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Novel platinum (II) and platinum (IV) complexes exhibit 

potent chemotherapeutic properties in breast and skin 

cancer models 

 

Roudy Farah 
 

Abstract 
 

Following the discovery of cisplatin and its chemotherapeutic potential, many researchers started 

developing novel variations of platinum-based complexes to test their efficicacy in treating 

different types of cancer. The present study aims to determine the chemotherapeutic properties of 

a novel platinum (II) compound AK3 and its platinum (IV) analogue AK4 in the treatment of 

chemically-induced breast and skin cancer models. Cytotoxicity of complexes was first evaluated 

using WST-1 assay in MDA-MB-231 (breast) and A375 (skin) cancer cells 72 hours post-

treatment. Cellular uptake was also determined by ICP-MS. The lethal and most tolerated doses 

were measured for both complexes in mice. The chemotherapeutic potential was assessed in a 

DMBA-induced breast cancer model in rats as well as a DMBA/TPA-induced skin cancer model 

in mice. The biodistribution of both complexes in mice was analyzed using ICP-MS. Both 

compounds showed higher cytotoxic activity than cisplatin and recorded IC50 values of 0.32 and 

0.6 µM for AK3 and AK4 respectively against MDA-MB-231 cells, as well as 0.36 and 0.68 µM 

for AK3 and AK4 respectively against A375 cells. Both AK3 and AK4 were found to be mainly 

actively transported into MDA-MB-231 cells at significantly higher intracellular/extracellular 

concentrations ratios than cisplatin. Both complexes reported low toxicities in mice, especially the 

platinum (IV) compound AK4. In fact, the lethal and maximum tolerated doses were relatively 

high, recording 25-30 and > 20 mg/kg of body weight respectively in the case of AK3, as well as 

> 200 and > 50 mg/kg of body weight in the case of AK4. Both complexes exhibited remarkable 

chemotherapeutic potential in both breast and skin cancer models by greatly reducing tumor sizes 

up to 13-times in the breast cancer model as well as up to 6-times in the skin cancer 

model, compared to control groups. No significant change in organ or body weights was observed. 

Also, AK3 and AK4 were both readily available in the plasma, and AK3 was still available at high 
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levels in the liver and kidneys 24h post-injection. In conclusion, both AK3 and AK4 could be 

considered as promising chemotherapeutic drugs in the treatment of both breast and skin cancer as 

well as potential alternatives for currently adopted platinum treatment regimens reporting severe 

side effects. 

 

Keywords: Platinum, Cancer, AK3, AK4, Cisplatin, DMBA, TPA, Cytotoxicity, Uptake, Lethal 

Dose, Most Tolerated Dose, Chemotherapeutic Potential, Biodistribution. 
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Chapter One 

Literature Review 

 

1.1 Cancer 

1.1.1 Overview 

Cancer results when normal cells of the body start abnormally replicating and dividing to an 

uncontrollable extent, leading to their infiltration and alteration of the normal tissues of the body. 

When the abnormal cellular growth is restricted to one site with the cells retaining their physical 

shape, a benign tumor is formed, also called hyperplasia (Sinha, 2018). However, a tumor becomes 

classified as malignant once the cancerous cells acquire the ability to metastasize or bypass the 

basal membrane to migrate and establish novel cellular masses at distant sites of the body (Chaffer 

et al., 2011). Moreover, cancer can be classified in 6 categories based on the tissue type affected: 

carcinomas affecting internal and external epithelial layers of the body, sarcomas altering 

connective tissues, lymphomas invading lymph nodes and tissues of the immune system, leukemia 

affecting the bone marrow, adenomas arising in the thyroid and other glandular tissues, as well as 

mixed types affecting more than one tissue class (Mathur et al., 2015). 

 

1.1.2 Differentiating between normal and cancer cells 

The major difference between normal and cancer cells is in their proliferative capabilities. Normal 

cells replicate in an organized pattern and are destroyed once they become old, damaged, or non-

functional. On the other hand, cancer cells divide and multiply indefinitely regardless of cellular 

alterations via mechanisms enabling them to avoid apoptosis (Li et al., 2007). This exaggerated 

proliferation is primarily due to the accumulation of mutations in proto-oncogenes and tumor 

suppressor genes leading to alterations in major signaling pathways of cancer cells (Sever et al., 

2015). Also, another distinguishing property of cancer cells is their ability to lose certain surface 

proteins, allowing them to detach from the basement membrane, migrate and metastasize to 

different sites of the body (Guan, 2015), contributing dramatically to mortality. 
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1.1.3 Hallmarks of cancer 

Tumorigenesis is mainly triggered by modifications on the genetic and epigenetic levels; however, 

many other factors contribute essentially to the pathogenesis and development of cancer, of which 

6 were originally considered the hallmarks of cancer: sustainable proliferative signaling, 

replicative immortality, cell death resistance, growth suppressors evasion, angiogenesis induction, 

and enabling invasion and metastasis (Hanahan et al., 2000). After later analysis, it was decided 

that 2 attributes should be added to the list of cancer hallmarks: evading immune destruction and 

deregulating cellular metabolism and energetics (Hanahan et al., 2011). Furthermore, 2 additional 

characteristics were considered significant in supporting the rest of cancer hallmarks, the first 

being genomic instability and mutations diversifying the cancer population, and the second being 

tumor-supporting inflammation through alterations and rearrangements of the tumor 

microenvironment (Dujif et al., 2019). These hallmarks can manifest in cancer cells due to 

alterations in multiple factors that contribute to carcinogenesis, of which the major ones are 

epithelial-mesenchymal transition (EMT), hypoxia, autophagy, cancer stem cells (CSCs), cell 

cycle proteins, signal transduction pathways, cell metabolism, hormone signaling, and tumor 

microenvironment (Feitelson et al., 2015). 

 

1.1.4 Causes of cancer 

Cancer does not originate from a single contributor but from a combination of accumulated genetic 

and environmental agents comprising inherited genetic alterations as well as contact with 

environmental carcinogens giving rise to newly acquired DNA mutations (Anand et al., 2008). 

These genetic mutations lead to the development of cancer through either the suppression of tumor 

suppressor genes or the hyperactivation of proto-oncogenes (Croce, 2009). Moreover, some of the 

most prominent risk factors contributing to the development of cancer include smoking, alcohol, 

obesity, pollution, exposure to UV radiation, family history and many others (Lewandowska et al., 

2019). In addition, it is reported that some types of cancer can be initiated as a result of viral 

contamination, such as infections with the Epstein Bar virus, human papilloma virus (HPV) and 

hepatitis B virus (Stanley, 2017). 
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1.2 Breast cancer 

1.2.1 Epidemiology 

Breast cancer is ranked as the second most common type of cancer worldwide and is considered 

the most frequently diagnosed cancer in women (Gray et al., 2017). In fact, it is estimated that 

around 2.3 million new breast cancer cases are diagnosed globally on a yearly basis (Lukasiewicz 

et al., 2021). Additionally, breast cancer is also considered the leading cause of death from cancer 

among women worldwide, being responsible for 684,996 deaths in 2020 with a mortality-to-

incidence ratio (MIR) of 0.3 globally (International Agency for Research on Cancer, 2020). 

Moreover, breast cancer incidences and death rates have been constantly increasing for the past 

few decades. Indeed, breast cancer occurrences have more than doubled in 60 out of 102 countries 

between 1990 and 2016 while death rates have increased twofold in 43 out of 102 countries during 

that same period (Sharma, 2019). Also, breast cancer projections report that by the year 2030, the 

rate of breast cancer incidences globally will increase to reach 2.74 million novel diagnosed cases 

per year (International Agency for Research on Cancer, 2020). 

 

1.2.2 Risk factors 

Multiple risk factors contribute to the development of breast cancer, of which the most relevant 

ones are age, family history, inherited genetic background, physical activity, obesity, and estrogen 

levels (Shah et al., 2014). First, the accumulation of different mutations with age increases the 

probability of developing breast cancer in women. In fact, the estimated risk of getting diagnosed 

with breast cancer increases from 1.88% in women under the age of 49 to 4.34% in women 

between the ages 60-69 and can reach up to 6.66% in even older women (Siegel et al., 2014). 

Second, women having a family history of breast cancer might be genetically predisposed and at 

higher chances of acquiring this disease. Indeed, the daughter of a woman diagnosed with breast 

cancer is 1.69 times at higher risk of contracting this disease compared to a woman with no family 

history of breast cancer (Colditz et al., 2012). Third, women having increased levels of estrogen 

are more likely to develop breast cancer (Shah et al., 2014). Moreover, multiple breast cancer risk 

factors can be controlled, and the major ones include obesity and physical exercise. Women having 

an elevated BMI and classified as obese and overweight are at higher risk of contracting breast 

cancer (Lee et al., 2019). In fact, postmenopausal women compensate for the lack of estrogen 

usually produced in the ovaries by relying on adipose tissues as another source of estrogen, so 
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higher fat levels will produce higher estrogen levels, which increases the risk of developing breast 

cancer as previously stated (Picon-Ruiz et al., 2017). Additionally, women who exercise regularly 

were reported to have significantly lower risk of getting diagnosed with breast cancer compared 

to sedentary women (Siewierska et al., 2018). Furthermore, other lifestyle habits can also 

contribute to the development of breast cancer, such as tobacco smoking and excessive alcohol 

consumption (Shah et al., 2014). 

 

1.2.3 Classes of breast cancer 

Two major classifications divide breast cancer into several types following two major criteria. The 

first classification sorts breast cancer into distinct groups based on the tumor origin, which include 

the lobules, ducts, or stroma (Ellis et al., 1992). The second classification groups breast cancer 

based on the different tumor molecular properties and histological grade that dictate its 

responsiveness to various hormone receptors (Perou et al., 2000). Accordingly, 4 subtypes of 

breast cancer were classified: Estrogen-positive (ER+), Progesterone-positive (PR+), Human 

epidermal growth factor type 2 receptor-positive (HER2+), and triple-negative breast cancer or 

TNBC (ER-/PR-/HER2-) (Sørlie et al., 2001). Furthermore, a TNM system is adopted to classify 

breast cancer based on its progression and aggressiveness. The T stands for tumor size and 

inflammation, the N represents the condition of the adjacent lymph nodes, and the M depicts the 

cancer’s metastatic state. This system arranges breast cancer into stages ranging from mild and 

localized (stage 0) to advanced and metastatic (stage IV) (Torti et al., 2013). 

 

1.2.4 Treatment 

To deliver the optimal treatment results for breast cancer patients, early diagnosis coupled with the 

timely, organized, and personalized multimodal treatment regimens are required (Ginsburg et al., 

2020). In fact, stage 0 non-invasive breast cancer, also called ductal carcinoma, is surgically treated 

with either lumpectomy (tumor and surrounding tissue removal) coupled with radiation therapy or 

mastectomy (entire breast tissue removal). Also, endocrine therapy could be integrated with both 

treatments. On the other hand, non-metastatic stages I,IIa,IIb (early invasive) and IIIa, IIIb,IIIc 

(locally advanced) are treated with preoperative systemic therapy followed by surgical tumor 

excision and postoperative systemic therapy (Trayes et al., 2021). These systemic therapies 

include: immunotherapy or endocrine therapy in the case of hormone receptor-positive breast 
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cancer, HER2-targeting antibodies or small-molecule inhibitor therapy coupled with 

chemotherapy in the case of HER2-positive breast cancer, and chemotherapy alone in the case of 

triple-negative breast cancer (Waks et al., 2019). Furthermore, stage IV or metastatic breast cancer 

is incurable, and the treatments commonly offered only include supportive therapies and pain 

management regimens to alleviate the patient’s suffering (Mutebi et al., 2020). 

 

1.3 Melanoma skin cancer 

1.3.1 Epidemiology 

Melanoma skin cancer was ranked in the year 2021 as the fifth most common type of cancer 

diagnosed in the US (SEER Cancer Stat Facts, 2021). In fact, melanoma of the skin was 

responsible for 1.7% of all cancer incidences globally in the year 2020, with approximately 

325,000 new cases reported that same year (International Agency for Research on Cancer, 2020). 

In addition, even though melanoma only accounts for 1% of skin cancers, it is responsible for more 

than 80% of deaths from skin cancer (SEER Cancer Stat Facts, 2021), recording around 57,000 

deaths globally in the year 2020 (International Agency for Research on Cancer, 2020). 

Furthermore, melanoma skin cancer incidences have increased in fair-skinned countries 

throughout the past decades, reporting a lifetime diagnosis risk of 0.42% for males and 0.33% for 

females (Sung et al., 2021). Indeed, melanoma skin cancer projections report that by the year 2030, 

the rate of melanoma incidences globally will increase to reach 413,000 novel diagnosed cases per 

year (International Agency for Research on Cancer, 2020). 

 

1.3.2 Risk factors 

Various risk factors contribute to the development of melanoma skin cancer of which the most 

important ones include sun exposure, indoor tanning, immunosuppression, abundance of moles or 

nevi, family history, and obesity (Saginala et al., 2021). First, UV exposure is considered to be the 

major contributor to the development of melanoma skin cancer. In fact, UV light induces the 

formation of thymidine dimers in the DNA which can lead to mutations and carcinogenesis when 

the nucleotide excision repair mechanism fails to remove these DNA photoproducts (Bowden et 

al., 2010). Secondly, tanning bed radiation was classified as a carcinogen by the International 

Agency for Research on Cancer (IARC) (Holman et al., 2021). Also, a dose-response correlation 

was reported between the frequency of indoor tanning sessions and the risk of developing 
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melanoma (Lazovich et al., 2010). Thirdly, studies show that immunosuppressed patients were at 

a higher risk of developing melanoma. Indeed, short exposures to UVA and UVB were found to 

impair many major components of the immune system, hindering the cytotoxic response against 

melanoma cells (González Maglio et al., 2016). In addition, the abundance of moles or nevi, also 

described as benign growths of melanocytes, was found to be directly correlated with a higher 

melanoma risk. In fact, a study reports that people with over 100 moles were seven times more 

likely to develop melanoma cancer compared to those with less than 15 moles (Gandini et 

al.,2005). Moreover, approximately 10% of melanoma patients have a relative affected by this 

disease (Berwick et al., 2009), and many studies show that people with a BMI over 30 were at a 

higher risk of developing melanoma skin cancer (Smith et al., 2020). 

 

1.3.3 Prevention and treatment 

Since UV exposure is the major risk factor for developing melanoma skin cancer, the best 

preventative measures will aim to protect people from this exposure to UV radiation. These 

preventative measures include avoiding prolonged exposure to midday sun radiation, wearing 

appropriate protective clothing, and using broad-spectrum sunscreen that protects against both 

UVA and UVB with a sun protection factor (SPF) of at least 15-20 (Martens et al., 2019). In 

addition, people at higher risk of melanoma skin cancer are encouraged to perform regular self-

examinations as well as annual dermatology screenings for early detection of skin abnormalities 

and better treatment outcomes (Gritz et al., 2003). The classical regimens of cancer treatment also 

apply for treating melanoma skin cancer and consist of surgical excision of skin tumors, 

combination chemotherapy, and immunotherapy (Domingues et al., 2018). Moreover, another 

treatment method used against melanoma skin cancer is biochemotherpay, which combines both 

chemotherapy and immunotherapy. This treatment method has reported better clinical outcomes; 

however, its high toxicity remains a limiting factor (Wilson et al., 2016). 

 

1.5 Platinum-based chemotherapeutic drugs 

1.5.1 History 

The journey to the discovery of platinum-based drugs started in the 1960s, during which Rosenberg 

found out that bacterial cellular division was obstructed after applying variations of electrical fields 

(Hoeschele, 2014). However, it was later discovered that this cellular division inhibiton was not 
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induced by the electrical fields applied, but by the electrolytic products of the platinum-based 

electrodes that were used (Muggia et al., 2015). These platinum electrolytic complexes were later 

identified as cisplatin, which acquired FDA approval in 1978 after it showed high efficacy in the 

treatment of various cancer types (Hazlitt et al., 2018). Subsequently, platinum became the 

research interest of many scientists aiming to develop novel varieties of chemotherapeutic drugs 

with higher efficacy (Sutton et al., 2019). 

 

1.5.2 Platinum (II) compounds 

1.5.2.1 Structure 

Platinum (II) compounds have a planar geometry and a characteristic general formula of ML2X2, 

with M representing the central platinum ion, L designating the stable ligands, and X standing for 

the leaving groups (Monroe et al., 2018). In fact, the first platinum compound to be discovered, or 

cisplatin, also known as cis-diamminedichloroplatinum (II), is a platinum (II) compound having 2 

amine groups as stable ligands and 2 chloride groups for leaving groups (Corinti et al., 2017). 

Furthermore, following its success, scientists started altering cisplatin’s stable and leaving groups 

to develop novel platinum (II) compounds in the hopes of reaching better treatment outcomes, with 

the most prominent ones being carboplatin and oxaliplatin (Yu et al., 2015). 

 

1.5.2.2 Mechanisms of action 

Platinum (II) compounds are uptaken by the cells and affect several cellular mechanisms, leading 

to their death. In fact, some platinum (II) compounds can passively diffuse into the cells, while 

others are imported through membrane transporters via active or facilated diffusion (Dasari et al., 

2014). Once inside the cell, cisplatin looses its 2 chloride groups, due to the low cellular chloride 

concentration, and replaces them with water molecules, making it electrophilic. It then binds to the 

DNA at the N7 position of purines, damaging it by forming multiple cross links, thus leading to 

cell cycle arrest followed by apoptosis (Nejdl et al., 2015). Additionally, cisplatin is capable of 

dysregulating the cellular calcium homeostasis (Saad et al., 2004) as well as overexpressing 

reactive oxygen species, thus damaging the mitochondria and increasing its permeability to pro-

apoptotic proteins such as cytochrome c (Kleih et al., 2019). However, not all platinum (II) 

compounds have the same cellular interactions as cisplatin (Johnstone et al., 2016). Indeed, some 

platinum (II) compounds are too bulky to covalently bind the DNA, and distort it via intercalating 
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between its base pairs (Wu et al., 2005). Moreover, platinum (II) compounds can also dysregulate 

various transduction pathways such as the MAPK pathway, the protein kinase C pathway, and 

many others (Dasari et al., 2014). 

 

1.5.2.3 Drawbacks and side effects 

Even though platinum (II) compounds have reported high chemotherapeutic efficacy, they still 

exhibit various severe side effects coupled with the adopted treatment regimens, which limit their 

usage at high doses (Oun et al., 2018). In fact, upon treatment with cisplatin, some patients have 

reported damaged hearing, neurotoxicity, increased blood pressure, nephrotoxicity, as well as 

diarrhea and vomiting (Pouryasin et al., 2014). In addition, another limiting factor hindering 

treatment outcomes is the acquisition of cisplatin resistance by cancer cells (De Luca et al., 2019). 

Indeed, cancer cells can undergo various modifications to acquire such resistance, including the 

internalization of uptake proteins like CTR1, overexpression of efflux pumps, and the 

amplification of high affinity platinum-binding molecules such as thiol-rich molecules (Wang et 

al., 2005). Moreover, scientists attempted to bypass these limiting factors by altering cisplatin’s 

structure, synthesizing various platinum (II) analogues. However, patients being treated with 

carboplatin recorded cases of anemia, thrombocytopenia, and neutropenia (Cheng et al., 2016). 

And treatment regimens using oxaliplatin reported instability, over reactivity, and low selectivity 

of the compound (Li et al., 2018).  

 

1.5.3 Platinum (IV) compounds 

1.5.3.1 Structure 

Unlike platinum (II) compounds, platinum (IV) compounds have an octahedral geometry 

(Wexselabtt et al., 2012) and a characteristic general formula of ML2X2R2, with the M, L and X 

representing the cenral platinum ion, stable ligands, and leaving groups respectively, as in platinum 

(II) compounds, and the X designating the 2 additional axial ligands attached to the central 

platinum ion (Johnstone et al., 2016). These 2 axial ligands are what distinguishes platinum (IV) 

compounds, directly impacting their activity and granting them multiple advantages over their 

platinum (II) analogues (Wilson et al., 2014). 
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1.5.3.2 Mechanisms of action 

Following their uptake by the cell, platinum (IV) compounds undergo a reduction process and lose 

their 2 axial ligands to become their platinum (II) analogues (Ong et al., 2019), which behave as 

previously described in the mechanisms of action of platinum (II) compounds (Johstone et al., 

2016). For instance, mitaplatin, or the platinum (IV) analogue of cisplatin having 2 dichloroacetate 

groups for axial ligands, is reduced once inside the cell, dissociating cisplatin from the 2 

dichloroacetate ligands (Johnstone et al., 2013). Cisplatin interacts with various cellular 

mechanisms and induces the formation of DNA cross links as previously described (Dhar et al., 

2009). However, the 2 dichloroacetate groups also inhibit pyruvate dehydrogenase kinase, 

downregulating aerobic glycolysis, a process heavily relied upon in cancer cells compared to 

normal cells, thus inducing apoptosis in a more selective manner (Xue et al., 2012). Moreover, 

some platinum (IV) compounds are capable of oxidizing guanine once inside the cell (Choi et al., 

2006), while others can couple with hydrogen peroxide (H2O2) to cleave the double stranded DNA 

(Johnstone et al., 2014). 

 

1.5.3.3 Advantages and drawbacks 

The different structure of platinum (IV) compounds is thought to confer them advantageous 

properties over platinum (II) compounds. In fact, the octaherdral geometry of platinum (IV) 

compounds enhances their inertness, which could contribute to the easier cellular uptake of these 

compounds (Reithofer et al., 2008). Also, the additional stability provided by the 2 axial ligands 

is thought to reduce the reactivity of platinum (IV) compounds with non-target molecules, thus 

minimizing treatment side effects (Kenny et al., 2017). Moreover, scientists are trying to benefit 

from the reduction process that platinum (IV) compounds undergo to induce cellular toxicity, by 

altering the axial ligands to find a pattern that only initiates this reduction in cancer-specific 

environments, increasing these compounds’ selectivity for cancer cells (Ma et al., 2018). Indeed, 

cancer cells have unique environments which, compared to normal cells, are characterized by 

many factors such as a lower pH, decreased oxygen levels, and an upregulation of glutathione (Li 

et al., 2019). However, many of these supposedly advantageous platinum (IV) compounds 

exhibited severe side effects following treatment, which limited their acquisition of the FDA 

approval. For instance, treatment with ormaplatin was associated with cases of neurotoxicity, some 
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patients receiving iproplatin reported myelosuppresion, and satraplatin treatment was linked to 

cases of neutropenia and thrombocytopenia (Johnstone et al., 2016). 

 

1.6 DMBA and TPA mode of carcinogenesis 

DMBA, or 7,12-Dimethylbenz(a) anthracene, is a polycyclic aromatic hydrocarbon that induces 

carcinogenesis by interfering with various cellular mechanisms such as the formation of radicals, 

production of oxygenated metabolites, and the initiation of lipid peroxidation (Rieder et al., 2000). 

In fact, DMBA upregulates the aryl hydrocarbon receptor (AhR), a cytosolic receptor that 

translocates to the nucleus where it combines with its cofactor, the aryl nuclear translation protein, 

to promote the activity of CYP1A1, CYP1A2 and CYP1B1 genes (Denison et al., 2003). These 

genes code for enzymes responsible for metabolizing DMBA into an intermediate mutagenic 

epoxide that binds the DNA, thus inducing carcinogenesis (Lee et al., 2008). Additionally, the aryl 

hydrocarbon receptor (AhR) also mediates other downstream proteins such as the proliferating cell 

nuclear antigen (PCNA) (Abdelrahim et al., 2003). Moreover, TPA, or 12-O-

tetradecanoylphorbol-13-acetate, also known as PMA, or phorbol 12-myristate 13-acetate, is a 

diester of phorbol commonly used as a potent tumor promoter in combination with DMBA (Kong 

et al., 2018). Indeed, TPA induces the activation of protein kinase C (PKC) via either the 

phosphorylation of CREB or the dephosphorylation of AKT, thus increasing cellular proliferation 

(Nasti et al., 2016). In addition, TPA also behaves as a promoter of inflammation through the 

upregulation of endogenous superoxide production (Huang et al., 2014). 

 

1.7. Previous studies on platinum compounds in our lab 

Previous studies in our lab have tested the efficacy of various platinum (II) and platinum (IV) 

compounds against multiple cancer cell lines. Out of the tested complexes, the platinum (II) 

compound AK3 and its platinum (IV) analogue AK4 reported high potency and were selected for 

further analysis in treating non-small cell lung cancer (A549) cells. AK3 and AK4 exhibited a 7- 

to 20-folds higher cytotoxicity against various cancer cell lines compared to cisplatin, and AK4 

reported a 6- to 19-fold lower cytotoxicity against mesenchymal stem cells compared to cisplatin 

and AK3 respectively (Elias, 2020). Both compounds were mainly actively transported into A549 

cells, and AK3 uptake was greater and faster compared to AK4. Additionally, AK3 and AK4 were 
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both found to induce apoptosis in A549 cells through the activation of the intrinsic apoptotic 

pathway (Elias, 2020). 

 

1.8 Aim of the study 

In the search for novel chemotherapeutic agents having more effective and safer treatment 

outcomes, previous studies conducted in our lab have demonstrated the efficiency and mechanisms 

of action of the platinum (II) compound AK3 and its platinum (IV) analogue AK4 in the treatment 

of non-small cell lung cancer. The purpose of this study focuses on determining the efficacy of 

AK3 and AK4 in the treatment of breast and skin cancer models via studying their cellular 

cytotoxicity and uptake in vitro, as well as analyzing their lethality, chemotherapeutic potential, 

and biodistribution in breast and skin in vivo cancer models. 
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Chapter Two 

Materials and Methods 

 

2.1 Platinum complexes 

The 2 novel platinum complexes AK3 and AK4 were synthesized in the lab of Professor Janice 

Aldrich-Wright (Western Sydney University) for a collaborative research project aiming to 

develop novel anticancer agents. AK3, or complex 3, is a platinum (II) compound that has a 

square-planar geometry with 2 bidentate organic ligands attached to a central platinum ion, 

meanwhile, AK4, or complex 4, is a platinum (IV) compound that has an octahedral geometry and 

the same structure as AK3 but with 2 additional monodentate hydroxyl groups attached to the 

central platinum ion on the axial position. The chemical formula and molecular weight of both 

complexes are mentioned in figure 2.1. 

 

 

Figure 2.1. Chemical structure, molecular formula, and molecular weight of AK3 and AK4. 

 

2.2 Cell lines 

Triple-negative human breast adenocarcinoma (MDA-MB-231) and human melanoma (A375) cell 

lines were purchased from ATCC (www.atcc.org). Cells were maintained in the incubator at 37C 

in the presence of 5% CO2, and Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% 

FBS and 1% penicillin/Streptomycin was used as culture medium. 
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2.3 Cytotoxicity assay 

Cytotoxicity assays were performed on triple-negative human breast adenocarcinoma (MDA-MB-

231) as well as human melanoma (A375) cell lines. Cells were plated in 96 well cell culture flat 

bottom plates at a concentration of 105 cells/ml (100 µL per well) and were left in the incubator to 

adhere overnight. Then, either AK3, AK4, or cisplatin was added to achieve a 150 µM 

concentration in the first well, followed by a 3-fold serial dilution by pipetting 50 µl of media from 

each well to the other, resulting in 9 different final concentrations of each drug (0.023 µM, 

0.069 µM, 0.206 µM, 0.617 µM, 1.85 µM, 5.56 µM, 16.67 µM, 50 µM, and 150 µM). After 72 

hours, the medium was removed and 100 µL of DMEM, followed by 10 µl of WST-1 (Roche 

Diagnostics, Indianapolis, IN, USA), a cell proliferation reagent, were added to each well. After 

incubating for an hour, the absorbance was measured at 450 nm using the VarioskanTM LUX 

Multimode microplate reader (Thermo Fisher Scientific) to determine cell viability. Three 

independent experiments were performed, and each sample was run in triplicate. 

 

2.4 Quantification of cellular uptake via ICP-MS 

Triple-negative breast cancer (MDA-MB-231) cells were seeded in 6-well plates at a final 

concentration of 5x105 cells/ml (2 ml per well) and were left in the incubator to adhere 

overnight. Cells were then treated with either AK3, AK4 or cisplatin at a final concentration 

of 1.28, 2.4, and 4.43 M respectively (AK3 4xIC50, AK4 4xIC50, and cisplatin IC50 

respectively). After 1, 3, 6, 12, 24, or 30 hours, the medium was removed, and the cells were 

washed three times with cold PBS then left to dry. The following day, 400 l of 68% HNO3 

were added to each well, and the plates were left for an hour and a half to achieve complete 

cellular digestion. The digests were then moved to 15 ml conical tubes already containing 7 

ml of 0.05 M of internal standard of indium. Then milliQ water was added to each tube to 

reach 14 ml, resulting in a final concentration of 2% HNO3 and 0.025 M of indium internal 

standard. The cellular uptake of each drug was then quantified via ICP-MS based on internal 

and external standards (Indium and Platinum respectively). The results were reported as 

averages of three different experiments each performed in triplicate (± SEM), optimized 

following a calibration curve (Figure 2.2), and expressed in both nmol/106 cells and M/cell. 
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Figure 2.2. Calibration curve generated by plotting the peak areas (measured by the 

ICP-MS) against known concentrations. This curve was used to quantify the cellular 

uptake of AK3, AK4, and cisplatin; y= 9800x + 87 and R2= 0.9993. 

Table 2.1. Conditions and parameters selected on the ICP-MS machine. 

Parameter Value 

Plasma RF power 

Nebulizer gas flow rate 

Auxiliary gas flow rate 

Collision gas flow rate (He) 

KED voltage 

Extraction lens 

Isotope monitored 

Dwell times 

1550 W 

1.0 L.min-1 

0.8 L.min-1 

4.7 L.min-1 

3 V 

-250 V 

194Pt 

10 ms 
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2.5 Experimental animals 

Adult female Sprague Dawley rats (150-200 g; 8 weeks old), and adult male BALB/c mice (22-34 

g; 8-12 weeks old) were obtained from the animal facility of the Natural Sciences Department at 

the Lebanese American University. Animals were maintained under optimum conditions 

(temperature 22 ± 2℃; humidity 50 ± 5%; 12h alternating light/dark cycle) and supplied with 

standard laboratory chow diet and water. All experimental protocols complied with the Guide for 

the Care and Use of Laboratory Animals (National Research Council (US) Committee for the 

Update of the Guide for the Care and Use of Laboratory Animals, 2011). 

 

2.6 Determination of lethal dose (LD) 

To determine the lethal dose (LD) ranges of AK3 and AK4, a modified acute toxic class (ATC) 

method combined with the up and down procedure (UDP) were adopted (Erhirhie et al., 2018). 

Different BALB/c male mice of 8-12 weeks old were administered, one mouse at a time, 

intraperitoneal increasing or decreasing single doses of either AK3 or AK4 and were then 

monitored over 3 days for any behavioral changes and death (Figure 2.3). The first dose 

administered of each drug was 5 mg/kg of body weight. When no death was recorded, the dose 

administered was doubled, if under 20 mg/kg of body weight, and increased by around 50% when 

over 20 mg/kg of body weight. When death was recorded, and the range between the lethal dose 

and the last non-lethal dose administered was greater than 5 mg/kg of body weight, the average of 

these 2 doses was injected into a new mouse. Based on the lethality of this average dose, the same 

procedure was repeated replacing either the previous lethal dose or last non-lethal dose 

administered, until a range  5 mg/kg of body weight was determined. 
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Figure 2.3. Lethal Dose (LD) demonstration. 

 

2.7 Determination of maximum tolerated dose (MTD) 

The maximum tolerated dose (MTD) was determined over a 28-day period throughout which, 

weekly single IP injections of either AK3 or AK4 were administered (Wu et al., 2016). BALB/c 

male mice of 8-12 weeks old were divided into groups of 3 and were administered various doses 

of either AK3 or AK4, not exceeding 70% of the lethal doses determined. AK3 treatment groups 

received weekly IP injections of 10, 15, or 20 mg/kg of body weight, meanwhile, AK4 treatment 

groups received weekly IP injections of 15, 30, or 50 mg/kg of body weight, and the control group 

received weekly IP injections of saline. The changes in behavior, body weight fluctuations as well 

as death incidences were monitored over the treatment period. The mice were sacrificed at day 28, 

organ weights were measured, blood samples were collected, and plasma samples were extracted 

by mixing 83 l of 2% EDTA/ml of blood sample and centrifuging at 3000 rpm for 20 minutes at 

4 ℃. Both blood and plasma samples were stored at -80 ℃ to be sent for analysis. The groups of 

mice receiving the highest dose injections and that did not report any significant changes in 

behavior, no drops in weight greater than 10%, and no death designated the MTD values of each 

drug. 

 

2.8 Breast cancer induction 

At day 50 of age, adult female Sprague Dawley rats were administered intragastrically an 80 mg/kg 

of body weight dose of DMBA via oral gavage (Gallo et al., 2001). DMBA (Sigma-Aldrich, 

Missouri, USA) was dissolved in olive oil (8 mg/ml) and was administered to each rat at a dose of 

10 ml/kg of body weight (Figure 2.4). Rats were palpated twice a week in order to detect the newly 
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developed tumors, and their lengths and widths were measured weekly using a Vernier caliper. 

Rats were divided into treatment groups once their tumors reached a diameter of approximately 

15-18 mm. Animals that were not assigned to treatment groups were terminated by the 24th week 

post DMBA administration. 

 

 

Figure 2.4. DMBA-induced breast carcinogenesis model. 

 

2.9 Breast cancer treatment model 

Upon breast cancer induction and mammary tumor growth till a diameter of approximately 15-18 

mm, rats were divided into groups of 4 and were administered biweekly IP injections of either 

AK3 or AK4 over a 4-week period. Both AK3 and AK4 treatment groups received biweekly doses 

of either 1 or 5 mg/kg of body weight of their respective drug. The control group was administered 

biweekly IP injections of saline, meanwhile, the positive control group received weekly IP 

injections of 2.5 mg/kg of body weight of cisplatin. Over the treatment period, tumor lengths and 

widths were measured using a Vernier caliper and rat weights were recorded on a weekly basis. 

Tumor volumes were calculated using the formula V = (W2 x L)/2 (V: tumor volume, W: tumor 

width, L: tumor length) (Faustino-Rocha et al., 2013). Rats were sacrificed at day 28 and mammary 

tumors were extracted, washed with physiological saline, dried, and weighed. Pictures were also 

taken, and the tumors were finally placed in 10% formalin to be sent for histopathological analysis. 

 

  



 

 
 

 
18 

2.10 Skin cancer induction 

A skin cancer model was induced on 6-week-old BALB/c mice using a multi-stage DMBA/TPA 

chemical carcinogenesis following a modified protocol (Kwitniewski et al., 2009). Mice were 

treated on the first week with a single topical administration of 200 nmol of DMBA in 0.2 ml 

acetone on their shaved dorsal skin. From week 2 till 7, biweekly applications of 40 nmol of TPA 

in 0.2 ml of acetone were carried out on the same dorsal area. Then, another DMBA treatment was 

performed on the 8th week, and biweekly TPA administrations were resumed from week 9 till the 

end of the study, even throughout the treatment period (Figure 2.5). Following the second DMBA 

treatment, skin tumors started developing and their sizes were monitored on a weekly basis using 

a Vernier caliper. Mice were divided into treatment groups once their skin tumors reached a 

cumulative volume of approximately 10-15 mm3 per mouse. Animals that were not assigned to 

treatment groups were terminated by the 24th week after the second DMBA administration. 

 

 

Figure 2.5. DMBA/TPA-induced skin carcinogenesis model. 

 

2.11 Skin cancer treatment model 

Upon skin cancer induction and tumor growth till a cumulative volume of approximately 10-15 

mm3 per mouse, mice were divided into groups of 4 and were administered biweekly IP injections 

of either AK3 or AK4 over a 4-week period. AK3 treatment groups received biweekly doses of 

either 1 or 5 mg/kg of body weight, meanwhile, AK4 treatment groups were administered biweekly 

doses of either 1, 5, or 15 mg/kg of body weight. The control group was administered biweekly IP 

injections of saline, meanwhile, the positive control group received weekly IP injections of 2.5 

mg/kg of body weight of cisplatin. Over the treatment period, tumor sizes were measured using a 

Vernier caliper every 2 weeks, mouse weights were recorded on a weekly basis, and pictures were 
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taken on weeks 0 and 4. Tumor volumes were calculated using the formula V = (W2 x L)/2 (V: 

tumor volume, W: tumor width, L: tumor length) (Faustino-Rocha et al., 2013). Mice were 

sacrificed at day 28, organ weights were measured, and both blood and plasma samples were 

collected and stored at -80 ℃ to be sent for analysis. Skin tumors were also extracted, washed with 

physiological saline, dried, and were finally placed in 10% formalin to be sent for histopathological 

analysis. 

 

2.12 Biodistribution analysis 

To analyze the biodistribution of the 2 platinum compounds, mice were administered IP injections 

of 5 mg/kg of body weight of either AK3 or AK4 and were sacrificed at different time points (1-, 

3-, 6-, 12-, and 24-hours post-injection). Plasma samples were collected from blood, and organs 

were extracted, washed with physiological saline, dried, and weighed. Both plasma samples and 

organs were stored at -80 ℃ until digestion for quantitative determination of platinum by ICP-MS. 

The samples were prepared and digested following a modified sample preparation protocol for 

ICP-MS (Zhao et al., 2014). Plasma samples were prepared for ICP-MS by mixing 25 l of plasma 

with a solution containing 0.01% Triton X-100, 2% nitric acid, 2% 1-butanol, and 0.025 M of 

indium internal standard to achieve a final volume of 2.5 ml. Meanwhile, organ samples were first 

homogenized with 800 l of 30% H2O2 then digested by adding 400 l of 68% nitric acid, followed 

by heating at 80 ℃ for one hour. The samples were allowed to cool at room temperature, and 7 ml 

of 0.05 M internal indium standard followed by 5.8 ml of milliQ water were then added to the 

digest to achieve a final concentration of 2% HNO3 and 0.025 M of indium internal standard. 

Both plasma and organ digests were then filtered and mounted on the ICP-MS for quantitative 

analysis of platinum levels based on internal and external standards (Indium and Platinum 

respectively). The results were reported as averages of three different readings of each sample, 

optimized following the same calibration curve and parameters as in section 2.4 (Figure 2.2 and 

Table 2.1), and expressed in g/g for organ samples and g/ml for plasma samples. 
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2.13 Statistical analysis 

Values of the different tested parameters were reported as mean ± SEM from three independent 

trials or grouped samples. Data was analyzed with GraphPad prism version 8. Statistical 

comparison between groups was assessed using one-way ANOVA, and significant difference was 

considered when p-value < 0.05 and indicated by “*”. “**” represents a p-value < 0.01, “***” 

designates a p-value < 0.001, and “****” indicates a p-value < 0.0001.  
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Chapter Three 

Results 

 

3.1 Cytotoxicity of AK3, AK4, and cisplatin on cancer cells survival 

In order to confirm previously determined IC50 values of AK3, AK4, and cisplatin in our lab, the 

cytotoxic effects of these 3 compounds were re-evaluated on MDA-MB-231 breast cancer cells as 

well as A375 skin cancer cells after treating them for 72 hours with 9 different concentrations of 

each drug. Results aligned with previously collected data in our lab and showed a dose-dependent 

activity. The IC50 values of AK3, AK4, and cisplatin were confirmed in both cell lines and are 

listed in table 3.1. 

 

Table 3.1. IC50 values of AK3, AK4, and cisplatin against MDA-MB-231 and A375 cells. 

(Elias, 2020) 

 IC50 (µM)  

Drug MDA-MB-231 A375 

AK3 0.32 ± 0.01 0.36 ± 0.03 

AK4 0.60 ± 0.11 0.68 ± 0.19 

Cisplatin 4.43 ± 0.02 6.32 ± 0.13 

 

 

3.2 Cellular uptake of AK3, AK4, and cisplatin in MDA-MB-231 cells 

Triple-negative breast cancer (MDA-MB-231) cells were treated with either AK3, AK4, or 

cisplatin at a final concentration of 1.28, 2.4 and 4.43 M respectively (AK3 4xIC50, AK4 4xIC50, 

and cisplatin IC50 respectively). After 1, 3, 6, 12, 24, or 30 hours, cellular uptake of each complex 

was quantified by ICP-MS based on internal and external standards (Indium and Platinum 

respectively). AK3 uptake was consistently increasing even till 30h post-treatment, meanwhile, 

both AK4 and cisplatin uptakes reached a plateau at 24h post-treatment (very close AK4 uptake ± 

SEM at 24 and 30h post-treatment) (Figure 3.1). AK3 recorded a more significant and faster uptake 

compared to AK4 (Higher mean cellular concentrations overall and at lower time points) (Figure 
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3.2). The intracellular/extracellular concentrations ratio of each drug was calculated at 30h post-

treatment. Both AK3 and AK4 reported a greater ratio compared to cisplatin (by 5.5- and 1.6-times 

respectively, no significance between AK4 and cisplatin ratios), and all 3 complexes had 

significantly high ratios, suggesting their active uptake by MDA-MB-231 cells (Figure 3.3). 

 

 

Figure 3.1. ICP-MS analysis for the uptake of AK3, AK4, and cisplatin in MDA-MB-231 cells 

(nmol/106 cells). AK3 uptake was consistently increasing even till 30h post-treatment, meanwhile, 

both AK4 and cisplatin uptakes reached a plateau at 24h post-treatment (very close AK4 uptake ± 

SEM at 24 and 30h post-treatment). Data points denote mean ± SEM and are expressed in nmol/106 

cells. n= 3 from three independent experiments where samples were run in triplicate. 
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Figure 3.2. ICP-MS analysis for the uptake of AK3, AK4, and cisplatin in MDA-MB-231 cells 

(M/cell). AK3 recorded a more significant and faster uptake compared to AK4 (Higher mean 

cellular concentrations overall and at lower time points). Data points denote mean ± SEM and are 

expressed in M/cell. n= 3 from three independent experiments where samples were run in 

triplicate. 

 

 

Figure 3.3. Intracellular/Extracellular concentrations ratio of AK3, AK4, and cisplatin in 

MDA-MB-231 cells at 30h post-treatment. Both AK3 and AK4 reported a greater ratio 
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compared to cisplatin (by 5.5- and 1.6-times respectively, no significance between AK4 and 

cisplatin ratios). Data points denote mean ± SEM. n= 3 from three independent experiments where 

samples were run in triplicate. 

 

3.3 Lethal dose (LD) of AK3 and AK4 in mice 

Using the up and down procedure, the lethal dose of AK3 was determined to be in the range of 25-

30 mg/kg of body weight. Death was seizure like and occurred within 30 minutes of drug 

administration. Meanwhile, none of the increased doses of AK4 administered lead to death and its 

lethal dose was considered to be >200 mg/kg of body weight. (Table 3.2) 

 

Table 3.2. Doses administered and death occurrences. 

AK3 AK4 

Dose Effect Dose Effect 

5 mg/kg No death 5 mg/kg No death 

10 mg/kg No death 10 mg/kg No death 

20 mg/kg No death 20 mg/kg No death 

30 mg/kg Death 30 mg/kg No death 

25 mg/kg No death 50 mg/kg 

75 mg/kg 

100 mg/kg 

150 mg/kg 

200 mg/kg 

No death 

No death 

No death 

No death 

No death 

 

 

3.4 Maximum tolerated dose (MTD) of AK3 and AK4 in mice 

3.4.1 MTD of AK3 

Three groups of 3 mice were administered single weekly AK3 injections of either 10, 15, or 20 

mg/kg of body weight doses. After 4 weeks, all mice remained alive, and none of the AK3 groups 

reported any drops in mouse weights (Figure 3.4) or significant changes in organ weights post-
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dissection compared to the control group (Figure 3.5). Thus, the MTD of AK3 was considered to 

be > 20 mg/kg of body weight, and no higher doses were tested since much lower doses were 

administered in the adopted treatment regimens. 

 

 

Figure 3.4. Mouse body weights of AK3 MTD groups over 4 weeks. None of the MTD groups 

treated with AK3 reported any drops in mouse weights. Data points denote mean ± SEM. n= 3 

from three mice per each MTD group. 
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Figure 3.5. Mouse organ weights post-dissection of AK3 MTD groups. None of the MTD 

groups treated with AK3 reported any significant changes in mouse organ weights post-dissection 

compared to the control group. Data points denote mean ± SEM. n= 3 from three mice per each 

MTD group. 

 

3.4.2 MTD of AK4 

Three groups of 3 mice were administered single weekly AK4 injections of either 15, 30, or 50 

mg/kg of body weight doses. After 4 weeks, all mice remained alive, and none of the AK4 groups 

reported any drops in mouse weights (Figure 3.6) or significant changes in organ weights post-

dissection compared to the control group (Figure 3.7). Thus, the MTD of AK4 was considered > 

50 mg/kg of body weight, and no higher doses were tested since much lower doses were 

administered in the adopted treatment regimens. 
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Figure 3.6. Mouse body weights of AK4 MTD groups over 4 weeks. None of the MTD groups 

treated with AK4 reported any drops in mouse weights. Data points denote mean ± SEM. n= 3 

from three mice per each MTD group. 
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Figure 3.7. Mouse organ weights post-dissection of AK4 MTD groups. None of the MTD 

groups treated with AK4 reported any significant changes in mouse organ weights post-dissection 

compared to the control group. Data points denote mean ± SEM. n= 3 from three mice per each 

MTD group. 

 

3.5 Chemotherapeutic potential of AK3 and AK4 in rat breast cancer model 

3.5.1 Chemotherapeutic potential of AK3 

Following DMBA-induced breast carcinogenesis, rats were divided into groups of 4 and were 

treated with biweekly AK3 injections of either 1 or 5 mg/kg of body weight doses for 4 weeks. 

The negative control group received biweekly saline injections while the positive control group 

was administered single weekly injections of 2.5 mg/kg of body weight of cisplatin. The AK3 

treatment regimens adopting either 1 or 5 mg/kg of body weight doses reported a 3.3- and 11.4-

times reduction in tumor sizes respectively compared to the control group, meanwhile, the positive 

control group treated with cisplatin reduced tumor sizes by 13.3-folds compared to the control 

group (Figure 3.8). Both groups treated with 1 or 5 mg/kg of body weight doses of AK3 as well as 

the positive control group led to a significant decrease in tumor weights post-dissection (by 2.7-, 

5.5-, and 7.5-times respectively) (Figure 3.9). None of the AK3 treatment groups recorded any 

significant drops in rat weights post-treatment, meanwhile, the positive control group treated with 

cisplatin reported a 6% decrease in rat weights post-treatment (no significance between week 0 

and week 4 rat weights of cisplatin group) (Figure 3.10). Illustrations of rat mammary tumors post-

dissection are presented in Figure 3.11. 
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Figure 3.8. Rat mammary tumor volumes of AK3 treatment groups over 4 weeks. The AK3 

treatment regimens adopting either 1 or 5 mg/kg of body weight doses reported a 3.3- and 11.4-

times reduction in tumor sizes respectively compared to the control group, meanwhile, the positive 

control group treated with cisplatin reduced tumor sizes by 13.3-folds compared to the control 

group. Data points denote mean ± SEM. n= 4 from four rats per each treatment group. 

 

 

Figure 3.9. Rat mammary tumor weights post-dissection of AK3 treatment groups. Both 

groups treated with 1 or 5 mg/kg of body weight doses of AK3 as well as the positive control group 
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led to a significant decrease in tumor weights post-dissection (by 2.7-, 5.5-, and 7.5-times 

respectively). Data points denote mean ± SEM. n= 4 from four rats per each treatment group. 

 

 

Figure 3.10. Rat body weights of AK3 treatment groups over 4 weeks. None of the AK3 

treatment groups recorded any significant drops in rat weights post-treatment, meanwhile, the 

positive control group treated with cisplatin reported a 6% decrease in rat weights post-treatment 

(no significance between week 0 and week 4 rat weights of cisplatin group). Data points denote 

mean ± SEM. n= 4 from four rats per each treatment group. 
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Figure 3.11. Rat mammary tumor illustrations post-dissection of AK3 treatment groups. 

 

3.5.2 Chemotherapeutic potential of AK4 

Following DMBA-induced breast carcinogenesis, rats were divided into groups of 4 and were 

treated with biweekly AK4 injections of either 1 or 5 mg/kg of body weight doses for 4 weeks. 

The negative control group received biweekly saline injections while the positive control group 

was administered single weekly injections of 2.5 mg/kg of body weight of cisplatin. The AK4 

treatment regimens adopting either 1 or 5 mg/kg of body weight doses reported a 3.4- and 13.2-

times reduction in tumor sizes respectively compared to the control group, meanwhile, the positive 

control group treated with cisplatin reduced tumor sizes by 13.3-folds compared to the control 

group (Figure 3.12). Both groups treated with 1 or 5 mg/kg of body weight doses of AK4 as well 

as the positive control group led to a significant decrease in tumor weights post-dissection (by 2.3-

, 9.8-, and 7.5-times respectively) (Figure 3.13). None of the AK4 treatment groups recorded any 

significant drops in rat weights post-treatment, meanwhile, the positive control group treated with 

cisplatin reported a 6% decrease in rat weights post-treatment (no significance between week 0 

and week 4 rat weights of cisplatin group) (Figure 3.14). Illustrations of rat mammary tumors post-

dissection are presented in Figure 3.15. 
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Figure 3.12. Rat mammary tumor volumes of AK4 treatment groups over 4 weeks. The AK4 

treatment regimens adopting either 1 or 5 mg/kg of body weight doses reported a 3.4- and 13.2-

times reduction in tumor sizes respectively compared to the control group, meanwhile, the positive 

control group treated with cisplatin reduced tumor sizes by 13.3-folds compared to the control 

group. Data points denote mean ± SEM. n= 4 from four rats per each treatment group. 
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Figure 3.13. Rat mammary tumor weights post-dissection of AK4 treatment groups. Both 

groups treated with 1 or 5 mg/kg of body weight doses of AK4 as well as the positive control group 

led to a significant decrease in tumor weights post-dissection (by 2.3-, 9.8-, and 7.5-times 

respectively). Data points denote mean ± SEM. n= 4 from four rats per each treatment group. 

 

 

Figure 3.14. Rat body weights of AK4 treatment groups over 4 weeks. None of the AK4 

treatment groups recorded any significant drops in rat weights post-treatment, meanwhile, the 

positive control group treated with cisplatin reported a 6% decrease in rat weights post-treatment 

(no significance between week 0 and week 4 rat weights of cisplatin group). Data points denote 

mean ± SEM. n= 4 from four rats per each treatment group. 
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Figure 3.15. Rat mammary tumor illustrations post-dissection of AK4 treatment groups. 

 

3.6 Chemotherapeutic potential of AK3 and AK4 in mouse skin cancer model 

3.6.1 Chemotherapeutic potential of AK3 

Following DMBA/TPA-induced skin carcinogenesis, mice were divided into groups of 4 and were 

treated with biweekly AK3 injections of either 1 or 5 mg/kg of body weight doses for 4 weeks. 

The negative control group received biweekly saline injections while the positive control group 

was administered single weekly injections of 2.5 mg/kg of body weight of cisplatin. The AK3 

treatment regimens adopting either 1 or 5 mg/kg of body weight doses reported a 1.4- and 6.1-

times reduction in tumor sizes respectively compared to the control group, meanwhile, the positive 

control group treated with cisplatin reduced tumor sizes by only 2.1-folds compared to the control 

group (Figure 3.16). None of the treatment groups recorded any significant drops in mouse weights 

post-treatment (Figure 3.17) or changes in organ weights post-dissection (Figure 3.18). 

Illustrations of mouse skin tumors on weeks 0 and 4 are presented in Figure 3.19. 
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Figure 3.16. Mouse skin tumor volumes of AK3 treatment groups over 4 weeks. The AK3 

treatment regimens adopting either 1 or 5 mg/kg of body weight doses reported a 1.4- and 6.1-

times reduction in tumor sizes respectively compared to the control group, meanwhile, the positive 

control group treated with cisplatin reduced tumor sizes by only 2.1-folds compared to the control 

group. Data points denote mean ± SEM. n= 4 from four mice per each treatment group. 
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Figure 3.17. Mouse body weights of AK3 treatment groups over 4 weeks. None of the treatment 

groups recorded any significant drops in mouse weights post-treatment. Data points denote mean 

± SEM. n= 4 from four mice per each treatment group. 

 

 

Figure 3.18. Mouse organ weights post-dissection of AK3 treatment groups. None of the 

treatment groups recorded any significant changes in organ weights post-dissection. Data points 

denote mean ± SEM. n= 4 from four mice per each treatment group. 

  



 

 
 

 
41 

Control 

Week 0 Week 4 

 
Mouse 1                    Mouse 2 

      
 

Mouse 3                    Mouse 4 

      
 

 

Mouse 1                    Mouse 2 

      
 

Mouse 3                    Mouse 4 

      
 

AK3 1mg 

Week 0 Week 4 

 

Mouse 1                    Mouse 2 

      

 

Mouse 1                    Mouse 2 

      
 

 

 

 

 

 



 

 
 

 
42 

Mouse 3                    Mouse 4 

      
 

Mouse 3                    Mouse 4 

      
 

AK3 5mg 

Week 0 Week 4 

 

Mouse 1                    Mouse 2 

      
 

Mouse 3                    Mouse 4 

      

 

Mouse 1                    Mouse 2 

      
 

Mouse 3                    Mouse 4 

      
 

  



 

 
 

 
43 
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Figure 3.19. Mouse skin tumor illustrations from weeks 0 and 4 of AK3 treatment groups. 

 

3.6.2 Chemotherapeutic potential of AK4 

Following DMBA/TPA-induced skin carcinogenesis, mice were divided into groups of 4 and were 

treated with biweekly AK4 injections of either 1, 5, or 15 mg/kg of body weight doses for 4 weeks. 

The negative control group received biweekly saline injections while the positive control group 

was administered single weekly injections of 2.5 mg/kg of body weight of cisplatin. The biweekly 

1 mg/kg of body weight treatment regimen of AK4 did not result in any significant changes in 

tumor sizes, meanwhile, both AK4 treatment regimens adopting either 5 or 15 mg/kg of body 

weight doses reported a 5-times reduction in tumor sizes compared to the control group. The 

positive control group treated with cisplatin reduced tumor sizes by only 2.1-folds compared to 
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the control group (Figure 3.20). None of the treatment groups recorded any significant drops in 

mouse weights post-treatment (Figure 3.21) or changes in organ weights post-dissection (Figure 

3.22). Illustrations of mouse skin tumors on weeks 0 and 4 are presented in Figure 3.23. 

 

 

Figure 3.20. Mouse skin tumor volumes of AK4 treatment groups over 4 weeks. The biweekly 

1 mg/kg of body weight treatment regimen of AK4 did not result in any significant changes in 

tumor sizes, meanwhile, both AK4 treatment regimens adopting either 5 or 15 mg/kg of body 

weight doses reported a 5-times reduction in tumor sizes compared to the control group. The 

positive control group treated with cisplatin reduced tumor sizes by only 2.1-folds compared to 

the control group. Data points denote mean ± SEM. n= 4 from four mice per each treatment group. 
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Figure 3.21. Mouse body weights of AK4 treatment groups over 4 weeks. None of the treatment 

groups recorded any significant drops in mouse weights post-treatment. Data points denote mean 

± SEM. n= 4 from four mice per each treatment group. 
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Figure 3.22. Mouse organ weights post-dissection of AK4 treatment groups. None of the 

treatment groups recorded any significant changes in organ weights post-dissection. Data points 

denote mean ± SEM. n= 4 from four mice per each treatment group. 
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Figure 3.23. Mouse skin tumor illustrations from weeks 0 and 4 of AK4 treatment groups. 

 

3.7 Biodistribution analysis of AK3 and AK4 in mice 

3.7.1 Plasma biodistribution of AK3 and AK4 

Mice were administered IP injections of 5 mg/kg of body weight of either AK3 or AK4 and were 

sacrificed at different time points (1-, 6-, 12- and 24-hours post-injection). Plasma samples were 

collected from blood, digested, and filtered for platinum levels quantification via ICP-MS based 

on internal and external standards (Indium and Platinum respectively). AK3 levels adopted an 

upward trend and reached a maximum plasma concentration at 24 h post-injection (Cmax= 209.94 

± 1.07 g/ml), meanwhile, AK4 levels achieved a maximum plasma concentration at 6 h post-

injection (Cmax= 183.325 ± 0.985 g/ml) and started decreasing afterwards (Figure 3.24). Knowing 
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that the average volume of plasma in male BALB/c mice is 0.76 ± 0.02 ml (Vacha, 1975) and that 

the average body weight of mice tested was 32.3 ± 0.85 g, the maximum theoretical plasma 

concentration, that could be achieved by the administered dose, would be around 212.5 g/ml. 

Cmax of AK3 and AK4 measured in the plasma were therefore around 98.8% and 86.3% 

respectively of the total injected dose. 

 

 

Figure 3.24. Plasma biodistribution of AK3 and AK4. AK3 levels adopted an upward trend and 

reached a maximum plasma concentration at 24 h post-injection (Cmax= 209.94 ± 1.07 g/ml), 

meanwhile, AK4 levels achieved a maximum plasma concentration at 6 h post-injection (Cmax= 

183.325 ± 0.985 g/ml) and started decreasing afterwards. Data points denote mean ± SEM and 

are expressed in g/ml. n= 3 from three different readings of each sample. 

 

3.7.2 Organ biodistribution of AK3 

Mice were administered IP injections of 5 mg/kg of body weight of AK3 and were sacrificed at 

different time points (1-, 3-, 6-, 12- and 24-hours post-injection). Organ samples were extracted, 

digested, and filtered for platinum levels quantification via ICP-MS based on internal and external 

standards (Indium and Platinum respectively). The uptake of AK3 by the liver and kidneys was 

significantly higher compared to the rest of the organs (Cmax= 5722.717 ± 25.622 g/g at 1 h post-
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injection and Cmax = 13922.62 ± 57.91 g/g at 1 h post-injection respectively), and AK3 levels 

were still relatively high at 24 h post-injection in these 2 organs (Additional biodistribution 

analysis using time points greater than 24h post-injection is required to confirm the AK3 half-life 

in the liver and kidneys). No significant bioaccumulation was reported in any of the other organs 

at 24 h post-injection (Figure 3.25).  

 

 

Figure 3.25. Organ biodistribution of AK3. The uptake of AK3 by the liver and kidneys was 

significantly higher compared to the rest of the organs, and AK3 levels were still relatively high 

at 24 h post-injection in these 2 organs. No significant bioaccumulation was reported in any of the 

other organs at 24 h post-injection. Data points denote mean ± SEM and are expressed in g/g. n= 

3 from three different readings of each sample. 
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Chapter Four 

Discussion 

 

Following the discovery of cisplatin and its chemotherapeutic potential, many researchers started 

developing novel variations of platinum-based complexes to test their efficiency in treating 

different types of cancer (Qin et al., 2020). In fact, several platinum-based compounds were 

synthesized and acquired the FDA approval after reporting high chemotherapeutic efficiency in 

treating various cancer types (Johnstone et al., 2016). However, many treatment regimens adopting 

these FDA-approved platinum complexes exhibited severe side effects when treating several 

cancer patients (Ma et al., 2018), and various cancer types started acquiring resistance against these 

complexes, rendering their treatment ineffective (Hanif et al., 2018). Accordingly, these 

limitations have led scientists to pursue the development and testing of novel platinum-based 

compounds in the hopes of achieving better and safer treatment regimens for cancer patients 

(Muhammad et al., 2014).  

In the current study, the platinum (II) compound AK3 and its platinum (IV) analogue AK4 are 

evaluated for their chemotherapeutic properties, toxicity, and efficiency in breast and skin cancer 

models, both in vitro and in vivo. AK3 has a square-planar geometry with 2 bidentate organic 

ligands attached to a central platinum ion, meanwhile, AK4 has an octahedral geometry and the 

same structure as AK3 but with 2 additional monodentate hydroxyl groups attached to the central 

platinum ion on the axial position. 

Triple-negative breast cancer (MDA-MB-231) and melanoma cancer (A375) cell lines were 

selected for cytotoxicity studies in vitro since they hold the closest similarity and properties as the 

breast and skin carcinogenesis models later implemented to assess the efficacy of AK3 and AK4 

in vivo. The WST-1 cytotoxicity assay was performed on both MDA-MB-231 and A375 cell lines 

to confirm previous cytotoxicity studies conducted on AK3, AK4, and cisplatin in our lab. Previous 

results reported a 7 to 18-fold increased cytotoxicity against these 2 cell lines of both AK3 and 

AK4 when compared to cisplatin (Elias, 2020). In fact, both AK3 and AK4 inhibited cellular 

growth in a dose-dependent manner and the previously determined IC50 values were confirmed. 

Moreover, AK4 also reported a 6 to 19-fold lower cytotoxicity against mesenchymal stem cells 
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compared to cisplatin and AK3 respectively (Elias, 2020), which support the claims that platinum 

(IV) compounds are designed to have higher selectivity towards cancer cells (Ma et al., 2018). 

Thus, these results suggest that both AK3 and AK4 could pose as potentially better alternatives 

than cisplatin in treating breast and skin cancer, with the possibility of AK4 also being safer and 

more selective towards these cancer cells. 

Cellular uptake of AK3, AK4, and cisplatin was then assessed on MDA-MB-231 cells using 

inductively coupled plasma mass spectrometry (ICP-MS). While, AK3 uptake was consistently 

increasing even till 30h post-treatment, the AK4 uptake reached a plateau at 24h post-treatment. 

However, an additional time point above 30h post-treatment would be needed to confirm this 

plateau since it wasn’t observed in the trend, but very close uptakes ± SEM at 24 and 30h post-

treatment were recorded. Moreover, the uptake of AK3 was more significant and faster than AK4, 

which could have contributed to its increased cytotoxicity. Similar trends were also reported when 

the uptake of AK3 and AK4 was assessed using non-small cell lung cancer (A549) cells (Elias, 

2020). Some platinum-based complexes can passively diffuse into the cells, while others are 

imported through membrane transporters via active or facilated diffusion (Dasari et al., 2014). 

Both AK3 and AK4 have reported a very high intracellular/extracellular concentrations ratio, 

suggesting their active uptake by MDA-MB-231 cells. This active uptake of AK3 and AK4 was 

also reported in A549 cells (Elias, 2020). Furthermore, the intracellular/extracellular 

concentrations ratio of AK3 was 5.5-times greater than the ratio of cisplatin, and even though the 

ratio of AK4 was greater than cisplatin’s, there was no significance. This could justify their 

increased cytotoxic effects against MDA-MB-231 cells compared to cisplatin. 

To assess the acute toxicities of our compounds in vivo, a modified acute toxic class (ATC) method 

was adopted and the lethal doses (LD) of AK3 and AK4 were determined using the up and down 

procedure (UDP) to reduce the number of mice sacrificed (Erhirhie et al., 2018). No death was 

reported prior to injecting 30 mg/kg of body weight of AK3, and the last dose administered at 

which the mouse survived was 25 mg/kg of body weight, thus the lethal dose of AK3 was 

considered to be between 25-30 mg/kg of body weight. Meanwhile, the lethal dose of AK4 was 

considered to be over 200 mg/kg of body weight since no death was reported in all the mice that 

were administered increasing injection doses of AK4 reaching up to 200 mg/kg of body weight. 

These results suggest that the structure and pattern of AK4 confers less toxicity and should be 

further explored. Both lethal doses were found to be significantly higher than cisplatin’s lethal 
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dose which was measured to be around 14.5 mg/kg of body weight following a single IP injection 

in BALB/c mice (Baldew et al., 1990). These results suggest that both complexes are safer than 

cisplatin when administered on an acute basis, and further support the claim that platinum (IV) 

compounds are designed to have lower toxicities due to their higher selectivity towards cancer 

cells (Ma et al., 2018). 

To assess the toxicity of extended treatment periods using our compounds in vivo, the maximum 

tolerated dose (MTD) was determined over a 28-day treatment period (Wu et al., 2016). Mice were 

distributed in groups of 10, 15 and 20 mg/kg of body weight of AK3 and 15, 30 and 50 mg/kg of 

body weight of AK4. No death was reported in any of the 6 groups, and no significant changes in 

behavior or weight drops were detected. After the 4 weeks, the mice were sacrificed and organ 

weights were measured, but no significant differences in organ weights were detected between the 

6 treated groups and the control group. The MTD is defined as the highest dose that could be 

administered without inducing signs of clinical toxicity such as drops in body weights greater than 

10%, and mortality (Aston et al., 2017). Thus, the MTD values of AK3 and AK4 were measured 

to be > 20 and > 50 mg/kg of body weight respectively, and no higher doses were tested since 

much lower doses were administered in the adopted treatment regimens. These results further 

reinforce the safety of these 2 novel compounds compared to cisplatin that reported an MTD of 

only 4 mg/kg of body weight following 3 weekly injections of this dose (Aston et al., 2017). These 

higher MTD values allow for higher treatment doses of AK3 and AK4 to be safely adopted in 

treatment regimens which could potentially lead to better chemotherapeutic efficiency and 

treatment outcomes. However, low doses of AK3 and AK4 were administered in the treatment 

regimens adopted in both breast and skin cancer in vivo models, to directly compare their 

chemotherapeutic efficacy to the low doses of cisplatin administered to the positive control groups. 

Also, biweekly cisplatin doses of 2.5 mg were reported to be lethal to most of the animals treated 

over 4 weeks, thus single 2.5 mg injections of cisplatin were administered to the positive control 

groups.  

To assess the chemotherapeutic efficiency of AK3 and AK4 against breast cancer in vivo, a 

DMBA-induced breast carcinogenesis model in rats was adopted (Gallo et al., 2001). DMBA, or 

7,12-Dimethylbenz(a) anthracene, is a polycyclic aromatic hydrocarbon that induces 

carcinogenesis by interfering with various cellular mechanisms such as the formation of radicals, 

production of oxygenated metabolites, and the initiation of lipid peroxidation (Rieder et al., 2000). 
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Rats were divided into groups of 4 and were treated biweekly with either AK3 or AK4 injections 

of either 1 or 5 mg/kg of body weight doses for 4 weeks. The AK3 treatment regimens adopting 

either 1 or 5 mg/kg of body weight doses reported a 3.3- and 11.4-times reduction in tumor sizes 

respectively as well as a 2.7- and 5.5-times reduction in tumor weights post-dissection respectively 

compared to the control group. Meanwhile, the AK4 treatment regimens adopting either 1 or 5 

mg/kg of body weight doses reported a 3.4- and 13.2-times reduction in tumor sizes respectively 

as well as a 2.3- and 9.8-times reduction in tumor weights post-dissection respectively compared 

to the control group. The positive control group treated with cisplatin shrunk tumor sizes by 13.3-

folds and reduced tumor weights post-dissection by 7.5-folds compared to the control group. Thus, 

both AK3 and AK4 biweekly 5 mg/kg of body weight treatment regimens showed similar 

chemotherapeutic efficiency as cisplatin against breast cancer in rats. However, none of the AK3 

and AK4 treatment groups recorded any significant drops in rat weights post-treatment, 

meanwhile, the positive control group treated with cisplatin reported a 6% decrease in rat weights 

post-treatment. This 6% drop was not considered significant, since only one rat out of four reported 

a large drop in weight, however this decrease could have been significant had a larger group of 

rats been studied. These results suggest that AK3 and AK4 5 mg/kg of body weight treatment 

regimens could be considered as potential safer treatment options than cisplatin without 

compromising treatment efficiency against breast cancer. 

To assess the chemotherapeutic efficiency of AK3 and AK4 against skin cancer in vivo, a 

DMBA/TPA carcinogenesis model was adopted in BALB/c mice to chemically induce skin cancer 

based on a modified protocol (Kwitniewski et al., 2009). TPA, or 12-O-tetradecanoylphorbol-13-

acetate, also known as PMA, or phorbol 12-myristate 13-acetate, is a diester of phorbol commonly 

used as a potent tumor promoter in combination with DMBA (Kong et al., 2018). Mice were 

divided into groups of 4 and were treated for 4 weeks, AK3 groups received biweekly injections 

of either 1 or 5 mg/kg of body weight, while AK4 groups were administered biweekly injections 

of either 1, 5, or 15 mg/kg of body weight. Biweekly TPA topical administrations were continued 

over the treatment period in order to avoid tumor regression (Kong et al., 2018). The biweekly 1 

mg treatment regimen of AK3 reported a 1.4-times decrease in tumor sizes compared to the control 

group, meanwhile, the biweekly 1 mg treatment regimen of AK4 did not result in any significant 

changes in tumor sizes. Increasing the doses of AK3 and AK4 to 5 mg reduced tumor sizes 

significantly by 6.1-folds and 5-folds respectively compared to the control group. Moreover, 
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further increasing the AK4 doses to 15 mg did not present any chemotherapeutic advantages over 

the biweekly 5 mg treatment regimen, suggesting that the optimal treatment dose of AK4 to be the 

biweekly injections of 5 mg/kg of body weight. The cisplatin treatment regimen adopted only 

reduced the tumor sizes by 2 folds compared to the control group. Thus, both 5 mg AK3 and AK4 

treatment regimens showed greater chemotherapeutic efficiency than cisplatin against skin cancer 

in mice. Additionally, none of the treatment groups recorded any significant drops in mouse 

weights post-treatment or changes in organ weights post-dissection. These results further support 

the safety of the treatment regimen doses adopted for both AK3 and AK4. 

Many novel chemotherapeutic drugs fail at the clinical level due to the lack of preclinical data on 

the biodistribution and kinetics of these drugs (Gallo, 2010). Thus, in order to further assess the 

toxicities of our compounds on the organ level, biodistribution analysis of AK3 and AK4 was 

performed on mice. Mice were administered IP injections of 5 mg/kg of body weight of either 

AK3 or AK4 and were sacrificed at different time points (1-, 3-, 6-, 12- and 24-hours post-

injection). Plasma and organ samples were collected, digested following a modified preparation 

protocol (Zhao et al., 2014), and filtered for platinum levels quantification via ICP-MS based on 

internal and external standards (Indium and Platinum respectively). AK3 levels in the plasma 

adopted an upward trend and reached a maximum plasma concentration at 24 h post-injection 

(Cmax= 209.94 ± 1.07 g/ml), meanwhile, AK4 levels achieved a maximum plasma concentration 

at 6 h post-injection (Cmax= 183.325 ± 0.985 g/ml) and started decreasing afterwards. The Cmax 

of AK3 and AK4 measured in the plasma comprised around 98.8% and 86.3% respectively of the 

total injected dose. These results show that the IP administration of both complexes was very 

efficient in delivering the drugs into the plasma. Furthermore, the uptake of AK3 by the liver and 

kidneys was significantly higher compared to the rest of the organs (Cmax= 5722.717 ± 25.622 g/g 

at 1 h post-injection and Cmax = 13922.62 ± 57.91 g/g at 1 h post-injection respectively), and AK3 

levels were still relatively high at 24 h post-injection in these 2 organs. No significant 

bioaccumulation was reported in any of the other organs at 24 h post-injection. Thus, these high 

levels of AK3 in the liver and kidneys at 24h post-injection could be contributing to hepatotoxicity, 

nephrotoxicity, as well as its overall toxicity in mice when elevated AK3 doses are administered. 

Additional biodistribution analysis using time points greater than 24h post-injection is required to 

confirm the AK3 half-life in the liver and kidneys and further understand possible side effects and 

toxicities of AK3 treatment. Also, organ biodistribution of AK4 needs to be analyzed to compare 
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its trends with the organ biodistribution of AK3, which might point out some key differences 

directly related to AK4’s reduced toxicity. 
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Chapter Five 

Conclusion 

 

In conclusion, our study demonstrated that both novel platinum complexes, AK3 and AK4, 

exhibited higher cytotoxic activity against triple-negative breast cancer (MDA-MB-231) and 

human melanoma (A375) cell lines compared to cisplatin. Both complexes were mainly actively 

transported into the cells and reported greater intracellular/extracellular concentrations ratios than 

cisplatin, and AK3 showed a faster uptake compared to AK4. AK3 and AK4 were both found to 

have relatively low toxicities as shown by their high lethal doses and most tolerated doses, 

especially AK4. Both AK3 and AK4 biweekly 5 mg/kg of body weight treatment regimens showed 

similar chemotherapeutic efficiency as cisplatin in the DMBA-induced rat breast cancer model and 

greater chemotherapeutic efficiency than cisplatin in the DMBA/TPA-induced mouse skin cancer 

model. Both AK3 and AK4 treatment regimens did not induce any drops in body weights in both 

rats and mice, unlike cisplatin that caused a 6% drop in rat weights. Both AK3 and AK4 were 

efficiently delivered into the plasma through IP administration, and AK3 was still available at high 

levels in the liver and kidneys at 24h post-injection. Thus, both AK3 and AK4 could be considered 

as potentially better and safer alternatives for cisplatin in treating breast and skin cancer, especially 

AK4 which reported very low toxicity while retaining high chemotherapeutic efficacy. Future 

studies should examine the differences in physiological and chemical interactions of AK3 and 

AK4 to further understand what makes AK4 less toxic than AK3. This would allow the 

development of novel variants of AK4 that could potentially yield even better chemotherapeutic 

outcomes. Uptake of both compounds in A375 cells will be later quantified and additional 

biodistribution analysis will be conducted on AK3 and AK4 to further understand possible side 

effects and toxicities of treatment. Also, reactive oxygen species (ROS) assays will be performed 

after treatment with AK3 and AK4 to further analyze the differences in the modes of action of both 

complexes. 
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