 2.7). 
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Scheme 01: Chemical synthesis of KA1; (a) = Boc-piperazine (b) = DIPEA 
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Figure 2.6: The high-resolution ESI (+) mass spectrum of KA1 

 

Figure 2.7: Correlation between observed data and theoretical 13C isotope profile of KA1 

 

In addition to mass spectrometry, KA1 was characterized by its 1H NMR spectrum (in 

CDCl3). A nine-proton singlet at 1.52 ppm was assigned to the three equivalent 

methyl groups of the Boc protecting group. The four methylene groups of the 

piperazine spacer gave signals at 3.52 and 3.62 ppm. All aromatic protons were 

successfully assigned; H-3 and H-4 gave one proton doublets at 7.18 and 8.22 ppm, 

respectively. A one proton singlet at 7.65 ppm was assigned to H-1. The H-6 and H-

7 protons were present at 7.76 ppm and the H-5 and H-8 protons at 8.28 ppm 

(Figure 2.8). 

 

Figure 2.8: NMR assignments and peak positions in ppm for KA1 (AQ-2-pip-Boc) 
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2.3.2) Synthesis of  AQ-PIP-TFA (KA2) 

 

KA2 was synthesized by the dissolution of KA1 in TFA for 30 minutes at room 

temperature. In this step of chemical synthesis, deprotection of KA1 results the KA2, 

with complete removal of the Boc-protecting group and otherwise, gaseous products. 

The yield was virtually quantitative and because the trifluoroacetic acid acts both as 

a reagent and solvent, upon evaporation , the first-formed free base is converted to 

its trifluoroacetate salt form (stable) by protonation of the piperazinyl amino group in 

the excess acid (Scheme 02).This offers a convenient way to store the amine in its 

stable salt form. 

 

The formation of KA2 was confirmed by TLC using a solvent system of 

dichloromethane: ethyl-acetate (9:1). The trifluoroacetate salt KA2 was obtained in 

solid form under diethyl ether and dried in vacuo. The compound was homogeneous 

on TLC.  

 

The structure of KA2 was confirmed by high resolution electrospray (+) mass spectrum 

showing a clear signal (100%) at m/z 293.1282 calculated for the cation C18H17N2O2
+ 

(Figure 2.9). Additionally, good correlation was found between the carbon 13 

theoretical isotope model and observed data for C18H17N2O2
+ (Figure 2.10). 
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Scheme 02: Synthesis of KA2 (by TFA mediated deprotection of KA1)  
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Figure 2.9: The high-resolution ESI (+) mass spectrum of KA2 

 

 

Figure 2.10: Correlation between observed data and the theoretical 13C isotope of KA2 
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2.3.3) Synthesis of AQ-PIP-DCA (KA3) 

 

KA3 was synthesized by the dropwise addition of DCA-anhydride to a solution of KA2 

in dichloromethane, with potassium carbonate acting as a base. The main difference 

between KA2 and KA3 is the addition of DCA through a tertiary amide bond (Scheme 

03). The main purpose to synthesize such a DCA-AQ hybrid was to establish the best 

reaction conditions in what was potentially a model compound, so that optimised 

conditions could be applied to more complex hybrids in subsequent experiments. 

However, the model compound KA3 could be of interest in itself; DCA conjugation in 

some cases could potentiate the antitumour activity (here, of an aminoanthraquinone) 

by increasing the generation of ROS reported in other series (Hossain et al., 2020). 

The lipophilicity of anthraquinones could be further increased,  as DCA plays an 

important role to enhance the lipophilicity of different anticancer agents that have 

included metal-salts, ammonium salts, amides and esters (Yang et al., 2010) aiding 

passage through biological membranes.  

 

The synthesis of KA3 was confirmed by TLC using a solvent system of 

dichloromethane: ethyl acetate (9:1), having Rf 0.70. The white crystals of potassium 

carbonate were filtered off, and the mixture was extracted using equal portions of 

dichloromethane: water (1:1) then dried. However, TLC showed a coloured impurity 

which was removed through purification of KA3 by column chromatography. The pure 

fractions containing KA3 were collected, filtered and dried. The orange precipitate of 

KA3 was formed by the addition of diethyl ether.  

 

The structure of KA3 was confirmed by a high-resolution electrospray (+) mass 

spectrum showing a clear signal (100%) at m/z 403.0611 corresponding to the 

expected molecular weight of KA3 (402 Da) (Figure 2.11). Additionally, good 

correlation was found between the theoretical isotope model and observed data for 

C20H17Cl2N2O3 (Figure 2.12) 
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Scheme 03: Synthesis of KA3; (a) = potassium carbonate, (b) = dichloromethane  

 

 

Figure 2.11: The high-resolution ESI (+) mass spectrum of KA3 
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Figure 2.12: Correlation between observed data and 13C theoretical isotope profile of KA3 

 

KA3 was further characterized by its 1H NMR spectrum (in DMSO-d6). The four 

methylene groups of the piperazine spacer gave signals between 3.56 and 3.84 

ppm. The methine proton of DCA was assigned to a one proton singlet at 7.31 ppm. 

All aromatic protons were successfully assigned; H-3 and H-4 gave one proton 

doublets at 7.39 and 8.02 ppm, respectively. A one proton singlet at 7.51 ppm was 

assigned to H-1. The H-6 and H-7 protons were present at 7.87 ppm and the H-5 

and H-8 protons at 8.18 ppm.  

 

2.3.4) Synthesis of AQ-PIP-Lys (BOC)-Fmoc (KA4) 

 

Synthesis of KA4 was by formation of an amide bond between the secondary amino 

group of KA2 and the carboxylic acid group of Fmoc-Lys (BOC)-OH. The 

Fluorenylmethoxycarbonyl protecting group (Fmoc) is a protecting group which is 

widely used in organic synthesis to protect amino groups. The most attractive feature 

of the Fmoc protective group is its stability under acid conditions in contrast to a Boc-
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group (and vice-versa). Fmoc groups are stable to TFA and removed by 20% 

piperidine in DMF.  

The reaction was carried out at room temperature in DMF in the presence of 

coupling agents [Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium 

(HATU)] and using diisopropylethylamine as a base (Scheme 04).  

The Fmoc is a protective group that is normally removed by base (i.e., the secondary 

amine, piperidine) but has excellent acid stability, meaning that a Boc group can be 

selectively removed by acid, typically TFA, leaving the Fmoc group in place. This is 

known as orthogonal protection.   

  

KA4 was obtained in good yield in a pure form, confirmed by TLC using a solvent 

system of chloroform: methanol (4: 1) with Rf. 0.70. The reaction solution of KA4 was 

extracted using dichloromethane and water (1:1), dried and purified through column 

chromatography. The pure fractions of KA4 were collected, filtered and dried. KA4 was 

precipitated by the addition of diethyl ether.  

 

The structure of KA4 was confirmed by high resolution electrospray (+) mass spectrum 

which showed a signal at m/z 743.3451 which corresponded to the species [M+H]+ 

(Figure 2.13).Furthermore, a good correlation was found between observed data and 

theoretical isotope model of C44H47N4O7 (Figure 2.14). 
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Scheme 04: Synthesis of KA4; (a) = HATU, (b) = DMF, (c) = DIPEA 
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Figure 2.13: The high-resolution ESI (+) mass spectrum of KA4 

 

 

Figure 2.14: Correlation between observed data and the 13C theoretical isotope model of KA4 

 

KA4 was additionally characterized by its 1H NMR spectrum (in CDCl3). Signals for the 

Boc protecting group and the -, - and - methylene groups of lysine were found 
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between 1.38 and 1.80 ppm, with -CH2 at 3.22 ppm. The four methylene groups of 

the piperazine spacer gave signals between 3.55 and 3.98 ppm. The alpha proton of 

lysine gave a one proton multiplet at 4.25 ppm. A two-proton doublet at 4.42 ppm was 

assigned to the Fmoc methylene group. A one proton doublet at 5.75 ppm was 

assigned to the amide of the Fmoc protecting group. All aromatic anthraquinone and 

Fmoc protons were accounted for.  

 

2.3.5) Synthesis of AQ-PIP-Lys (BOC) (KA5) 

 

The chemical structure of KA4 had an Fmoc group on the alpha amino group of lysine 

which required removal prior to TPP conjugation. The deprotection of the Fmoc was 

carried out by treating KA4 with the base piperidine (Scheme 05). KA5 was 

synthesized by dissolving KA4 in DMF with 20% piperidine with yield 60%. 

The reaction mixture subjected to solvent extraction and the organic phase was dried. 

KA5 was purified by column chromatography using gradient elution (chloroform: 

methanol; 19:1; 9:1; 4:1) respectively. The pure fractions were collected, filtered and 

dried. Diethyl ether was added to form a precipitate of KA5. 

 

The chemical structure of KA5 was confirmed by high resolution electrospray (+) mass 

spectrum which showed a clear signal at m/z 521.2753 which was corresponded to 

the expected molecular mass of KA4 (520.61994 Da) (Figure 2.15). Also, good 

agreement was found between observed data and theoretical isotope model of 

C44H47N4O7 (Figure 2.16). 
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Scheme 05: Synthesis of KA5 (deprotection of KA4 with piperidine)  
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Figure 2.15: The high-resolution ESI (+) mass spectrum of KA5 

 

 

Figure 2.16: Correlation between observed data and 13C theoretical isotope of KA5 for cation [M+H]+ 
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KA5 was characterized by its 1H NMR spectrum (in CDCl3). Signals for the Boc 

protecting group and the -, - and - methylene groups of lysine were found between 

1.40 and 1.72 ppm, with -CH2 at 3.15 ppm. The four methylene groups of the 

piperazine spacer gave signals between 3.52 and 3.88 ppm. The alpha proton of lysine 

was a one proton multiplet at 4.62 ppm. All aromatic protons were successfully 

assigned; H-3 and H-4 gave one proton doublets at 7.17 and 8.20 ppm, respectively. 

A one proton singlet at 7.65 ppm was assigned to H-1. The H-6 and H-7 protons were 

present at 7.74 ppm and the H-5 and H-8 protons at 8.28 ppm.   

 

2.3.6) Synthesis of AQ-PIP-Lys (BOC)-TPP (KA6) 

 

KA6 (yield, 63%) was synthesized by reaction of KA5 with (4-carboxy-

butyl)triphenylphosphonium bromide (TPP) in DMF, under basic conditions and in the 

presence of coupling agents (PYBOP, HOBT) at room temperature (Scheme 06). 

 

The TPP+- cation is an excellent membrane penetrating agent whose positive charge 

is delocalised due to the presence of three aromatic rings (Kelso, et al., 2001). The 

synthesis of KA6 was confirmed by TLC with Rf 0.46. Solvent extraction was carried 

out using dichlorométhane : water (1 :1) and KA6 was purified through column 

chromatography. The pure fractions were collected, filtered and dried. Diethyl ether 

was added to obtain KA6 in solid form.  

 

The structure of KA6 was confirmed by high resolution electrospray (+) mass spectrum 

showing a clear signal at m/z 865.4088 corresponding to the expected molecular mass 

of the cation of KA6 (Figure 2.17). Additionally, good agreement was found between 

observed data and theoretical isotope model of C52H58O6N4P (Figure 2.18). 
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Scheme 06: Synthesis of KA6; (a) = HOBT, (b) = PYBOP, (c) = DIPEA, (d) = DMF  

 

 

Figure 2.17: The high-resolution ESI (+) mass spectrum of KA6 
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Figure 2.18: Correlation between observed data and theoretical 13C isotope profile of KA6 

 

2.3.7) Synthesis of AQ-PIP-Lys (TFA)-TPP (KA7) 

 

KA7 was synthesized by (quantitative) removal of the Boc protecting group from the 

epsilon amino group of lysine in KA6. This was carried out by dissolving KA6 in 

trifluoroacetic acid at room temperature for 30 min (Scheme 07). The reaction mixture 

was dried and KA7 was precipitated by the addition of diethyl ether. 

 

The structure of KA7 was confirmed by high resolution electrospray (+) mass spectrum 

showing a clear signal at m/z 765.3567 corresponding to the expected molecular mass 

of the KA7 cation (Figure 2.19). A good correlation was found between observed data 

and theoretical isotope model of C49H50N4O6F3P (Figure 2.20). 
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Scheme 07: Synthesis of KA7; deprotection of KA6  (a) = TFA 

 

 

Figure 2.19: The high-resolution ESI (+) mass spectrum of KA7 
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Figure 2.20: Correlation between observed data and theoretical isotope of KA7 

 

2.3.8) Synthesis of CIPRO-BOC (KA8) 

 

The synthesis of KA8 is shown in Scheme 08. KA8 was synthesized by dropwise 

addition of di-tert-butyl dicarbonate to a solution of CIPRO and THF: H2O (1:1) at room 

temperature for 30 minutes. The synthesis of KA8 was confirmed by TLC with Rf. 0.75. 

White precipitate of KA8 was formed by the addition of ice-cold water to the reaction 

mixture, filtered, washed and dried (yield 80%). 

 

The structure of KA8 was confirmed by high resolution electrospray (-) mass spectrum 

showing a clear signal at m/z 430.1788 corresponded to the expected molecular mass 

of KA8 (431.4573432 Da) (Figure 2.21). Additionally, a good correlation was found 

between observed data and theoretical isotope model of C22H26FN3O5 (Figure 2.22). 
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Scheme 08: Synthesis of KA8; (a) = THF: H2O, (b) = sodium bicarbonate 

 

 

Figure 2.21: The high-resolution ESI (+) mass spectrum of KA8 
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Figure 2.22: Correlation between observed data and theoretical 13C isotope profile of KA8 

 

 

2.3.9) Synthesis of AQ-TPP-CIPRO-BOC (KA9) 

 

KA9 is the anthraquinone-piperazine-lysine-(ciprofloxacin)-TPP hybrid. In this 

reaction, Boc-ciprofloxacin was conjugated to the epsilon (side chain) amino group of 

lysine in KA8 through an amide bond (Scheme 09) using standard peptide coupling 

conditions. The synthesis of KA9 was confirmed by TLC. The coupling reaction 

between KA7 and KA8 afforded KA9 in high yield. The reaction mixture was extracted 

using dichloromethane and water and the product purified by column chromatography 

using a relatively polar solvent system (dichloromethane: methanol; 4:1). The pure 

fractions were collected, dried and precipitated by the addition of diethyl ether.  

 

The chemical structure of KA9 was confirmed by high resolution electrospray (+) mass 

spectrum showing a clear signal at m/z 1178.5287 corresponded to the expected 

molecular mass of the KA9 cation (Figure 2.23).Also, a good correlation was found 

between observed data and theoretical isotope model of C71H74N7O10F4P (Figure 

2.24). 
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Scheme 09: Synthesis of KA9; (a) = HOBT, (b) = PYBOP, (c) = DMF, (d) = dichloromethane 
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Figure 2.23: The high-resolution ESI (+) mass spectrum of KA9 

 

 

 

Figure 2.24: Correlation between observed data and 13C theoretical isotope profile of KA9 
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2.3.10) Synthesis of AQ-TPP-CIPRO-TFA (KA10) 

 

KA10 is the compound formed by removal of the Boc protecting group of KA9 using 

TFA. The purpose is to free the piperazine moiety of CIPRO (Scheme 10). The 

synthesis of KA10 was confirmed by TLC (Rf. 0.46). The precipitate of KA10 was 

formed by the addition of diethyl ether. The structure of KA10 was confirmed by high 

resolution electrospray (+) mass spectrum with a clear signal at m/z 1078.4791 which 

was corresponding to the expected molecular mass of the KA10 cation (Figure 2.25). 

Also, a good correlation was found between observed data and theoretical isotope 

model of C64H66F1N7O6P (Figure 2.26). 
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Scheme 10: Synthesis of KA10 (Boc-deprotection of KA9); (a) = trifluoroacetic acid 
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Figure 2.25: The high-resolution ESI (+) mass spectrum of KA10 

 

 

 

Figure 2.26: Correlation between observed data and the 13C theoretical isotope profile of KA10 
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2.3.11) Synthesis of AQ-TPP-CIPRO-DCA (KA11) 

 

KA11 (the ultimate and most complex hybrid target conjugate) was synthesized by the 

dropwise addition of dichloroacetic acid anhydride (DCA-anhydride) to a solution of 

KA10 followed by 2 hours stirring at room temperature to afford the complex target 

hybrid containing all the planned features of an anthraquinone and the mitochondrial-

targeting TPP vector, together with the incorporation of the antibiotic CIPRO and the 

known mitochondria-targeting anticancer agent dichloroacetate.  

 

The introduction of the DCA moiety at this final step was accomplished via an amide 

bond linking the carboxylic acid group of the DCA to the free piperazine nitrogen in 

KA10. (Scheme 11) The amide formation lowered the polarity and increased the lipo-

solubility of the DCA residue.  

 

In simple DCA derivatives, N-phenylamide formation to decrease the polarity and 

increase lipid solubility led to increased anticancer potency in cancer cell lines 

compared to the free dichloroacetic acid (Yang, et al., 2010).  

 

The synthesis of KA11 was confirmed by TLC.  Solvent extraction and purification by 

column chromatography afforded pure fractions of KA11. Diethyl ether was added to 

residues of evaporated fractions of KA11 to form precipitates at 4oC that were 

combined, filtered and collected. The removal of the Boc group in KA10 to afford KA11 

(the target hybrid conjugate) proceeded quantitatively. 

 

The structure of the target compound KA11 was confirmed by its high-resolution 

electrospray (+) mass spectrum showing a clear signal at m/z 1188.4095 

corresponding to the expected molecular mass (1194.2544976 Da) of KA11 (Figure 

2.27). Additionally, a good correlation was found between the observed data and 

theoretical carbon 13 isotope model of C66H66Cl2FN7O7P+ (Figure 2.28).  
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Scheme 11: Synthesis of KA11; (a) = dichloroacetic anhydride 
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Figure 2.27: The high-resolution ESI (+) mass spectrum of KA11 

 

 

Figure 2.28: Correlation between observed data and theoretical 13C isotope profile of KA11 
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2.4) In-vitro biological assays 

 

2.4.1) Antibacterial activity 

i) Measurement of minimum inhibitory concentrations (MIC) and minimum 

bactericidal concentration (MBC) 

 

Chemical hybrids (KA11, KA10, KA7 and KA3) were subjected to antibacterial assay 

to determine the minimum inhibitory concentration (MIC) and minimum bactericidal 

concentration (MBC) against resistant and sensitive strains of S. aureus and E. coli. 

ATCC47055 was the sensitive culture collection strain of E. coli and LIB213 was an 

environmental isolate which was previously isolated and provided by Dr Donald 

Morrison (Edinburgh Napier University) and used as a resistant strain of E. coli. 

NCTC 6571 (82) was the sensitive culture collection strain of S. aureus (MSSA) and 

NCTC 13616 (83) was the resistant cultured strain of S. aureus (MRSA).  

 

Minimum inhibitory concentration of tested compounds (KA3, KA7, KA10 and KA11) 

was determined after 24 of incubation (Table1) while MBC value was determined 

later on based on the 24 h incubation of inhibitory concentrations of tested 

compounds. Full details of the experimental protocols are located in Chapter 3 

Experimental, Section 3.4.1.01.  

 

Table 2.1: In-vitro minimum inhibitory concentration (MIC) of novel compounds on E. coli & 

S. aureus for 24 h incubation period 

MIC Values (µg/mL) 

Bacterial Strains KA11 KA10 KA7 KA3 

E. coli ATCC47055 256 0.5 115 ± 28.62 >256 

E. coli LIB213 >256 11.2 ± 3.2 256 >256 

S. aureus NCTC6571 256 3.2 ± 1.09 64 >256 

S. aureus NCTC13616 >256 64 128 >256 

 

 

According to Table 2.1, it is clear that modification of CIPRO could be effective to 

overcome bacterium induced resistance in cancer cells by inhibiting the growth of 

adverse bacteria. KA10 and KA11 were the ciprofloxacin-based anthraquinone 

derivatives that showed significant activity against bacterial strains. KA10 
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(ciprofloxacin-based anthraquinone hybrid with TPP+-cation) displayed enhanced in-

vitro activity against both strains of Gram-positive and Gram-negative bacteria. 

Among all tested chemical moieties KA10 showed the lower MIC value of 0.5 µg/mL 

and 3 µg/mL against sensitive culture strain of E. coli ATCC47055 and S. aureus 

NCTCC6571.  

 

The highest MIC value of KA10 to inhibit the growth was 64 µg/mL against resistant 

strain of Gram-positive bacillus, while 8 µg/mL was the inhibitory concentration of 

resistant strain of Gram-negative bacillus (Table 2.1). However, KA10 surprisingly 

showed bactericidal effect on both Gram-negative and Gram-positive bacillus at 

different concentrations. The minimum bactericidal concentration (MBC) was found 

to be at 0.5 µg/mL against the sensitive strain of E. coli. 

 

KA11 displayed antimicrobial activity at 256 µg/mL against sensitive strains of Gram-

positive and Gram-negative bacillus (Table 2.1). The minimum bactericidal 

concentration of KA11 was 256 µg/mL against E. coli ATCC47055.  

 

The inhibition growth rate of KA3 and KA7 was not unexpected due to the absence 

of CIPRO in their chemical structure. KA3 showed no activity against Gram-positive 

and Gram-negative bacteria which represents that KA3 might not cross the biological 

membranes of bacteria. KA7 showed inhibitory activity at a minimum value of 64 

µg/mL (Table 2.1) and proved to be bactericidal at 256 µg/mL which would be 

consistent (indirect evidence) with the TPP+ cation actively transferring KA7 passing 

through the biological membranes of bacteria. Further work is required to establish 

this speculation. 

 

2.4.2) Anticancer activity 

i) MTT assay 

 

The MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) assay is 

based on a tetrazolium salt, yellow in colour, and the assay is performed 

metabolically on viable cells depending upon the conversion of the tetrazolium salt 

into a Formazan dye (purple). The conversion is processed by mitochondrial 

oxidoreductase, a mitochondrial enzyme of viable cells, and is quite evident if the 
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cells are alive (Larkin and Aukim-Hastie, 2011). Successful application of the MTT 

assay relies on the conversion of tetrazolium dye (water soluble) to Formazan (dark-

purple water insoluble) crystals (Figure 2.29). These Formazan crystals accumulate 

in viable cells to measure their mitochondrial activity (Fotakis and Timbrell, 2006), 

mechanically by the measurement of concentration of Formazan dye through a 

microplate reader which could detect the increase or decrease of viable cell number.  
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Figure 2.29: Conversion of tetrazolium salt to formazan 

  

Hence, MTT assay, widely used for screening the antiproliferative activities of newly 

synthesised compounds, could be used to measure the toxicity of drug candidates 

by the reduction in number of viable cells which would indicate the growth inhibition 

rate. Drug potency is reported by determining the concentration of drug to produce 

50% inhibition (IC50) of treated viable cells in comparison with the growth rate of 

untreated control cells (Larkin and Aukim-Hastie, 2011) and can be used to compare 

different compounds and rank them in order of in vitro potency. 

 

Using an MTT assay, growth inhibition rate was determined by the treatment of  

viable colon cancer cell lines (relatively resistant HCT-15) with a range of 

concentrations of test compounds. The selected compounds were KA3, KA7, KA10 

and KA11. The reason to use colon carcinoma cells (HCT-15) for the determination 

of growth inhibition of novel compounds is that they are well characterised by the 

Developmental Therapeutics Program which was collaborated with various 

experienced investigators who have measured protein levels, mutation status and 

activity levels of enzyme on 60 human tumour cell lines and have been shown to 

possess high levels of P-gp, the most common form of drug efflux transporter 

(http://dtp.cancer.gov/default.htm). Measurement of MDR1 levels relative to actin 

http://dtp.cancer.gov/default.htm
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RNA for RT-PCR RNA [Experiment id: 20103, pattern id: MT1614] deduced that 

levels in HCT-15 were 17-fold higher that other cell lines, including MCF-7 (breast 

carcinoma). Thus, HCT-15 cell lines were ideally matched wild type and MDR cell 

lines which could be used to determine the ability of agents to overcome P-gp 

induced resistance through the testing of drug candidates.  

 

Hence, comparison of IC50 values was made between SH1 and tested drugs (KA3, 

KA7, KA10 & KA11) to determine the potency of compounds (and potential to 

overcome P-gp induced resistance) by attachment with a TPP+ cation. In-vitro 

cytotoxicity of KA3, KA7, KA10, KA11 and SH1 was measured after 96 h of 

incubation by MTT assay. The cytotoxic activity of SH1 on HCT-15 cell lines was 

already determined and used to compare with tested compounds. The cell growth 

curves of HCT-15 carcinoma cells against different concentrations of tested 

compounds are shown in Figures 2.30, 2.31, 2.32, and 2.33. Full details of the 

experimental protocols are located in Chapter 3 Experimental, Section 3.4.2.02.  

 

 

Figure 2.30: Comparative Cell Viability analysis of HCT-15 cells between SH1 & KA3 
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Figure 2.31: Comparative Cell Viability analysis of HCT-15 cells between SH1 & KA7 

 

 

Figure 2.32: Comparative Cell Viability analysis of HCT-15 cells between SH1 & KA10 
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Figure 2.33: Comparative Cell Viability analysis of HCT-15 cells between SH1 & KA11 

 

According to the presented results in Table 2.2 and Figures 2.29, 2.30, 2.31, Figure 

and 2.32, IC50-values of KA11 (21.33 ± 5.8 µM), KA10 (2.33 ± 0.29 µM), KA7 (8.67 ± 

5.8 µM), KA3 (6.33 ± 2.08 µM) and SH1 (9.33 ± 1.15) suggest that these compounds 

have retained cytotoxic activity on HCT-15 cells which indicates that these novel-

derivatives have anticancer activity against colon carcinoma cells, comparable to 

SH1. SH1 is an amino-anthraquinone derivative attached to the TPP+ cation with 

proven capacity to evade P-gp mediated efflux in cancer cells. However, 

mitoxantrone (IC50 0.082 ± 0.02) is a more potent anthraquinone against the HCT-15  

cell line (Mohammed et al., 2016) (Literature value from this laboratory). This was 

not used in these experiments due the (anticipated) large difference in potency and 

instead SH1 was adopted as an internal control.   

 

Table 2.2: Determination of IC50 of tested compounds against the HCT-15 cell line 

Tested Compound IC50 of HCT-15 cells Inter-assay variability % CV 

SH1 9.33 ± 1.15 12.32% 

KA11 21.33 ± 5.8 27% 

KA10 2.33 ± 0.29 12.60% 

KA7 8.67 ± 5.8 16.60% 

KA3 6.33 ± 2.08 26.34% 

 

Among all tested compounds, KA10 has the greater potential with the lowest IC50-

value which may indicate that the TPP+ cation has proven to be effective to target 
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direct to mitochondria of cancer cells overcoming the incidence of resistance due to 

P-gp pump. However, in order to obtain evidence for this mechanism, confocal 

microscopy studies should be carried out using live cancer cells and tracer dyes 

(e.g., MitoTracker green) to determine any colocalization in the target organelles. 

KA10 is a salt-based form of CIPRO hybrid with TPP+-cation at its C-3 position and 

trifluoroacetate at N4-piperazinyl moiety. Linkage of CIPRO with TPP+-cation at C-3 

position has increased the potential of drug to evade P-gp substrates in related 

compounds (Ahadi et al., 2020) and derivatization at N4-piperazinyl moiety would 

likely improve the lipophilicity of the compound to target cancer cells (Kassab and 

Gedawy, 2018). However, the Table represents the calculated value of % co-efficient 

of tested compounds to measure the consistency of results from plate to plate during 

the evaluation. The percentage variance of SH1, KA10 and KA7 is generally 

acceptable due to small percentage of error from plate to plate yet KA11 and KA3 

has represented an error percentage more than 15% which represents  the 

inconsistency of untreated cells from plate to plate in the MTT assay.  

 

There is no doubt that CIPRO has confirmed cytotoxic effects on some of cancer cell 

lines but in non-pharmacological concentrations (Chrzanowska et al., 2020). The 

cytotoxic potential of CIPRO is due to the inhibition of topoisomerase I & II enzymes 

(human equivalents to bacterial DNA-gyrase) (Kloskowski, et al., 2012) including cell 

proliferation due to mitochondrial DNA damage (Kassab and Gedawy, 2018) and 

may also be due to the generation of free radicals (Wagai and Tawara, 1991). The 

main focus of scientists was the substitution at N4-piperazinyl moiety of CIPRO to 

improve anti-tumour effects on different cancer cell lines such as the development of 

hydrazone derivative of CIPRO linked at N4-piperazinyl moiety showed good in vitro 

anticancer activity on UO-31 cell lines (Kassab and Gedawy, 2018).  

 

KA11 despite having TPP+-cation in the chemical structure, might not be a good P-

gp substrate due high IC50-value and may have the same mechanism of action in 

HCT-15 cell lines. Ciprofloxacin-derivatives inhibit topoisomerase enzymes yet they 

have the potential to reverse cell-cycle arrest by decreasing the expression of cyclin 

B1 and Cdc2 proteins (Azéma et al., 2009) in cancer cells. The difference between 

KA10 and KA11 is the linkage of DCA-moiety derivatized at N4-piperazinyl moiety of 

CIPRO which is an active cytotoxic element (Stacpoole, Henderson, Yan, and 
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James, 1998). According to data in Table 2.2, KA11 is a less toxic compound 

compared to other compounds probably due to some limitations such as poor water 

solubility, short half-life, and less bioavailability in common with similar compounds 

(Piplani, Rajak and Sharma, 2017).  

 

Ciprofloxacin derivative has anticancer potential due to the generation of free 

radicals yet incidence of resistance due to being a P-gp substrate and bacterial 

populations have led to the possibility of chemical modification of CIPRO to target 

cancer cells by evading incidence of resistance. Following this therapeutic approach 

one chemical series of ciprofloxacin derivatives were synthesized, characterized and 

investigated having bis-hydrazones at C-3 and an N4-piperazinyl moiety with an 

expectation of synergistic effect. Some of hydrazone-based CIPRO moieties showed 

in-vitro cytotoxic activity due to enhanced lipophilicity (Samir et al.,, 2021).  The IC50-

value of SH1 and KA7 (Table 2.2) has revealed the fact that their biological activity 

may be equally toxic in colon cancer cell lines.  

 

2.5) Summary 

 

This study was aimed to design an intracellularly targeted chemical compound (AQ-

TPP-CIPRO-DCA) (KA11) having an optimized anticancer and antimicrobial potential 

to overcome the incidence of resistance due to the overexpression of P-gp and the 

emergence of bacterial infections. A series of chemical reactions were performed to 

synthesize (AQ-TPP-CIPRO-DCA) (KA11). Some of the exploratory reactions were 

performed at first to analyze the conjugation between chemical agents, leading to the 

synthesis of KA3 (AQ-PIP-BOC). KA3 was successfully synthesized in three simple 

steps, following nucleophilic substitution and addition reaction between 2-

chloroanthracene-9, 10-dione and a piperazine moiety.  

 

Further, it was necessary to develop biophysical drug delivery system to translocate 

the chemical hybrid directly into mitochondria of cancer cells (Guilhelmelli et al., 

2013). Therefore, TPP+-derivatives of an anthraquinone moiety were synthesized by 

the attachment of a spacer with anthraquinone through different chemical reactions 

leading to the synthesis of KA7 (AQ-PIP-Lys (TFA)-TPP). The main goal was to 

conjugate CIPRO moiety with KA7 (AQ-PIP-Lys (TFA)-TPP) for which the free amine 
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of CIPRO was protected with BOC resulting in the synthesis of KA8 (CIPRO-BOC). 

CIPRO-BOC (KA8) and AQ-PIP-Lys (TFA)-TPP (KA7) were combined through a 

base catalyzed chemical reaction leading to the synthesis of KA9 (AQ-TPP-CIPRO-

BOC). KA9 was deprotected further by reacting it with TFA leading to the synthesis 

of KA10 (AQ-TPP-CIPRO-TFA) which was reacted with DCA-anhydride to 

synthesize KA11 (AQ-TPP-CIPRO-DCA). 

 

Synthesized compounds were satisfactorily and successfully characterized by 

Swansea University in the laboratory of National Mass Spectrometry Facility through 

Thermo-Scientific LTQ Orbitrap XL using DCM and MEOH. Four synthesized 

compounds (KA3, KA7, KA10 & KA11) were investigated for antibacterial 

activity following the reference protocols of Baltzer, 2017 and cytoxic potential 

was evaluated through MTT assays (Mosmann, 1983).  

 

The results of antibacterial assay have revealed that the presence of CIPRO is 

necessary to overcome the resistance caused by bacterial infections. Compounds 

having CIPRO (KA7, KA10 & KA11) showed inhibitory activity against Gram-

negative and Gram-negative bacteria. KA3 (AQ-PIP-DCA), the chemical hybrid of 

anthraquinone and DCA, showed no inhibition against bacteria which may mean that 

KA3 might not reduce the emergence of bacterial infections in cancer cells. 

However, KA10 (AQ-TPP-CIPRO-TFA) showed significant inhibitory concentration 

against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria.  

 

The results of MTT assay indicated that all tested compounds have significant 

antiproliferative activity. KA10 (AQ-TPP-CIPRO-TFA) showed the highest cytotoxic 

potency in the HCT-15 cancer cell line. KA3 (AQ-PIP-DCA) is not a TPP+-conjugate 

but showed high cytotoxic potential on HCT-15 cancer cell lines which may indicate 

that DCA has the potential to increase the lipophilicity (Hossain, et al., 2020) of the 

compound to target mitochondria of cancer cells. However, KA11 (AQ-TPP-CIPRO-

DCA) did not show good cytotoxic activity against cancer cells which indicates that 

conjugation of DCA-moiety at N4-piperazinyl ring may have decreased its 

bioavailability due to decreased overall aqueous solubility.  
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2.6) Conclusion 

 

Repositioning of CIPRO to exhibit anticancer and antimicrobial property following 

biologically oriented drug delivery system is the main purpose of this research 

project. CIPRO has the potential to inhibit bacterial growth (Koga et al., 1980) and to 

damage cancer cells (Wagai and Tawari 1991). Incidence of multi-drug resistance 

(MDR) has increased the uptake of drugs from cancer cells leading to unsuccessful 

management of chemotherapy practices. It has been essential to promote the need 

of biologically oriented drug delivery system to target cancer cells overcoming MDR. 

Emergence of bacteria is also a leading problem in chemotherapy as they increase 

the resistance of cancer cells to chemotherapeutic drugs through several 

mechanisms. The basic aim is to design and develop a chemical hybrid to target 

cancer and bacterial cells evading the incidence of MDR.  

 

Physical and chemical properties (Gootz et al., 1994) of CIPRO has made it an 

unique element for chemical modification following biophysical drug delivery system. 

Targeting mitochondria of cancer cells is a promising approach but high 

mitochondrial potential of cancer cells effects upon accumulation of drugs in cancer 

cells (Smith et al., 1999). The delocalized positive charge of TPP+-cation makes it 

hydrophobic to freely pass through the phospholipid layers of plasma membrane 

without the need of special uptake mechanism (Reily, et al., 2013).  

 

Following the above therapeutic approach, hybrids of CIPRO derivatives and 

anthraquinone derivatives were successfully synthesized and characterized. Some 

of the novel compounds were evaluated for their anticancer and antibacterial 

potential. In-vitro assay of antibacterial activity was investigated on resistant and 

sensitive strains of Gram-positive and Gram-negative bacteria. The result of 

antibacterial assay has shown that KA10 has high potential to inhibit the growth of 

both Gram-positive and Gram-negative bacteria in cancer cells probably due to the 

formation of salt-based CIPRO moiety.  
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Chapter 3 

Experimental 

3.1) General analytical techniques 

3.1.1) Thin- layer chromatography (TLC) 

 

The progress of chemical reactions was monitored by thin-layer chromatography 

(TLC), preceded by a mini-solvent extraction with dichloromethane (DCM) and water 

(H2O) (1:1), where necessary. TLC was performed on pre-coated TLC plates with 

Kieselgel 60 F254 aluminium sheets (Merck). Most of the compounds absorbed in the 

visible region, however some of compounds were visualised through a UV-light (254 

nm and 365 nm) detector.  

 

3.1.2) Silica gel column chromatography 

 

Synthesized compounds were purified, using Kieselgel 60 F254 silica gel, mesh size 

0.063-0.200 mm (Merck). 

 

3.1.3) Liquid-liquid extraction 

 

The reaction mixture was equally partitioned between chloroform or dichloromethane 

and water (1:1; typically, 5 to 100 ml total volume). The organic layer was washed 

with water three times (3 × 100 ml), filtered and evaporated. 

 

3.1.4) Mass spectrometry 

 

This was carried out by the EPSRC National Mass Spectrometry Service, Swansea 

University in the laboratory of the National Mass Spectrometry Facility (NMSF). 

Electrospray ionisation (ESI) was the preferred method and performed on an 

Orbitrap XL or Xevo G2S instrument. Orbitrap XL is a high-resolution instrument 

used to provide accurate mass measurement over the full mass range (m/z 2000) in 

electrospray or in atmospheric pressure chemical ionisation (APCI). Orbitrap XL is 
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provided through Thermo Scientific with a mass accuracy <3 ppm RMS with external 

calibration and <2 ppm RMS with internal calibration. 

 

3.1.5) Nuclear magnetic resonance (NMR) (1H) 

 

1H NMR Spectra were recorded on a Bruker AC300 NMR spectrometer at 300.1 

MHZ, from samples dissolved either in deuterated DMSO or deuterated chloroform. 

 

3.2) Synthesis of anthraquinone-DCA conjugate (target KA3) 

3.2.1) Synthesis of AQ-PIP-BOC (KA1) 

 

2-Chloroanthracene-9,10-dione (1 g, 4.12 mmol) and 1-tert butyloxycarbonyl-

piperazine (5.37 g, 28.8 mmol) were dissolved in DMSO (6.625 g, 76 mmol) 

(dropwise addition), followed by the addition of N, N diisopropylethylamine (DIPEA; 

0.789 ml, 0.45 mmol) and then heated on a water bath at 40oC for 7 h. The progress 

of the chemical reaction was monitored by TLC every 30 min.  

 

The heated chemical reaction was cooled down and then extracted using 

dichloromethane and water. Silica gel column (25 ×100 mm) chromatography was 

performed using the solvent system of dichloromethane: ethyl acetate (9: 1) to get 

the purified form of KA1 [4-(9, 10-dioxo-9, 10-dihydro-anthracen-2-yl)-piperazine-1-

carboxylic acid tert-butyl ester]. The collected fractions of column chromatography 

containing the purified product KA1 (analysed by TLC) were combined together, 

filtered through Whatman filter paper and then evaporated using a rotary evaporator. 

The orange precipitate of KA1 formed by the addition of diethyl ether (≥ 5ml) was 

filtered and stored at room temperature. (Yield; 0.34 g, 34%) 

 

TLC (dichloromethane: ethyl acetate ; 9 :1), Rf 0.46. (Orange) AQ-PIP-BOC (KA1) 

HRMS (ESI) (+) m/z: 293.1281 (4%) [M + Na] +, 393.1805 (100%) [M + H] +. Calcd for 

[C23H24N2O4] +, 393.1805; Found 392.44766. 
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1H NMR (CDCl3, 300 MHZ):  (ppm) 1.52 [s, 9H, 3× CH3 (tBoc)]; 3.52 (m, 4H, 2 × CH2-

N); 3.62 (m, 4H, 2 × CH2-N); 7.18 (d, 1H, H-3); 7.65 (s, 1H, H-1); 7.76 (m, 2H, H-6 and 

H-7); 8.22 (d, 1H, H-4); 8.28 (m, 2H, H-5 and H-8). 

 

3.2.2) Synthesis of  AQ-PIP-TFA (KA2) 

KA1 [4-(9, 10-dioxo-9, 10-dihydro-anthracen-2-yl)-piperazine-1-carboxylic acid tert-

butyl ester; 0.1243 g, 0.313 mmol] was dissolved in TFA (4 ml) for 30 min at room 

temperature. The mixture was dried using a rotary evaporator and solidified into an 

orange precipitate of KA2 through the addition of diethyl ether (≤ 5ml). The solid was 

filtered and stored at room temperature (Yield; 0.0001615 g, 47.5%). 

TLC (dichloromethane: ethyl acetate ; 9 :1), Rf 0. (Orange) AQ-PIP+ (KA2).  

HRMS (ESI) (+) m/z: 327.0888 (3%) [M + Na] +, 293.1282 (100%) [M + H] +. Calcd 

for [C18H17N2O2] 293.3392314 Da; Found 293.1282. 

 

3.2.3) Synthesis of AQ-PIP-DCA(KA3) 

 

DCA anhydride (0.078 ml, 0.55 mmol) was pipetted dropwise to a solution of KA2 (2-

piperidin-1-yl-anthraquinone; 0.0691 g, 0.169 mmol) and potassium carbonate 

(K2CO3; 0.23 g, 0.166 mmol) in dichloromethane (10 ml) followed by continuous 

stirring for 2 h.  The reaction progress was monitored by TLC every 30 min.  

 

The reaction was extracted through liquid-liquid extraction with dichloromethane: 

water (1:1), and then dried and further purified through silica gel column (25 × 100 

mm) chromatography using the solvent system of dichloromethane: ethyl acetate 

(9:1). The fractions (monitored by TLC) containing purified KA3 (AQ-PIP-DCA) were 

combined and evaporated using a rotary evaporator. The purified and solid form of 

KA3 was precipitated through the addition of diethyl ether. Solid KA3 was stored at 

an ambient temperature. (Yield; 0.1 g) 

 

TLC (dichloromethane: ethyl acetate, 9:1): Rf 0.70 (Orange), AQ-PIP-DCA (KA3). 

HRMS (ESI) (+) m/z: 490.9634 (6%) [M + Na]+, 403.0611 (100%) [M + H]+. Calcd for 

[C20H17Cl2N2O3] + , 402; Found 403.0611. 
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1H NMR (DMSO-d6, 300 MHZ):  (ppm) 3.56-3.84 (m, unresolved, 8H, 4 × CH2-N);  

7.31 [s, 1H, H-(Cl)2] 7.39 (d, 1H, H-3); 7.51 (s, 1H, H-1); 7.87 (m, 2H, H-6 and H-7); 

8.02 (d, 1H, H-4); 8.18 (m, 2H, H-5 and H-8). 

 

3.3) Synthesis of anthraquinone hybrid TPP+, ciprofloxacin and DCA 

conjugates 

3.3.1) Synthesis of AQ-PIP-Lys (BOC)-Fmoc (KA4) 

Fmoc-Lys (BOC)-OH (1.79 g, 3.8 mmol) and HATU (1.56 g, 4.1 mmol) were 

dissolved in DMF (5 ml), followed by the addition of DIPEA (1.907 ml, 6.3 mmol) and 

left at an ambient temperature for 15 min, and then added to a solution of AQ-PIP(2 

piperazin-1-yl-anthraquinone) (0.8 g, 2.7 mmol) in DMF (6 ml) followed by 

continuous stirring at rt for 2h and kept overnight.  

 

The resultant product KA4 was purified by silica gel column (10 × 200mm) 

chromatography with the solvent system of chloroform: methanol (4:1). The purified 

and collected fractions of KA4 (analysed by TLC) were combined, filtered and 

evaporated using rotary evaporator. The purified and solid form of KA4 was 

precipitated at the end by the addition of diethyl ether (< 5mL) and filtered. The end 

product KA4 was stored at rt. (Yield; 1.00 g) 

 

TLC (chloroform : methanol, 4 :1): Rf 0.70. (Red) AQ-PIP- Lys (BOC)-Fmoc (KA4) 

HRMS (ESI) (+) m/z: 679.0150 (4%) [M + Na] +, 743.3451 (100%) [M + H] +.  

Calcd for [C44H47N4O7] +, 742.85864; Found 743.3451. 

 

1H NMR (CDCl3, 300 MHZ):  (ppm) 1.38-1.80 (m, unresolved, 15H, 3× CH3 (tBoc), -

CH2, -CH2 and -CH2]; 3.22 (m, 2H, -CH2);  3.55 (m, 4H, 2 × CH2-N); 3.70-3.98 (m, 

unresolved 4H, 2 × CH2-N); 4.25 (m, 1H, α-CH); 4.42 (d, 2H, CH2-Fmoc); 4.62 (t, 1H, 

d, CH-Fmoc); 4.75 (1H, t, NHCO-Boc);  5.75 (1H, d, NHCO-Fmoc); 7.18 (d, 1H, H-3); 

7.25-7.52 (m, unresolved, 4H, 4 × CHAr-Fmoc);  7.55 (d, 2H, 2 × CHAr-Fmoc); 7.62 (s, 

1H, H-1); 7.78 [4H, m, (H-6, H-7)-AQ, 2 × CHAr-Fmoc]; 8.24 (d, 1H, H-4); 8.30 [2H, m, 

(H-5 and H-8)-AQ]. 
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3.3.2) Synthesis of AQ-PIP- Lys-BOC (KA5) 

KA4 (0.6 g, 0.8 mmol) was dissolved in 20% piperidine (3 ml) for 30 min at room 

temperature. The reaction progress was monitored by TLC. The reaction mixture 

was extracted by solvent extraction using dichloromethane and water (1:1).  

 

The product KA5 was purified by silica gel column (25 × 100 mm) chromatography 

with the solvent systems of chloroform: methanol 9:1 and 4:1 respectively. The 

fractions containing KA5 (analysed by TLC) were combined, filtered and evaporated 

using a rotary evaporator. KA5 was precipitated by the addition of diethyl ether (≤ 

5ml), filtered and stored at room temperature (Yield; 0.36 g, 60%). 

TLC (chloroform: methanol ; 4:1): Rf 0.54. (Red), AQ-PIP- Lys-Boc (KA5). HRMS 

(ESI) (+) m/z: 555.2357 (37%) [M + Na]+, 521.2753 (100%) [M + H]+. Calcd for 

[C29H36N4O5], 520.61994; Found 521.2753. 

 

1H NMR (CDCl3, 300 MHZ):  (ppm) 1.40-1.72 (m, unresolved, 15H, 3× CH3 (tBoc), -

CH2, -CH2 and -CH2]; 2.00 (m, 2H, NH2); 3.15 (t, 2H, -CH2);  3.52 (m, 4H, 2 × CH2-

N); 3.60-3.88 (m, unresolved 4H, 2 × CH2-N); 4.62 (m,1H, α-CH); 7.17 (1H, d, H-3); 

7.65 (s, 1H, H-1); 7.74 (2H, m, H-6 and H-7); 8.20 (d, 2H, H-4) 8.28 (m, 2H, H-5 and 

H-8). 

 

3.3.3) Synthesis of AQ-PIP-Lys(BOC)-TPP (KA6) 

 

TPP (0.2984 g, 0.67 mmol), HOBt (0.091 g, 0.67 mmol) and PYBOP (0.35 g, 0.67 

mmol) were dissolved in DMF (3 ml), followed by the addition of DIPEA (0.352 ml) 

for 15 min at room temperature and then added to a solution of KA5 (0.3 g, 0.56 

mmol) in DMF (3 ml) for 1 h. The progress of the chemical reaction was monitored 

by TLC after 30 min.  

 

The reaction was extracted through liquid-liquid extraction and purified through silica 

gel column (25 × 100 mm) chromatography using chloroform: methanol (4:1) solvent 

system where pure fractions were combined (analysed through TLC), filtered and 

evaporated using rotary evaporator. The precipitate of KA6 was formed by the 

addition of diethyl ether (≤ 5 ml) and filtered. (Yield; 0.19 g, 63%). 
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TLC (Chloroform : Methanol, 4:1), Rf 0.46. (Red) AQ-PIP-Lys (BOC)-TPP (KA6). 

HRMS (ESI) (+) m/z: 868.4168 (5%) [M + Na]+, 865.4088 (100%) [M + H]+. Calcd for 

[C52H58O6N4 P], 866.0133334; Found 865.4088. 

 

3.3.4) Synthesis of AQ-PIP-Lys (TFA)-TPP (KA7) 

 

KA6 (0.1 g, 5.6 mmol) was dissolved in TFA (≤ 5ml) for 30 min at room temperature. 

The progress of chemical reaction was monitored by TLC. The reaction mixture was 

evaporated using rotary evaporator. The precipitate of KA7 was formed by the 

addition of diethyl ether (≤ 5ml) and filtered and stored at 4C (Yield; 0.09 g, 100%). 

 

TLC (chloroform : methanol, 4:1), Rf 0.3. (Red) AQ-PIP-Lys (TFA)-TPP (KA7). 

HRMS (ESI) (+) m/z: 867.3261 (10%) [M + Na]+, 765.3567 (100%) [M + H]+. Calcd 

for [C49H50N4O6F3P]+  880.9282544; Found 765.3567. 

 

3.3.5) Synthesis of CIPRO-BOC (KA8) 

 

Ciprofloxacin (0.5 g, 1.5 mmol) and sodium bicarbonate (0.126 g, 1.5 mmol) were 

dissolved in 5-10 ml of THF: H2O (1:1) for 30 min and then cooled to 5 0C. Di-tert-

butyl di-carbonate (0.3274 g, 1.5 mmol) was added dropwise over 10 min to the cold 

mixture of CIPRO. The progress of the chemical reaction was monitored by TLC. 

The precipitate of KA8 was formed by the addition of ice-cold water (>10 ml) and 

filtered. The white precipitates of KA8 were washed with water and dried (Yield; 0.4 

g, 80%). 

 

TLC (Chloroform : Methanol, 9:1), Rf.  0.75 (white) CIPRO-BOC, (KA8). HRMS (ESI) 

(+) m/z: 476.1844 (10%) [M + Na]+, 430.1788 (100%) [M + H]+. Calcd for 

[C22H26FN3O5]+  431.4573432; Found 430.1788. 
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3.3.6) Synthesis of AQ-TPP-CIPRO-BOC (KA9) 

 

KA8 (0.066 g, 0.147 mmol] was dissolved in dichloromethane (10 ml) followed by the 

addition of PYBOP (0.09 g), HOBt (0.025 g) and DIPEA (127 µl) for 15 min. The 

solution of KA8 was added to the solution of KA7 (0.13 g, 0.147 mmol) in 

dichloromethane (10ml) and reacted for 1 h. The progress of chemical reaction was 

monitored by TLC. 

 

The reaction mixture was extracted through solvent extraction using 

dichloromethane and water (1:1). The end product KA9 was purified by Kieselgel 60 

F254 silica gel column (10 × 200mm) chromatography using the solvent system of 

dichloromethane: methanol (9:1). Pure fractions (monitored by TLC) were combined, 

filtered and evaporated using a rotary evaporator. The precipitates of KA9 were 

formed by the addition of diethyl ether and filtered. KA9 was stored at room 

temperature (Yield; 0.1 g, 99%).    

 

TLC (chloroform : methanol, 4 :1), Rf 0.46. (Red) AQ-TPP-CIPRO-BOC (KA9). 

HRMS (ESI) (+) m/z: 1181.5367 (10%) [M + Na] +, 1178.5287 (100%) [M + H] +. 

Calculated for [C71H74N7O10F4P] +, 1179.3395766; Found 1178.5287. 

 

3.3.7) Synthesis of AQ-TPP-CIPRO-TFA (KA10) 

 

KA9 (0.17 g, 0.009 mmol) was dissolved in TFA (3-4 ml) for 30 min. The progress of 

chemical reaction was monitored by TLC. The precipitate of KA10 was formed by the 

addition of diethyl ether (≤ 5ml) and filtered. KA10 was stored at 4C (Yield; 0.16 g, 

99%). 

TLC (Chloroform : Methanol, 9 :1), Rf. 0.14 (Red), AQ-TPP-CIPRO-TFA (KA10). 

HRMS (ESI) (+) m/z: 1080.4831 (10%) [M + Na]+, 1078.4791 (100%) [M + H]+. Calcd 

for [C64H66F1N7O6P]+  1194.2544976; Found 1078.4791. 
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3.3.8) Synthesis of AQ-TPP-CIPRO-DCA (KA11) 

 

DCA anhydride (0.007 ml) was dissolved (dropwise addition) onto the solution of  

KA10  (0.0501 g, 0.0414 mmol) and potassium carbonate (0.01 g, 0.414 mmol) in 

dichloromethane (10 ml, 156 mmol) for 2 h. The progress of the chemical reaction 

was monitored by TLC. 

 

KA11 was purified by silica gel column (25 × 100 mm) chromatography using the 

solvent systems dichloromethane: methanol 9:1 and 4:1. The pure fractions of KA11 

(monitored by TLC) were combined, filtered and dried using a rotary evaporator. The 

precipitate of compound KA11 was formed by the addition of diethyl ether (≤ 5ml), 

filtered and stored at room temperature (Yield; 0.05 g). 

 

TLC (Chloroform : Methanol, 4 :1), Rf. 0.66 (Orange/Brown), AQ-TPP-CIPRO-DCA 

(KA11). HRMS (ESI) (+) m/z: 1098.9559 (5%) [M + Na]+, 1188.4117 (100%) [M + 

H]+. Calcd for [C66H66Cl2FN7O7P+]+  1190.1505566; Found 1188.4117. 

 

3.4) In-vitro biological assays 

 

In-vitro assays were used to screen the biological activities (anticancer and 

antibacterial) of the novel synthesized compounds. These assays were performed on 

96-well microtiter plates to calculate the minimum inhibitory concentration (MIC) and 

minimum bactericidal activity (MBC) (Baltzar and Baltzar, 2017) on two different 

strains of bacteria (S. aureus, E. coli) including their susceptible and resistant strains 

and to analyse the cytotoxic activity (Van Meerloo, Kaspers and Cloos, 2011) on 

colon cancer cell lines (HCT-15) with a comparative drug SH1 through a microplate 

absorbance reader (SUNRISE).  
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3.4.1) Antibacterial assay  

3.4.1.01) Measurement of minimum inhibitory concentrations (MIC) and 

minimum bactericidal concentration (MBC) 

 

i) Drugs 

Four synthesized derivatives (KA3, KA7, KA10 and KA11) were investigated for 

antibacterial activity against sensitive and resistant strains of Gram-positive (S. 

aureus) and Gram negative (E. coli) bacteria.  

 

The stock solution of each hybrid was prepared in DMSO with (10mg/ml or 1mg/ml). 

From the stock solution 512mg/L concentration of each drug was prepared by the 

addition of 512 µL of stock solution to 9.9 ml of distilled water. 

 

ii) Material for MIC and MBC 

Muller-Hinton Broth (MHB) and Muller-Hinton Agar (MH-Agar) were prepared by 

mixing them with distilled water to 500 ml and then autoclaved at 121oC for 30 min, 

round bottom uncoated microtiter trays, universal bottles were filled with 10 ml of 

sterilized Muller-Hinton Broth, round shaped colony forming units which were coated 

with sterilized Muller-Hinton Agar. 

 

iii) Bacterial isolates 

Bacterial cultures of S. aureus and E. coli bacteria were prepared and stored through 

MicrobankTM at -70oc. Both susceptible and resistant strains were streaked onto MH- 

agar plates and incubated at 37oC for 18-24 h.  

 

Overnight broth culture was prepared by adding three to five morphologically similar 

colonies of each strain into 10 ml MHB respectively and incubated at 37oC for  

18-24 h. 10 µl of overnight broth culture was added into 10 ml of MHB to measure 

OD450 through a JENWAY 7300 Spectrophotometer. 

 

iv) MIC assay 

50 µl of MHB was pipetted into 2-11 lanes of round bottom microtiter plate while 12th 

lane (positive control) was filled with 100 µl of MHB. 100 µl of prepared drug 

concentration (512 mg/L) was pipetted onto lane 1 of microtiter plate. 
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50 µl of synthesized drug was withdrawn from each well of lane, 1 and added into 

corresponding wells of lane 2. The sample material in all wells of lane 2 was mixed 

by pipetting up and down 4-6 times and then pipetted 50 µl of each well of lane 2 into 

corresponding wells of lane 3.  The same step was repeated till lane 10 of each well 

of microtiter plate, however 50 µl solution from lane 10 of each well was discarded at 

the end.  

 

The next most important step was the addition of bacteria whereas 50 µl of diluted 

bacterial suspensions of both sensitive and resistant strains were carefully pipetted 

onto lane 1 to 11 (negative control) as sensitive strain onto A, B & C wells while 

resistant strain onto E, F, & G wells and then incubated the plate at 37oC for 18-24 h. 

  

v) Plate spreading method 

The exponential growth of bacteria was determined by diluting (103, 102, 101) the 

growth culture (10 µl) of any well of lane 11 (negative control) before incubation till 

10 ml of MHB (103) and transferring 10 µl to another 10 ml of MHB (102) and then 

repeating the same procedure again for 101 dilution. 100 µl was taken from each 

diluted fraction and spread onto respectively labelled MH agar plate and incubated at 

37oC for 18-24 h. 

The number of colonies were calculated with: 

𝑪𝒐𝒍𝒐𝒏𝒚 𝑭𝒐𝒓𝒎𝒊𝒏𝒈 𝑼𝒏𝒊𝒕 (
𝑪𝑭𝑼

𝒎𝒍
) = 𝑪𝒐𝒍𝒐𝒏𝒚 𝑪𝒐𝒖𝒏𝒕 × 𝟏𝟎 (𝟏𝟎𝟎 µ𝒍 𝒂𝒅𝒅𝒆𝒅 𝒕𝒐 𝒑𝒍𝒂𝒕𝒆) ×

𝟏𝟎^𝟑(𝒅𝒊𝒍𝒖𝒕𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓)  

 

vi) MBC assay 

An aliquot (10 µl) from each well showing no growth was removed after overnight 

incubation and spotted onto MH-agar plate including spots of positive and negative 

control on plate which were incubated for 18-24 h at 37oC. 
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3.4.2) Antiproliferative assays 

3.4.2.01) Cell culture 

 

i) Materials of cell culture 

RPMI-1640 medium without L-glutamine (R0883-500 ml) was purchased from 

SIGMA-ALDRICH life sciences, a combined solution of 10,000 units of 

penicillin/10,000 µg/ml of streptomycin (REF, 15140-122), foetal bovine serum 

(FBS), 200 mM L-glutamine (REF, 25030-024), 0.5% Trypsin-EDTA (REF-15400-

054 were purchased from Gibco by life technologies, Colon cancer cell lines (HCT-

15) were obtained from American Type Culture Collection (ATCC), Primovert 

microscope (Zeiss); Axicam ERC 5s, 1 × Trypsin (prepared by diluting 1: 9 with 

phosphate buffer saline), 70% ethanol, Phosphate buffer saline (PBS), and nigrosine 

blue dye. 

 

ii) Cell culture method 

HCT-15 cell lines were grown in a suspension and kept in RPMI-1640 medium which 

was supplemented with 10% FBS, 1% penicillin/streptomycin and 1% L-glutamine 

and stored at a spark proof fridge at 4oC.  

 

HCT-15 cell lines were passaged by trypsination and stored in a humidified incubator 

at 37oC with 95% air and 5% CO2. The cell lines were regularly examined through 

Primovert light microscope, Axicam 5s. 

 

iii) Growth curves 

HCT-15 cells were recovered from culture and washed with PBS. The cells were 

counted and seeded at a density of 1 × 104 cells/ml in complete 20 ml RPMI-1640 

medium which was incubated (5% CO2) at 37oC. The growth of cells was regularly 

monitored with 7-8 day period, counting the number of cells through a 

haemocytometer. 
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3.4.2.02) Micro-culture tetrazolium assay (MTT) 

 

i) Drugs 

The novel synthetic intracellularly targeted anticancer agents KA3, KA7, KA10 and 

KA11 and control compound SH1 were selected to determine their cytotoxic activity.  

 

Stock solution (10 mg/ml or 1 mg/ml) was prepared by the dissolution of all drugs in 

10% DMSO.  Dilutions were made from each stock solution to get 100 µM and 1000 

µM solutions. 

 

ii) Materials for MTT assay 

DMSO (Fluka), Nigrosine, MTT (3-(4, 5-dimethylthiazole-2-yl)-2, 5-

diphneyltetrazoliumbromide), phosphate buffered saline (PBS), A SUNRISE 

microplate absorbance reader (TECAN). 

 

iii) Pre-treatment phase (Day 1) 

Exponentially growing cells of HCT-15 were washed with PBS, counted and then 

diluted to get a suspension with a density of 1 × 104 cells/ml. 150 µl of cells 

suspension was pipetted into each well of 96-well microtiter plates from lanes 1-12 

lanes (except 1st three well of lane 1). The blank wells of lane 1 contained medium 

only. The plates were incubated at 37oC, 5% CO2 overnight which had allowed the 

cells to recover before treatment with compounds. 

 

iv) Treatment Phase (Day 2) 

The stock solution of tested drug samples and SH1 were made up at a concentration 

of 10mg/ml in DMSO and then diluted these down to 1mM in distilled water with a 

serial dilution of 1:10 with cell culture medium to get five treatment concentrations 

400 µM, 40 µM, 4 µM, 0.4 µM, 0.04 µM of each sample were prepared. 

 

50 µl of each treatment concentrations were added to the corresponding wells of 

lanes 1-12 (used in triplicates). The concentration of drug samples in the wells had 

been down to 100 µM, 10 µM, 1 µM, 0.1 µM, 0.01 µM and the microtiter plates were 

placed into an incubator at 37oC for 1-3 days. 
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To keep the balance in each well, 50 µl of medium was added to lane 1-3 (triplicates) 

which were blank, positive control and to lane 10-12 (column A) which was a 

negative control. 

 

v) MTT Phase (Day 5) 

Following the incubation for 96 h, the plate was removed from the incubator and 

checked the progress of adherent cells. 50 µl of Triton (0.5% in PBS) was added to 

negative control wells and incubated the plate for 3-5 min at 37oC, 5% CO2. All in-

use medium was carefully removed from the plate and replaced it with 70 µl of fresh 

medium. 

 

MTT solution (2 ml of 5 mg/ml MTT in 1 × sterile PBS) was prepared by weighing a 

minimum of 10 mg of MTT into a sterile bijou and adding 2 ml of PBS. 2 ml of 

5mg/ml MTT solution was filtered and added into 5 ml of medium (approx. 1.4 mg/ml 

useable MTT solution at this point). 50 µl of this solution was added into each well of 

96 well plates (approx. 0.5 mg/ml in each well). At this stage, the plate was wrapped 

in tin foil and incubated at 37oC, 5% CO2 for 3-4 h. 

 

After the incubation period, the plate was carefully removed from the incubator and 

the medium was replaced with 150 µl of DMSO (mixed it vigorously). The plate was 

wrapped again with foil and left to settle in a dark place for 30 min.  

At the end stage, plate was read at 550 nm through SUNRISE microplate 

absorbance reader with a reference wavelength of 630 nm. Absorbance values were 

corrected against absorbance levels of positive, negative control and the IC50 which 

was defined as the concentration of drug that would reduce the absorbance to 50% 

compared with untreated (blank) control cells.
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