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Abstract 
Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype 

characterised by the absence of oestrogen, progesterone, and HER2 receptors, 

limiting the effectiveness of targeted therapies. Conventional chemotherapy remains 

non-selective and is associated with systemic toxicity and poor bioavailability. This 

study investigated the synthesis, characterisation, and anti-TNBC therapeutic 

potential of albumin-coated chemically synthesised cadmium oxide nanoparticles (A-

Chem CdO NPs) as a potential nanotherapeutic strategy. Cadmium oxide 

nanoparticles were synthesised using green, chemical, and albumin-assisted 

chemical methods, and characterised using UV-Visible spectroscopy, FTIR, XPS, and 

TEM analyses. In vitro cytotoxicity was evaluated using the MTT assay, while in vivo 

therapeutic efficacy and systemic toxicity were assessed in a BALB/c mouse model 

using clinical observations, body mass changes, tumour inhibition rate (TIR), and 

histomorphological analysis. Chemically synthesised Cadmium Oxide Nanoparticles 

(Chem CdO NPs) demonstrated the highest in vitro potency and were subsequently 

functionalised with albumin to improve stability and biocompatibility. Albumin coating 

reduced the potency in MDA-MB-231 cells, whiththe IC50 increasing from 3.33 µg/mL 

to 11.32 µg/mL, whereas Doxorubicin (the standard drug) exhibited the greatest 

potency with an IC50 of 0.34 µg/mL and the highest selectivity index. In vivo, A-Chem 

CdO NPs induced delayed and milder clinical toxicity compared with Doxorubicin. 

Although body mass loss was comparable between treatments, Doxorubicin achieved 

superior tumour inhibition (50–55%), while A-Chem CdO NPs demonstrated moderate 

antitumour activity (30–35%). Histomorphological analysis revealed tumour necrosis 

and chromatin condensation in A-Chem CdO NP-treated tissues, indicating moderate 

tumour regression, with minimal evidence of off-target organ toxicity. Overall, the 

findings demonstrate that albumin functionalisation altered the biological behaviour of 

CdO nanoparticles, reducing acute cytotoxicity while maintaining moderate in vivo 

antitumour efficacy. These results highlight the complexity of nanoparticle therapeutic 

performance and support further optimisation of albumin-coated CdO nanoparticle 

systems for TNBC treatment. 

KeywordsTriple negative Breast cancer, cytotoxicity, albumin-coated nanoparticles, 

doxorubicin, cadmium oxide nanoparticles, albumin functionalisation, tumour inhibition 
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Overview of Dissertation  

The study is divided into five key chapters: 

Chapter 1: Introduction   

Chapter one provides a brief background of the study, discussing the clinical 

landscape of triple-negative breast cancer (TNBC), the available treatment options, 

and the use of metal nanoparticles as an alternative therapeutic approach, which is 

the primary focus of the research. It also outlines the problem statement, rationale, 

aim, and objectives of the study.  

Chapter 2: Literature Review  

This chapter reviews relevant literature on the various types of TNBC and their 

pathogenesis, the role of albumin as a biocompatible coating, and the properties of 

Cadmium oxide nanoparticles (CdO NPs) in cancer therapy. This chapter highlights 

the gaps in current treatment options and establishes the foundation for the 

experimental approach. 

Chapter 3: In vitro experiments (methods and results) 

Chapter 3 describes the methodology used in the in vitro study, including the synthesis 

and characterization of albumin-coated CdO nanoparticles (A-Chem CdO NPs), the 

selection of in vitro models, and the assessment techniques for evaluating cytotoxicity. 

The results are also discussed. 

 Chapter 4: In vivo experiments (methods and results) 

Presents the experimental procedure and the results of the efficacy of the CdO NPs 

and their specific targeting of TNBC cells, and also their therapeutic effect in reducing 

tumour growth. 
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Chapter 5: Overall discussion and conclusions 

This chapter discusses the findings, comparing the performance of A-Chem CdO NPs 

to conventional chemotherapy treatments (Doxorubicin) and G-CdO NPsin vitro and 

in vivo. This chapter also explores the potential clinical applications of this approach, 

addressing challenges related to biocompatibility, toxicity and long-term effectiveness. 

The dissertation concludes with recommendations for future research to further 

optimize and translate this nanoparticle-based therapy into clinical practice. 

. 
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1.0 Introduction 

Breast cancer is the most common cancer among women and the second most 

prevalent globally after lung cancer (WHO, 2024). TNBC is an aggressive subtype 

characterised by the absence of estrogen receptor (ER), progesterone receptor (PR), 

and/ or minimal expression of human epidermal growth factor receptor 2 (HER-2), 

making it resistant to standard hormone and targeted therapies (American Cancer 

Society, 2023). TNBC disproportionately affects premenopausal women of African 

descent and accounts for 15–20% of all breast cancer cases (Zagami and Carey, 

2022). Due to its rapid progression and high mortality rates, TNBC presents a 

significant challenge in oncology (Yin et al., 2020). 

CdO NPs have demonstrated anticancer potential by inducing apoptosis through 

oxidative stress, mitochondrial dysfunction, and calcium signalling disruption (Qiao et 

al., 2024). However, concerns over selectivity and toxicity limit their clinical application. 

Albumin coating enhances nanoparticle stability, biocompatibility, and tumour 

selectivity, improving therapeutic efficacy while reducing toxicity (Kadri et al., 2025). 

Given that tumour cells actively scavenge albumin for nitrogen, albumin-coated 

nanoparticles offer a promising strategy for preferential tumour accumulation (Kadri et 

al., 2025). Additionally, albumin prolongs nanoparticle circulation time, allowing for 

sustained drug delivery to cancer cells (Mohamed et al., 2017).   

A comprehensive preclinical framework typically integrates multiple dimensions, 

including efficacy, pharmacokinetics (PK), pharmacodynamics (PD), toxicity, and 

biodistribution profiling (Gallo, 2010). In this study, only select components, namely 

cytotoxicity assays, relative tumour volume (RTV), and histomorphological tumour 

analysis, were implemented. Crucial pharmacological parameters such as 

nanoparticle absorption, metabolism, organ distribution, and clearance (ADME) were 

not assessed due to time and resource restrictions. 
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 1.1 Problem Statement 

The prevalence of TNBC is highest in women of African ancestry. It is also very 

aggressive, and black women with TNBC are diagnosed at a younger age, with an 

approximately 40% mortality rate compared to white women (Thompson et al., 2025). 

The phenotype of TNBC is characterized by the absence of PR, ER, and minimal 

expression of HER-2. The lack of these receptors renders immunotherapies 

ineffective, leaving chemotherapy as the primary treatment option (Retecki et al., 

2021). However, chemotherapy is associated with poor selectivity, systemic toxicity, 

and drug resistance mechanisms, including efflux mechanisms that expel drugs from 

cancer cells, reducing their therapeutic effectiveness, which makes TNBC difficult to 

treat successfully (Kannan et al., 2025). 

Traditional chemotherapeutic agents suffer from non-specific distribution, poor cellular 

uptake, and fast elimination, leading to suboptimal efficacy and increased damage to 

healthy tissues (Zafar et al., 2025). While nanoparticle-based drug delivery systems 

enhance drug tumour retention, many still face challenges such as short circulation 

times and specificity (Firouzpour et al., 2026). A-Chem CdO NPs are a possible lead 

to a novel strategy to overcome these limitations. Albumin serves as a biocompatible 

and tumour-targeting carrier, prolonging circulation time, enhancing tumour 

accumulation and reducing toxicity to healthy cells through receptor-mediated uptake 

(Pal et al., 2023). This study employs A-Chem CdO NPs as an anti-TNBC therapy, 

aiming to improve drug delivery, prolong nanoparticle retention and minimize off-target 

toxicity.  

 

1.2 Rationale of the study  
The study is relevant locally and globally as the prevalence of TNBC is highest in 

women of African ancestry. Black women are diagnosed with TNBC at a younger age, 

with approximately 40% mortality rate compared to white women (Eze et al., 2026). 

TNBC defies conventional treatment regimens because it lacks their pharmacological 

targets. Thus, an alternative delivery therapy fills a much-needed lacuna in the 

Oncology field. Traditional chemotherapy, the primary treatment for TNBC, is 

associated with poor selectivity, subsequent systemic toxicity, and high recurrence 
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rates. While Cadmium oxide nanoparticles (CdO NPs) have demonstrated strong 

inhibitory activity against TNBC cell lines (MDA-MB-231) in vitro, their effectiveness in 

vivo remains uncertain (Lefojane et al., 2021). A major obstacle in cancer 

nanomedicine is the transition from in vitro success to in vivo efficacy, as over 70% of 

promising drug candidates fail in animal models due to immune clearance, poor 

bioavailability, and systemic toxicity (Maeda and Khatami, 2018). This underscores a 

crucial question: Can CdO NPs selectively accumulate in tumour tissues, exert 

cytotoxic effects, with minimal toxicity to healthy cells in a living system? 

Albumin-coated CdO NPs present a promising approach to overcoming these 

challenges. Albumin, a naturally occurring biocompatible protein, enhances 

nanoparticle stability and extends circulation time by protecting them from rapid 

immune clearance (Spada et al.,2021). Additionally, albumin facilitates targeted 

tumour accumulation through the Enhanced Permeability and Retention (EPR) effect 

and enables receptor-mediated uptake via GP60 and SPARC receptors, which are 

overexpressed in breast cancer cells (Sheikh et al., 2026). These properties improve 

the selectivity and therapeutic efficacy of CdO NPs, potentially reducing off-target 

toxicity and enhancing their clinical viability. Despite their promising in vitro cytotoxicity, 

the behaviour of CdO NPs in vivo, including their tumour accumulation and overall 

toxicity, remains unexplored. The findings provide critical preclinical data. By 

integrating albumin as a functional carrier, this research seeks to enhance the efficacy 

of metal-based nanoparticles, ultimately contributing to the development of more 

effective, tumour-targeted treatment strategies for TNBC. 

 

1.3 Aim:  

To determine the in vitro cytotoxic activity of A-Chem CdO NPs against MDA-MB-231 

cells, and to evaluate their in vivo anticancer efficacy in an MDA-MB-231 BALB/C 

strain mouse model, by analysing systemic toxicity, tumour inhibition rate, and 

histomorphological changes, in comparison with a conventional chemotherapeutic 

agent, doxorubicin. 
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1.4 Objectives:  
 

• To determine whether synthesis methods influence the therapeutic potential of 

Cadmium oxide NPs by investigating green synthesis and chemical reduction 

methods, and to characterize the synthesized nanoparticles  

• To compare the cell growth inhibitory activities of Cadmium oxide nanoparticles 

synthesized using green synthesis and chemical reduction methods, in vitro, 

using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT 

assay), and to select the nanoparticles with the highest inhibitory activity for 

further testing in vivo. 

• To coat the Cadmium oxide NPs with the highest inhibitory activity with albumin 

and evaluate the efficacy of albumin-coated Cadmium oxide nanoparticles in 

vivo in a MDA-MB231- NU/J (BALB/C strain breast cancer animal model). 
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2.0 Introduction  
 

This literature review provides a comprehensive analysis of TNBC, including its 

subtypes, pathogenesis, and current treatment approaches. It also explores the 

potential of nanotechnology, particularly albumin-coated CdO NPs, in overcoming the 

challenges associated with conventional therapies and enhancing TNBC treatment 

outcomes. 

 
2.1 Triple-negative Breast Cancer (TNBC) 
 

Normal breast cells respond to female hormones such as estrogen, human epidermal 

growth factor, and progesterone, which signal the cells to produce milk (Hanna et al., 

2023). In the context of breast cancer, cells sometimes retain these hormone 

receptors, but approximately one-third of the time they lose them during tumour 

development (Lacopetta et al., 2023). Triple-negative breast cancer (TNBC) is 

characterized by the absence of all three of these important receptors, or in some 

cases, underexpression of HER2. The lack of these receptors makes hormonal 

therapies ineffective in treating this cancer type. TNBC tumours are heterogeneous, 

displaying a range of histological and genetic variations, which complicates treatment. 

Additionally, these tumours tend to be of a higher grade and larger, further adding to 

the challenges in treatment (Xiong et al., 2024) 

 

2.1.1 Molecular Subtypes and Pathogenesis of TNBC 
 

TNBC is known for its molecular diversity, comprising several distinct subtypes with 

different biological characteristics and clinical outcomes. Recognizing these molecular 

subtypes and their underlying mechanisms is essential for informing treatment 

strategies and enhancing patient outcomes. In 2011, Lehmann et al. conducted a gene 

expression analysis of TNBC cases, identifying seven potential subtypes. This 

classification was revised in 2016, incorporating histological evaluation, laser 

microdissection, and gene expression studies, leading to the identification of four 

tumour-specific subtypes: basal-like (BL; further divided into BL1 and BL2), 
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mesenchymal, immunomodulatory, and luminal androgen receptor (LAR) subtypes, as 

demonstrated in Table 1 (Ji et al., 2024). The basal-like subtypes make up a significant 

portion of TNBC cases (up to 80%), while mesenchymal and LAR subtypes are less 

common (Fernandez et al., 2023). This variation is influenced by a combination of 

genetic, molecular, and environmental factors. These factors contribute to differences 

in tumour behaviour, gene expression patterns, and clinical outcomes (Yin et al., 

2020). The molecular and clinical characteristics of TNBC subtypes are summarised 

in Table 1. 

 

Table 1  Molecular Features and Clinical Characteristics of various TNBC Subtypes 

(Ji et al., 2024) 
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2.2.2 Basal-like Subtype 
 

The basal-like subtype is the most common molecular variant of triple-negative breast 

cancer (TNBC), accounting for approximately 70–80% of all TNBC cases (American 

Cancer Society, 2023). It is defined by the expression of basal cytokeratins, including 

CK5/6, CK14, and CK17, and shares significant molecular overlap with basal-like non-

TNBC breast cancers. Tumours of this subtype typically exhibit high histological 

grades, elevated proliferation indices, and a high frequency of TP53 mutations (Xiong 

et al., 2023). In addition to cytokeratin expression, basal-like TNBCs demonstrate a 

distinct gene expression profile characterized by the upregulation of genes associated 

with basal epithelial differentiation and the downregulation of luminal markers, 

including estrogen receptor (ER), progesterone receptor (PR), and HER2 (Bando et 

al., 2021). This transcriptional pattern distinguishes them both biologically and 

clinically from other TNBC subtypes. From a clinical perspective, basal-like TNBC is 

associated with a poor prognosis, an aggressive disease course, and a higher 

propensity for distant metastasis. Diagnosis and sub-classification often rely on a 

panel of immunohistochemical markers, such as CK5, CK6, CK14, CK17, EGFR, 

smooth muscle actin (SMA), P-cadherin, p63, and c-KIT. These tumours are also 

notably negative for ERα, PgR, HER2, and luminal cytokeratins (CK8/18/19), further 

reinforcing their basal phenotype (Wijesinghe et al., 2020). Basal-like tumours typically 

exhibit a high mitotic index, elevated expression of Ki-67 and p53, and pronounced 

genomic instability, frequently accompanied by inactivation of the retinoblastoma (Rb) 

pathway. Their proliferative nature is further supported by the overexpression of cell 

cycle-related genes, including cyclin E1, BUB1, topoisomerase IIα, CDC2, and PCNA 

(Xiong et al., 2023). These molecular features not only aid in accurate classification 

but also offer potential targets for therapeutic intervention in a subtype historically 

resistant to standard hormonal and HER2-targeted treatments. 

 

 

 

 

© Central University of Technology, Free State



34 
 

2.2.3 Mesenchymal Subtype 
 

The mesenchymal subtype of TNBC is marked by the expression of genes linked to 

epithelial-to-mesenchymal transition (EMT), including vimentin, fibronectin, and Snail. 

EMT consists of three types with distinct functions: type I aids in embryonic 

development; type II responds to inflammation during wound healing and tissue 

regeneration, and type III drives metastasis, which is the primary cause of cancer-

related deaths (Chen et al., 2025). EMT is a crucial feature of cancer invasion, 

involving the transition from epithelial to mesenchymal cell types, which is regulated 

by various signaling pathways, including TGF-β, Notch, and Wnt, and is influenced by 

factors such as hypoxia and microRNAs (Chen et al., 2025). These pathways 

converge on transcription factors such as Snail, Slug, and Twist, thereby promoting 

the EMT process. Mesenchymal tumours exhibit increased motility, invasiveness, and 

therapy resistance, often showing molecular characteristics like mesenchymal stem 

cells, and are linked to a more aggressive clinical profile (Kepuladze et al., 2024). 

 

2.2.4 Immunomodulatory Subtype  

The immunomodulatory (IM) subtype of TNBC is defined by the upregulation of genes 

associated with immune system functions, including lymphocyte activation, antigen 

processing and presentation, and cytokine-mediated signalling pathways. These 

tumours are notably enriched with tumour-infiltrating lymphocytes (TILs) and display 

an immunologically active tumour microenvironment, which contributes to their distinct 

biological behaviour (Rodríguez-Bautista et al., 2021). Clinically, patients with IM-

TNBC often experience a more favourable prognosis and demonstrate higher 

responsiveness to immunotherapies when compared to other TNBC subtypes. Further 

sub-classification led to the identification of a related basal-like immune-activated 

(BLIA) subtype, which exhibits heightened expression of immune regulatory genes 

(Loizides and Constantinidou, 2023). In contrast to the basal-like immune-suppressed 

(BLIS) subtype, BLIA tumours are characterized by increased expression of genes 

involved in B cell, T cell, and natural killer (NK) cell function, alongside elevated activity 

of signal transducer and activator of transcription (STAT) family genes (Hubalek et al., 

2017). This robust immune gene signature correlates with a favourable clinical 
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outcome, suggesting that STAT pathway activation may play a central role in 

enhancing anti-tumour immunity within the BLIA subtype (Nunnery et al., 2021). 

 

2.2.5 Luminal Androgen Receptor (LAR) Subtype 

The luminal androgen receptor (LAR) subtype of (TNBC) is characterized by the 

expression of androgen receptors (AR) and luminal-related transcription factors such 

as Forkhead box protein A1 (FOXA1) and GATA3-binding protein (GATA3), which 

contribute to its distinct molecular and phenotypic profile (Vtorushin et al., 2022). 

Compared to basal-like TNBC, LAR tumours exhibit luminal-like features, including 

lower proliferation rates and a relatively indolent clinical course, particularly among 

older women. Immunohistochemically, LAR tumours typically express luminal 

cytokeratins (CK7/8, CK18, CK19) and lack basal cytokeratins (CK5/6, CK14, CK17), 

distinguishing them from more aggressive TNBC subtypes (Orrantia-Borunda et al., 

2022). This cytokeratin expression pattern is associated with a favourable prognosis, 

further differentiating LAR tumours within the heterogeneous TNBC spectrum. 

Molecular profiling studies have revealed frequent alterations in the PI3K/AKT 

signalling pathway in LAR TNBC. Notably, mutations in Phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), Lysine methyltransferase 2C 

(KMT2C), and E-cadherin (CDH1) are recurrent, with PIK3CA emerging as the most 

frequently mutated gene in this subtype (Vtorushin et al., 2020). These genetic 

alterations suggest that LAR tumours may be amenable to PI3K-targeted therapies, 

offering a potential precision medicine avenue for this subgroup. 

In addition to genomic alterations, recent studies have highlighted the role of 

extracellular vesicles, particularly CD151-enriched exosomes, in LAR-associated 

tumour progression. Investigations using TNBC cell lines, including MDA-MB-231 and 

MDA-MB-453, have demonstrated that CD151-positive exosomes significantly 

enhance cell motility and invasive capacity, implicating CD151 as a contributor to 

tumour aggressiveness Vtorushin et al., 2022). These findings point to CD151 as a 

potential therapeutic target, particularly in the context of LAR TNBC, where traditional 

chemotherapeutic responses may be less robust. The LAR subtype represents a 

biologically distinct and clinically relevant entity within TNBC, defined by hormone 
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receptor expression, luminal differentiation markers, and unique genetic alterations 

(Yin et al., 2020). Continued exploration of its molecular drivers and therapeutic 

vulnerabilities is critical to improving outcomes for this under-characterized TNBC 

subset. 

 

2.2.6 Pathogenesis of TNBC 
 

The pathogenesis of TNBC involves the dysregulation of multiple signaling pathways, 

which contribute to tumour initiation, progression, and metastasis. Key pathways 

involved in TNBC pathogenesis include biological subtypes of triple-negative breast 

cancer (Hubalek et al., 2017).  

1. MAPK/ERK Pathway: Abnormal activation of the mitogen-activated protein 

kinase (MAPK) pathway, particularly the ERK pathway, is linked to TNBC 

development. Dysregulated MAPK/ERK signaling fosters cell proliferation, 

survival, and metastasis in TNBC tumors. This contributes to the aggressive 

nature of TNBC and its high metastatic potential (Hubalek et al., 2017). 

 

2. JAK/STAT Pathway: Alterations in the Janus kinase (JAK)/signal transducer 

and activator of transcription (STAT) pathway also play a role in TNBC 

tumourigenesis and progression. Activation of this pathway supports cell 

proliferation, invasion, and immune evasion in TNBC (Hubalek et al., 2017). 

 

3. PI3K/Akt/mTOR Pathway: This pathway, involved in regulating cell survival, 

growth, and metabolism, is frequently upregulated in TNBC. Activation of the 

PI3K/Akt/mTOR axis supports tumour cell survival, induces resistance to 

chemotherapy, and promotes invasion, making it a target for therapeutic 

strategies (Hubalek et al., 2017). 
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4. Wnt/β-Catenin and Notch Pathways: These pathways are involved in 

regulating stem cell behaviour and tissue development. Their aberrant 

activation in TNBC is associated with increased tumour stemness, 

invasiveness, and metastasis. These pathways also contribute to resistance 

against chemotherapy, highlighting their potential as therapeutic targets 

(Hubalek et al., 2017). 

 

5. TGF-β Signaling: In TNBC, TGF-β signaling promotes epithelial-to-

mesenchymal transition (EMT), which enhances the metastatic capacity of 

tumour cells. Dysregulation of TGF-β signalling also helps TNBC cells evade 

immune surveillance, contributing to the tumour’s aggressiveness (Hubalek et 

al., 2017). 

6. p53 Mutations: The p53 tumour suppressor gene is frequently mutated or 

inactivated in TNBC, leading to genomic instability and resistance to apoptosis. 

This loss of p53 function further fuels the aggressive nature of the disease and 

its response to chemotherapy (Hubalek et al., 2017). 

 

The diversity and complexity of the molecular subtypes and pathogenesis of TNBC 

reflect the heterogeneous nature of this aggressive disease. Continued research into 

the molecular drivers of TNBC and their clinical implications is vital for developing 

targeted therapies and improving patient outcomes. 

 

2.3 TNBC Treatment 

Breast cell receptors play a vital role in identifying where cancer is most responsive, 

helping guide diagnosis and determine the most effective treatment options. 

(American Cancer Society, 2025). The lack of the three receptors in TNBC makes 

treatment difficult and results in high recurrence. The current TNBC treatment is limited 

to chemotherapy (Mustafa et al., 2016). However, research is advancing in the 

following areas: poly (ADP-ribose) polymerase (PARP) inhibitors, Immunotherapy, 

Chemotherapy, and Nanoparticle-based targeted breast cancer therapy.  
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2.3.1 The poly ADP-ribose polymerase (PARP) inhibitors 
 

Poly (ADP-ribose) polymerase (PARP) plays a crucial role in the repair of DNA damage 

in both normal and malignant cells (Jones et al., 2015). PARP inhibitors, including 

olaparib (marketed as Lynparza) and talazoparib (Talzenna), have received regulatory 

approval for the treatment of advanced HER2-negative breast cancer in individuals 

carrying BRCA1 or BRCA2 mutations (James et al., 2024). These inhibitors work by 

disrupting the DNA repair processes in cancer cells with defective BRCA pathways, 

thereby exacerbating DNA damage and reducing the likelihood of cellular survival 

(Balmaña et al., 2015). In essence, PARP inhibitors exploit the concept of synthetic 
lethality to selectively target tumour cells with impaired homologous recombination. 

Despite their clinical success in BRCA-mutated cancers, there remains uncertainty 

about the broader applicability of PARP inhibitors in TNBC patients who do not carry 

BRCA mutations, and ongoing studies continue to explore their potential in this wider 

population (Morganti et al., 2015). 

 

2.3.2 Immunotherapy 
 

Atezolizumab (commercially known as Tecentriq), in combination with nab-paclitaxel 

(Abraxane, an albumin-bound formulation of paclitaxel), has been approved as a first-

line therapeutic option for patients with metastatic triple-negative breast cancer 

(TNBC) that expresses programmed death-ligand 1 (PD-L1) (Gion et al., 2025). As an 

immune checkpoint inhibitor, atezolizumab functions by modulating the immune 

response to enhance recognition and elimination of tumour cells. Specifically, it targets 

the PD-L1 protein, which is frequently overexpressed on cancer cells and plays a key 

role in immune evasion. By blocking PD-L1, atezolizumab restores T-cell activity, 

thereby facilitating immune-mediated tumour destruction (Lee et al., 2020). Despite 

encouraging clinical outcomes, particularly in PD-L1-positive cases, several 

challenges limit the broader success of immunotherapy in TNBC. These include 

insufficient understanding of intra-tumour heterogeneity, underlying molecular 

alterations, and the complex immunogenomic environment of TNBC, which collectively 

hinder the development of precise patient stratification models (Mustafa et al., 2017). 

To fully harness the therapeutic potential of immunotherapy in TNBC, several critical 
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issues must be addressed. Firstly, the investigation of the molecular diversity and 

immune landscape in TNBC to better identify patients who are most likely to benefit 

from immune-based treatments. Secondly, TNBC encompasses a biologically 

heterogeneous group of tumours, with variable responses to immunotherapy 

depending on specific subtype characteristics. This underscores the necessity to 

identify novel predictive biomarkers beyond conventional markers such as tumour-

infiltrating lymphocytes (TILs) and PD-1/PD-L1 expression to improve treatment 

selection and response prediction. The integration of such biomarkers into clinical 

protocols could lead to more personalized immunotherapy strategies and improved 

patient outcomes. 

 

2.3.3 Chemotherapy  
 

A major setback with chemotherapy is the lack of selective toxicity when treating 

cancer, which results in a narrow therapeutic index and a compromised clinical 

prognosis (Li et al., 2023). The reduction of damage to normal tissues requires the 

administration of sub-optimal doses of anticancer chemotherapeutics. In addition, the 

high interstitial fluid pressure (IFP) of solid tumours results in poor biodistribution and 

penetration of drugs (Fan et al., 2025). Literature shows that the amount of drug 

accumulated in normal viscera is 10- to 20-fold higher than that in the same weight of 

the tumour site (Kannan and Cheng, 2023), therefore, many anticancer drugs cannot 

penetrate more than 40–50 mm (equivalent to the combined diameter of 3–5 cells) 

from the vasculature (Wang et al., 2023). These limitations often lead to incomplete 

tumour response, multiple drug resistance, and in the long run, therapeutic failure 

(Aldea et al., 2021). These factors highlight the need for alternative treatments for 

TNBC.  

 

2.3.4 Nanoparticle-based breast cancer therapy  

The employment of nanoparticles in cancer research is a cutting-edge approach that 

utilizes the unique properties of nanoparticles to improve the specificity and efficacy 

of cancer treatments while minimizing damage to healthy tissues. This approach 

© Central University of Technology, Free State



40 
 

focuses on the functionalisation of nanoparticles to enhance the delivery of therapeutic 

agents directly to cancer cells, thereby enhancing the effectiveness of treatment and 

reducing systemic side effects (Deivayanai et al., 2024). Below is an in-depth look at 

the various aspects of nanoparticle-based breast cancer:   

 

 2.3.4.1 Nanoparticles as Drug Delivery Vehicles 

• Improved Drug Delivery: Nanoparticles, due to their small size (typically in the 

range of 1-100 nm), can penetrate tumour tissues more easily compared to 

larger molecules. This ability is especially useful for solid tumours like breast 

cancer. Nanoparticles can be loaded with anti-cancer agents, or even gene 

therapies, and delivered directly to the tumour site (Gavas et al., 2021). 

• Improved Solubility and Bioavailability: Many chemotherapy drugs are 

poorly soluble in water, which limits their effectiveness. Nanoparticles can 

encapsulate these drugs and improve their bioavailability (Gavas et al., 2021). 

 

 

2. 3.4.2 Surface Modification of nanoparticles for enhanced Tumour 
Targeting 

• Ligand-Targeted Nanoparticles: Nanoparticles can be functionalized with 

targeting ligands such as antibodies, peptides or small molecules that 

specifically bind to receptors overexpressed on the surface of cancer cells. This 

targeted approach ensures that nanoparticles preferentially accumulate at 

tumour sites while sparing normal healthy tissues (Theivendren et al., 2022). 
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2.3.5 Cadmium  
 

Cadmium (Cd) poses a significant industrial and environmental risk (Hayat et al., 

2019). It is a highly toxic heavy metal that can be introduced into the human body 

through various environmental sources, including water, food, air, and soil. Long-term 

exposure to Cadmium has been linked to severe health risks, particularly cancer and 

toxicity affecting multiple organ systems. Studies have demonstrated that Cadmium’s 

prolonged half-life in the body exacerbates its toxic effects, making it a significant 

environmental health hazard (Anetor, 2012). As a confirmed carcinogen, Cadmium 

exposure has been implicated in the development of several types of cancer, such as 

lung, prostate, breast, and kidney cancers (Arruebfena et al., 2023). However, the 

chemical reduction of Cd into other forms, such as nanoparticles (NPs), can also be 

useful as an anti-cancer agent (Deivayanai et al., 2024). Delving into its structure and 

properties brings understanding to its functions.   

Cadmium’s atomic number is 48, with a mass number of 112 (Hooser, 2025).  Cd's 

melting and boiling points are at 321 °C and 765 °C, respectively.  It has several 

isotopes, including 106 Cd, 108 Cd, 110 Cd, etc., with isotopes 112 Cd and 114 Cd 

being the most abundant (Zhong et al., 2024). This element exhibits soft, elastic, silver-

white with bluish colour, shiny, and electropositive properties (Ali et al., 2022) as 

demonstrated in Figure 1.  It is also odourless, tasteless, and poisonous (Al-Jamal et 

al., 2009). Cd forms a range of intricate compounds, including organic amines, Sulfur 

complexes, Chloro complexes, and chelates (Amat et al., 2014). Soluble salts of 

carbonates, arsenates, phosphates, and ferrocyanide compounds are formed by Cd 

ions (Hayat et al., 2019). It also serves as an alloy for electroplating and is involved in 

pigment production, including Cadmium sulphate and Cadmium selenide (Hayat et al., 

2019). 
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Figure 1 Represents cadmium in different forms: (A) cadmium metal in its natural state, (B) atomic 
structure of cadmium, and (C) cadmium oxide nanoparticles (CdO NPs) (VectorStock, 2025;  Gray, 
2008; Nanoshel, 2025). 

 

. 

2.3.6 The significance of Cadmium nanoparticles in cancer 
therapeutics 
 

To further enhance tumour targeting, CdO nanoparticles can be surface-modified with 

specific molecules, such as targeting ligands, proteins that bind to receptors 

overexpressed on tumour cells. These modifications help the nanoparticles to 

preferentially accumulate at the tumour site, improving the therapeutic or imaging 

effect. Studies have shown that they can also be used for tumour imaging and as a 

means to deliver therapeutic agents directly to cancer cells (Anetor, 2012). Research 

has also established that the nanoparticles and QDs can induce apoptosis in cancer 

cell lines, as observed in cell culture studies (Hayat et al., 2019). The photoactivation 

property of QDs is another promising aspect in photodynamic therapy (PDT) and as 

radiosensitizing agents for cancer treatment (Alizadeh et al., 2025).  

These properties make QDs and nanoparticles versatile tools in preclinical cancer 

treatment research. In laboratory settings, studies typically focus on synthesizing and 

A

B

C
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characterizing nanoparticles, examining their labeling and localization within biological 

systems and assessing their potential for pH sensing and other applications. Surface 

modification of nanoparticles, particularly QDs, is crucial for their successful translation 

into clinical applications. Modifying the surface properties of the nanoparticles 

enhances their stability and ability to deliver therapeutic agents directly to tumour cells. 

These modifications are key to enhancing the safety and efficacy of QDs and 

nanoparticles in human patients. The application of nanoparticles in Nano medicine 

offers a unique opportunity for passive cancer therapies. However, the challenge 

remains to balance the toxicological risks of Cadmium with its potential therapeutic 

benefits, requiring ongoing research to optimize its use in medical applications. Hence, 

this study leverages surface modification of nanoparticles to improve drug delivery and 

therapeutic efficacy.  

 

2.3.7 Mechanisms of CdO NPs delivery to Tumours 

Delivery of CdO nanoparticles (CdO NPs) to tumour tissues occurs through both 

passive and active targeting mechanisms, each contributing to enhanced tumour 

specificity and therapeutic efficacy. Passive targeting primarily exploits the enhanced 

permeability and retention (EPR) effect, whereby nanoparticles preferentially 

accumulate within tumour tissues due to the abnormal architecture of tumour 

vasculature. Tumour blood vessels are characterised by defective endothelial linings, 

enlarged inter-endothelial gaps, and impaired lymphatic drainage, collectively creating 

highly permeable vascular networks that facilitate the extravasation and retention of 

nanoparticles, typically within the size range of 10–200 nm, in the tumour 

microenvironment (Yao et al., 2020). This phenomenon promotes selective 

nanoparticle accumulation at tumour sites while reducing systemic distribution to 

healthy tissues. 

In contrast, active targeting enhances delivery specificity through surface 

functionalisation of CdO NPs with ligands such as peptides, biomolecules, or 

monoclonal antibodies that recognise receptors overexpressed on cancer cells. 

Common targets include transferrin, folate, and epidermal growth factor receptors 

(EGFR), which mediate selective binding of nanoparticles to malignant cells (Bazak et 
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al., 2015). Following receptor recognition, the nanoparticle–receptor complex 

undergoes receptor-mediated endocytosis, enabling efficient intracellular uptake of 

the nanoparticles (Yameen et al., 2014).  

Once internalised, the nanoparticles become entrapped within early endosomes. 

However, successful intracellular drug delivery requires escape from endosomal 

degradation pathways. During endosomal maturation, proton pumps acidify the 

vesicular environment, triggering the degradation of pH-sensitive nanoparticle bonds 

or inducing conformational changes that destabilise the endosomal membrane, a 

process known as endosomolysis (Desai et al.,2024). This facilitates the release of 

therapeutic cargo, including chemotherapeutic agents, siRNA, or miRNA, directly into 

the cytoplasm where they can exert their biological effects. Such targeted intracellular 

delivery not only enhances therapeutic selectivity and minimises off-target toxicity but 

also enables nanoparticles to bypass P-glycoprotein efflux pumps commonly 

implicated in multidrug resistance, thereby improving intracellular drug retention and 

treatment efficacy (Gao et al., 2024).  

Beyond their role as delivery vehicles, CdO NPs exhibit intrinsic anticancer activity 

through multiple molecular and cellular mechanisms. A principal mechanism involves 

the excessive generation of reactive oxygen species (ROS), which induces oxidative 

stress and results in lipid peroxidation, protein oxidation, mitochondrial dysfunction, 

and DNA damage within cancer cells (Nakamura and Takada, 2021). The high 

surface-area-to-volume ratio of nanomaterials further enhances cellular uptake 

through endocytosis and direct membrane penetration, thereby increasing cadmium 

bioavailability and prolonging intracellular activity (Peng et al., 2024). Additionally, 

CdO NPs can generate ROS through several interconnected pathways, including 

nanoparticle dissolution and subsequent release of Cd²⁺ ions, disruption of 

mitochondrial electron transport processes, and activation of NADPH oxidase 

enzymes (Peng et al., 2024). Collectively, these effects activate apoptotic signalling 

pathways and promote selective tumour cell death. 
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2.3.8 Albumin-coated nanoparticles 
 

Albumin is the most abundant protein in human blood plasma. It is primarily derived 

from blood plasma and accounts for about 50% of the total protein content. There are 

several types of albumin, including human serum albumin (HSA), bovine serum 

albumin (BSA), equine serum albumin (ESA), and murine serum albumin (MSA). 

Among these, HSA and BSA are the most widely used in biomedical research and 

clinical applications. The structures of HSA and BSA are highly similar, both exhibiting 

a heart-shaped configuration. HSA is composed of 585 amino acids with a molecular 

weight of approximately 69.367 kDa, while BSA contains 583 amino acids and has a 

molecular weight of around 69.293 kDa (Moman et al., 2022). 

Due to their non-immunogenic, non-cytotoxic properties and the presence of multiple 

drug-binding sites, albumins are extensively used in biomedical applications, 

particularly in drug delivery systems (Hu et al., 2022). Albumin binds to a variety of 

endogenous and exogenous biomolecules, facilitating its role as an ideal carrier for 

drug delivery. Notably, albumin receptors such as GP60, GP30, GP18, secreted 

protein acidic and rich in cysteine (SPARC), FcRn, cubilin, and megalin play pivotal 

roles in the transport and targeting of albumin-based drug carriers (Molitoris et al., 

2022). Of these, GP60 and SPARC are especially crucial in the delivery of antitumour 

drugs using albumin as a carrier. Figure 2 shows albumin functionalised nanoparticles 

for enhanced targeted therapy.  

The GP60 receptor is predominantly found on vascular endothelial cells, excluding 

brain tissues, and is involved in the transport of albumin across the vascular 

endothelium. Once albumin binds to GP60, the receptor interacts with an intracellular 

protein called caveolin-1, triggering the formation of transcellular vesicles that allow 

albumin to cross the endothelial barrier (Hama et al., 2021).  In the context of cancer, 

SPARC is overexpressed in tumour cells, which facilitates binding to GP60 on the 

albumin (Ji et al., 2024) 

The integration of albumin in cancer therapeutics is advantageous due to its inherent 

biocompatibility and unusual binding capacity to carry variant drug molecules (Jaiswal 

et al., 2025).  It is also an efficient material for nanoparticle construction owing to its 

physicochemical stability and functionality. Albumin as a macromolecular carrier is 
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imperative to use in a nanoparticulate carrier system because of its biodegradability, 

nontoxicity, the ability to produce non-harmful degradation by-products during its 

metabolism in vivo, non-immunogenicity, easy purification, and its water solubility, 

allowing ease of delivery by injection (Liu et al., 2024). From a physiological 

perspective, albumin has a long serum half-life (19 days on average), which enhances 

its ability to carry various proteins and hydrophobic molecules (such as vitamins and 

hormones) throughout the body, thereby making it a suitable candidate for 

nanoparticle carrier design (Liu et al., 2024). An albumin-coated Cadmium oxide 

nanoparticle delivery system can be an efficient TNBC anti-therapeutic agent with 

reduced cytotoxicity on normal cells. The methodology employed for nanoparticle 

synthesis can have an effect on their anticancer efficacy. In this study, green chemistry 

and chemical synthesis methods were employed and compared. 

 

 

Figure 2 Shows how albumin-coated Cadmium oxide nanoparticles target tumour cells via gp60 and 
SPARC receptors. Asrorov et al., 2024. Available at https://ars.els-cdn.com/content/image/1-s2.0-
S2590098624000113-ga1_lrg.jpg  
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2.4 Synthesis of CdO NPs 
 

2.4.1 Green Synthesis of Nanoparticles  
 

Green synthesis involves biological precursors such as bacteria, fungi, algae, and 

plant extracts, which are environmentally conducive in the synthesis of nanomaterials. 

Various medicinal plants can be used owing to the presence of phytochemical 

components, such as terpenoids, flavonoids, carboxylic acids, phenols, and ascorbic 

acids (Abuzeid et al., 2023).  

The reduction of metal salts to metal nanoparticles is mediated by phytochemicals, 

which are advantageous because the leaf precursor exhibits a shorter reduction time 

during nanoparticle formation compared with fungi and bacteria, which require longer 

incubation times (Singh et al., 2018).  Flavonoids comprise various functional groups, 

which have a heightened capacity to reduce metal ions. In addition, they have 

tautomeric alterations, which allow the reactive Hydrogen atom to be released, and 

the enol form to be transformed to the keto form. This is the process recognised by 

the reduction of metal ions into metal nanoparticles. Several reaction parameters, such 

as solvent, temperature, pressure, and pH (acidic, basic, or neutral), are considered 

in the synthesis of metallic nanoparticles using biological procedures (Singh et al., 

2018). The parameters influence the rate of nanoparticle formation, the product (size 

and morphology), and their stability. The medicinal plant used in the green chemistry 

route is Synadenium cupulare (S. cupulare). 

 

Synadenium cupulare (Boiss. L.C), also known as Euphorbia cupularis or Dead Man’s 

tree (Figure 3), is a member of Euphorbiaceae. This plant is found in Southeastern 

Africa - Southern Mozambique, Swaziland, and South Africa. In South Africa, S. 

cupulare is distributed in KwaZulu-Natal, Mpumalanga, and Limpopo Provinces. 

Lefojane et al., (2021) reported that S. cupulare leaf extract possesses secondary 

metabolites such as tannins, flavonoids, saponins, and glycosides, while the stem 

extract showed the presence of phytosterols, pentose, tannins, glycosides, 

triterpenoids, saponins, and flavonoids. These phytochemical constituents have anti-

cancer activity (Fakudze et al., 2023) and are also vital in the green synthesis method 

of nanoparticles due to their reduction and capping ability.   
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Figure 3 Depicts S. cupulare in its natural habitat (Solomon, 2011).available at ( 
https://kumbulanursery.co.za/plants/synadenium-cupulare )  

2.4.2 Chemical Reduction Method  

Various chemical methods exist for the synthesis of nanoparticles, including chemical 

reduction, micro-emulsion, electrochemical, and thermal decomposition techniques 

(Zadehnazari, 2025). Among these, chemical reduction is the most widely used due to 

its simplicity. This method involves reduction of metal ions to their elemental form, 

which then aggregates to form nanoparticles (Zadehnazari, 2025). Chemical reduction 

typically relies on reducing agents that donate electrons to metallic salts, converting 

them into the corresponding metal nanoparticles. Common reducing agents employed 

in this process include sodium borohydride, ascorbate, and elemental hydrogen 

(Mourdikoudis, 2021). In the chemical reduction method for nanoparticle synthesis, 

several key components are involved. The process begins with the metallic precursor, 

which consists of metal salts or metallic ions that serve as the starting material for 

nanoparticle formation. Common examples of these metal salts include silver nitrate 

(AgNO₃), Gold chloride (AuCl₃), and Copper sulfate (CuSO₄), among others (Beyene 

et al., 2017). The next essential component is the reducing agent, which plays a critical 

role in converting metal ions into their elemental form by donating electrons. Some 

widely used reducing agents include Sodium borohydride (NaBH₄), a strong reducing 

© Central University of Technology, Free State

https://kumbulanursery.co.za/plants/synadenium-cupulare


49 
 

agent commonly employed in the synthesis of nanoparticles such as silver, gold and 

platinum; ascorbic acid, an organic reducing agent known for its environmentally 

friendly properties and mild reduction capabilities; and elemental Hydrogen, which is 

used in certain cases, especially in aqueous environments, to reduce metal ions. 

Lastly, stabilizing agents are employed to prevent agglomeration or uncontrolled 

growth of nanoparticles. These agents bind to the surface of the nanoparticles, 

ensuring their stability and preventing them from clumping together. Common 

stabilizers include polyvinyl alcohol (PVA), citric acid and polyethylene glycol (PEG), 

all of which help maintain the uniformity (Abbas et al., 2024).  

2.5 Systemic Nanoparticle Toxicity 

Systemic nanoparticle toxicity is a major consideration in nanomedicine and is 

influenced by several physicochemical properties that determine how nanoparticles 

interact with biological systems. Before biological evaluation, nanoparticles must be 

comprehensively characterised, as properties such as size, surface area, surface 

charge, shape, chemical composition, and solubility directly influence their 

biodistribution, cellular uptake, and toxicological behaviour (Awashra and Młynarz, 

2023).  

Initial toxicological assessment is commonly performed through in vitro screening 

using cultured cells to evaluate early cellular responses following nanoparticle 

exposure. Cell viability assays, including MTT and lactate dehydrogenase (LDH) 

assays, are widely used to determine alterations in metabolic activity and membrane 

integrity (Savage et al., 2018). Nanoparticles frequently induce toxicity by generating 

reactive oxygen species (ROS), which results in oxidative stress, mitochondrial 

dysfunction, lipid peroxidation, and activation of inflammatory cytokines such as 

interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-α). Furthermore, 

genotoxicity assays, including comet and micronucleus assays, are employed to 

assess DNA damage and chromosomal instability associated with nanoparticle 

exposure. Although in vitro models provide rapid and cost-effective toxicity screening, 

they cannot fully replicate the complexity of whole-organism responses (Awashra and 

Młynarz, 2023). 
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 Consequently, in vivo studies using animal models, typically mice, remain essential 

for evaluating systemic nanoparticle toxicity. These studies investigate biodistribution, 

pharmacokinetics, and organ-specific toxicity following nanoparticle administration. 

Biodistribution analyses utilise techniques such as radiolabelling and inductively 

coupled plasma mass spectrometry (ICP-MS) to monitor nanoparticle accumulation 

and clearance in organs including the liver, spleen, kidneys, lungs, and brain 

(Lazareva et al., 2025). Pharmacokinetic studies evaluate absorption, distribution, 

metabolism, and excretion (ADME) processes to determine circulation time, metabolic 

fate, and elimination pathways, thereby informing optimal dosing strategies and routes 

of administration. In vivo toxicological investigations also assess both acute and 

chronic toxicity, including haemolysis, inflammatory responses, behavioural 

alterations, reproductive toxicity, and long-term organ damage resulting from repeated 

exposure (Li et al., 2019).  

The evaluation of nanoparticle toxicity forms part of the broader preclinical 

development process, which comprises progressive pharmacological and 

toxicological investigations designed to establish efficacy and safety before clinical 

application. Preclinical studies begin with in vitro pharmacological screening to confirm 

mechanisms of action and identify promising candidate formulations. Selected 

candidates subsequently undergo in vivo efficacy and toxicology testing to establish 

preliminary safety profiles, including acute, subchronic, chronic, and reproductive 

toxicity assessments. Pharmacokinetic and pharmacodynamic studies are then 

conducted to quantify dose-response relationships, therapeutic thresholds, and 

toxicity limits while evaluating the biological activity of the nanoparticles at cellular and 

systemic levels.  
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3.0 Introduction  
 

To properly evaluate the safety and impact of a nanomaterial, the fundamental 

physicochemical properties of the material and its interaction and impact upon living 

cellular systems must be understood. In this section, two approaches for synthesizing 

CdO NPs are detailed: green synthesis, which utilises environmentally friendly and 

sustainable processes, and chemical reduction, a method involving the use of 

reducing agents. The most common methods to characterize nanomaterial properties 

and a set of in vitro toxicity screenings used to determine material safety are 

presented. The approaches presented herein do not represent the entirety of all 

available tools and methods but rather a sufficiently broad initial assessment for the 

evaluation of a new nanomaterial. Cytotoxicity analysis was then performed using the 

MTT assay to assess the potential cytotoxicity of these nanoparticles. To enhance their 

biocompatibility and targeting ability, the nanoparticles that demonstrated the highest 

inhibitory activity on cancer cells were coated with albumin. The impact of this coating 

on the nanoparticles' properties and biological interactions was also evaluated. Finally, 

the results of these experiments are presented, providing insights into the synthesis, 

characterization, and potential anti-proliferative effect of albumin-coated cadmium 

oxide nanoparticles. 

   

3.1 Materials  
 

Synadenium cupulare  (S.cupulare) leaves (from the Kruger National Park, South 

Africa), cadmium nitrate tetrahydrate 98% (sigma Aldrich, South Africa), trisodium 

citrate (C6H5O7Na3) (642045, Sigma Aldrich, South Afica), ascorbic acid (C6H8O6) 

(255564, Sigma Aldrich, South Africa), Human cell line MDA-MB 231 (University of the 

Free State - UFS), Vero cell line (UFS), Dulbecco's modified eagle's medium (DMEM), 

(D6429, Gibco Separation PTY Ltd, South Africa),  fetal bovine serum (FBS) 

(SH30070.03IR, Gibco), penicillin (P4333, Sigma Aldrich, South Africa), streptomycin 

(S9137Sigma Aldrich, South Africa), 3–(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphenyl 
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tetrazolium bromide (MTT) (M2128, Sigma Aldrich, South Africa), Bovine Serum  

Albumin (A3059, Sigma, Aldrich  South Africa).  

 
 
3.2 Plant Collection and Extraction  
 

S. cupulare was collected from its natural habitat in the Kruger National Park, Limpopo 

Province, South Africa, in the winter season in June 2022. A botanist at the Botany 

Department, University of the Free State (UFS) authenticated the plant. The specimen 

was stored in the herbarium, UFS. The plant leaves were washed with distilled water, 

cut into smaller pieces, and dried at room temperature. The plant material (30 g) was 

mixed with 300ml boiled de-ionized water (dH20) and heated for 2-3 hours at 60 °C 

whilst continuously stirring (Figures 4A and 4B). The mixture was allowed to cool at 

room temperature and filtered using Whatman filter paper (110mm). The protocol was 

adapted from Mohsenipour and Hassanshahian (2016) with some modifications.  
 

 

 

Figure4 (A) Dried leaves of S. cupulare at room temperature, and (B) small pieces of S. cupulare 
leaves undergoing extraction in distilled water. 

 

 

 

B A 
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3.3 Synthesis of nanoparticles: 
 

The green chemistry and chemical synthesis approaches employed in the synthesis 

of Cadmium oxide nanoparticles are outlined in detail, highlighting the methodologies, 

reagents, and reaction conditions utilized to ensure successful nanoparticle formation. 

 

3.3.1 Green Chemistry  
 

100 ml of the S. cupulare leaf water extract (pH = 5 and a temperature of 23 ˚C) was 

mixed with 5 g of Cadmium nitrate tetrahydrate (98%). 5 g of salt was used to obtain 

a ratio of 1:20. The mixture was left to stir at 60-70 °C on a magnetic hot plate for 24 

hours. The mixture was then transferred into a Petri dish and dried in the oven at a 

temperature of 70 °C. The dry nanoparticles were kept in the dark. The protocol was 

adapted from Yasi et al., (2017) and Lefojane et al., (2021) with minor modifications. 

 

 3.3.2 Chemical reduction 
 

In this study, Cadmium nitrate tetrahydrate (CdNO3) was used as a precursor, while 

trisodium citrate (C6H5O7Na3) and ascorbic acid (C6H8O6) were used as the reducing 

agent and surfactant, respectively. Specifications included heating 80 ml of CdNO3 to 

60 °C and then adding (with vigorous stirring) to 20 ml of a C6H5O7Na3 and C6H8O6 

solution that was pre-heated to 60 °C. The mixture was stirred for 20 minutes. 

Afterwards, the solution was cooled at room temperature with continuous stirring. The 

appearance of yellowish/or white colour in the reaction was indicative of the formation 

of Chem CdO NPs (Azizi, 2018). 

 

3.4 Characterization of the Nanoparticles 

The nanoparticle formulations were comprehensively characterized using advanced 

techniques such as X-ray diffraction (XRD), Fourier-transform infrared spectroscopy 

(FTIR), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), Ultraviolet-Visible Spectroscopy 
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(UV-Vis), and Energy-Dispersive X-ray Spectroscopy (EDX) to determine the 

structural, chemical, and optical properties.  

 

3.4.1 X-ray Diffraction (XRD) 

 

X-ray diffraction (XRD) analysis was performed using a Bruker AXS D8 Advance X-

ray diffractometer equipped with a monochromated Cu Kα radiation source 

(wavelength = 1.5406 Å), operating at a current of 40 mA and a voltage of 40 kV in 

Bragg-Brentano geometry. This technique was utilized to determine the 

crystallographic structure of the nanoparticles, providing detailed information about 

their phase composition, crystallinity, and average crystallite size through the analysis 

of diffraction peaks. XRD patterns are crucial for identifying the crystalline nature and 

purity of the synthesized CdO nanoparticles and offer insight into their lattice 

parameters and crystallization behaviour (Burlec et al., 2023). 

  

3.4.2 Transmission Electron Microscopy (TEM) and Scanning 
Electron Microscopy (SEM) 

 

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) 

were employed to examine the morphology, particle shape, and size distribution of the 

G CdO NPs, Chem CdO NPs, and A-Chem CdO NPs. TEM allows for high-resolution 

imaging at the nanoscale, enabling the visualization of the internal structure and 

precise measurement of the nanoparticle sizes. SEM, on the other hand, provides 

valuable surface information, including surface texture and topography. Both 

techniques complement each other by offering a comprehensive view of the 

nanoparticle's surface and internal features, crucial for understanding their behaviour 

in various applications (Burlec et al., 2023). 
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3.4.3 Energy-Dispersive X-ray Spectroscopy EDS 
 

Energy-Dispersive X-ray Spectroscopy (EDS), typically integrated with Scanning 

Electron Microscopy (SEM), is a widely used analytical technique for identifying and 

quantifying the elemental composition of nanoparticles. EDS operates by detecting 

characteristic X-rays emitted when the sample is exposed to an electron beam, 

enabling rapid, localized analysis of surface and bulk elemental content (Goldstein et 

al., 2018). In the characterization of Cadmium oxide (CdO) nanoparticles, EDS 

confirms the presence of Cadmium (Cd) and Oxygen (O), while also identifying 

residual elements such as Chlorine (Cl). The technique is particularly useful in 

validating synthesis outcomes across different formulations, including green-

synthesized, chemically synthesized, and albumin-functionalized CdO nanoparticles.  

 

3.4.4 Ultraviolet-Visible Spectroscopy (UV-VIS) 

 

UV-VIS spectroscopy was conducted using a Shimadzu 1800 double-beam 

spectrophotometer to measure the absorbance spectra of the CdO nanoparticles in 

the ultraviolet and visible light range. This technique is pivotal in determining the optical 

properties of the nanoparticles, such as the band gap energy, which can be inferred 

from the absorption edge. The UV-VIS spectra provide insights into the electronic 

structure and potential applications of the nanoparticles in optoelectronic devices, as 

well as their suitability for applications in sensors and photocatalysis (Lefojane et al., 

2021). 

 

3.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fourier Transform Infrared (FTIR) spectroscopy was employed to identify the 

functional groups and chemical bonds present in the synthesized nanoparticles. Using 

a Shimadzu FTIR spectrometer, the infrared spectrum was recorded to detect both 

organic and inorganic compounds associated with the nanoparticles. The FTIR 
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spectrum offers valuable information about the surface chemistry of the nanoparticles, 

including the presence of adsorbed molecules, surfactants, and any surface 

functionalization (e.g., albumin coating) that may influence their interaction with 

biological systems or other materials (Burlec et al., 2023).  

 

3.4.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) is a crucial analytical technique employed to 

investigate the surface chemistry of nanoparticles, offering insights into elemental 

composition and chemical states (Chen et al., 2020). Given its surface sensitivity, 

typically probing the top 1–10 nm, XPS is particularly well-suited for characterizing 

nanomaterials designed for biomedical applications, where surface properties have a 

critical influence on biological interactions. In the context of Cadmium oxide (CdO) 

nanoparticles, XPS enables the identification of key surface elements such as 

Cadmium, Oxygen, Chlorine, Magnesium, and Sodium, as well as their respective 

oxidation states. This is essential for confirming successful synthesis and 

functionalization. XPS aids in detecting residual precursors or contaminants, thereby 

providing insight into potential sources of cytotoxicity (Chen et al., 2020).  

These characterization techniques collectively provided a comprehensive 

understanding of the properties of the CdO nanoparticles and their potential for a wide 

range of applications, from environmental remediation to biomedical use. 

 

3.5 Biological assay for cytotoxicity assessment 
 

For cytotoxicity screening, both MDA-MB-231 (triple-negative breast cancer) and Vero 

(non-cancerous kidney epithelial) cell lines were initially subcultured under standard 

conditions, after which the MTT assay was conducted to assess the dose-dependent 

cytotoxic effects of the synthesized Cadmium oxide nanoparticles. Doxorubicin, a 

chemotherapeutic agent with a well-established cytotoxic profile, was included as a 

reference standard to benchmark the efficacy of the nanoparticles. 
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3.5.1 Cell Sub-culturing and Passaging 

 

The laminar flow hood was prepared by switching on the UV light for 10 minutes to 

sterilize the area. Simultaneously, the complete growth media (DMEM containing 20% 

FBS) was warmed in a 37 °C dry bath. All procedures were carried out in the laminar 

flow hood using aseptic techniques to maintain sterility. This included spraying gloves, 

the hood surface, and materials to be used with 70% ethanol, followed by wiping with 

a clean paper towel. 

4 ml of complete media was pipetted into two T-25 cm³ flasks, which were labelled 

with the cell culture name and date, and placed in a CO₂ incubator. Cryovials 

containing Vero and MDA-MB-231 cell lines were removed from the -80 °C storage 

freezer and thawed in a 37 °C dry bath for no more than 2 minutes, until only a small 

ice crystal remained. Once thawed, 1 ml of cell suspension was pipetted into each 

flask containing media and incubated for 24 hours. The cells were then examined 

under an inverted microscope to ensure survival and attachment. After 24 hours, the 

spent media was aspirated and replaced with 5 ml of fresh media. The flasks were 

returned to the incubator and frequently monitored microscopically for confluency. 

Passaging was performed once the cells reached 80% confluence. First, the spent 

media was aspirated, and 2.5 ml of PBS was used to rinse the flask. Next, 2.5 ml of 

trypsin-EDTA was added and incubated for approximately 3 minutes. Fresh media 

(10% FBS in DMEM) was prepared in new flasks (12 ml for T-75 cm³ and 4 ml for T-

25 cm³). After confirming that the cells had detached, the trypsinization process was 

stopped by adding media and thoroughly mixing. The cell suspension was transferred 

to a conical tube and centrifuged at 1,000 rpm for 5 minutes to obtain a pellet. The 

supernatant was aspirated, and fresh media was added to the pellet. The cell mixture 

was then pipetted into new flasks for further incubation. 
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3.5.2 MTT Assay 

The cytotoxic effects of green-synthesized Cadmium oxide nanoparticles (G-CdO 

NPs) and chemically synthesized Cadmium oxide nanoparticles (Chem -CdO NPs) 

were assessed using the MTT assay. MDA-MB-231 (human breast cancer) and Vero 

(non-cancerous kidney epithelial) cells were seeded into 96-well plates at a density of 

1 × 10⁵ cells/ml in 100 µl of complete growth media. After 24 hours of incubation at 

37 °C in a humidified 5% CO₂ atmosphere to allow cell attachment, the cells were 

treated with increasing concentrations of G-CdO and C-CdO NPs (1.25, 2.5, 5, 10, 25, 

50, and 100 µm). Doxorubicin served as the positive control and was administered at 

concentrations of 0.1, 1, 5, 10, 50, and 100 µm, while untreated cells served as the 

negative control. 

Following 48 hours of treatment, the culture medium and treatment solutions were 

aspirated and replaced with 100 µl of MTT solution (5 mg/ml in PBS). After a 4-hour 

incubation period at 37 °C, the MTT solution was removed, and 100 µl of dimethyl 

sulfoxide (DMSO) was added to each well to solubilize the formazan crystals formed 

by viable, metabolically active cells. The plates were gently shaken on a shaker to 

ensure complete dissolution. 

The optical density (OD) was measured at 560 nm using a GloMax Multiplate reader. 

The absorbance values are directly proportional to the number of viable cells. Cell 

viability (%) was calculated relative to the negative control group using the formula: 

 The percentage inhibition of the cells was calculated as:  
 
X = 100 − ((Atest − Ablank)/ (Acontrol − Ablank) × 100); 
 
  

o X is the percentage inhibition, 

o Atest is the absorbance of the test sample,  

o Ablank is the absorbance of the blank 

o Acontrol is the absorbance of the control sample.  
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3.5.3 Statistical analysis 

The half-maximal inhibitory concentration (IC₅₀), representing the nanoparticle 

concentration required to reduce cell viability by 50% compared to untreated controls, 

was determined using dose–response curves as described.  All experiments were 

conducted in triplicate with three independent biological repeats. 

 
3.6 Coating of chemically reduced Cadmium oxide 
nanoparticles with Albumin  

The chemically synthesised Cadmium oxide nanoparticles (Chem CdO NPs) were 

coated with Bovine Serum Albumin (BSA) using the nanoprecipitation method to 

improve their biocompatibility. 

 

3.6.1 Preparation of albumin-coated CdO NPs 

Two solutions, labelled A and B, were prepared separately for the synthesis: 

Solution A: This solution was made by dissolving 20 µl of absolute ethanol in 230 µl 

of dichloromethane. The combination of these two solvents creates an organic 

medium that can suspend or dissolve BSA (fraction V, minimum 98%, Sigma). 

Dichloromethane, being a volatile solvent, aids in dissolving both BSA and CdONPs 

into the organic phase (Azizi et al., 2018). 

Solution B: For the albumin-coated CdO nanoparticle solution (A-Chem CdO NPs), 

0.05 g of BSA was dissolved with 1000 µl of a PBS/dichloromethane mixture (99:1, 

v/v), along with 1000 µl of CdONPs. This produced a final concentration of 5% BSA 

and 1 mM CdONPs, in line with the protocol described by Azizi et al. (2018). 

Additionally, the albumin blanks (NAs) were synthesized as a blank control. In this 

process, a solution of BSA dissolved in 1000 µl of PBS/dichloromethane (99:1, v/v) 

was added to Solution A. The mixture was then gently agitated for 5 minutes. After a 

crude emulsion was formed, the mixture was transferred to a blender, where 

emulsification continued at room temperature until a milky suspension was obtained 
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(Azizi et al., 2018). This method enabled the successful coating of CdONPs with 

albumin. 

 

3.7 Results  
 

This section presents the results of nanoparticle synthesis, physicochemical 

characterization, cytotoxicity evaluation, and albumin functionalization, providing an 

assessment of their potential as anticancer agents. 

 

3.7.1 Characterization results of synthesised CdO NPS   

Cadmium oxide nanoparticles (CdO NPs) were successfully synthesized using both 

green chemistry and chemical synthesis approaches. A preliminary indication of 

successful synthesis was observed through distinct colour changes during 

nanoparticle formation. Specifically, the green-synthesized CdO nanoparticles (G-

CdO NPs) exhibited a characteristic transition to a brownish colour (Figure 5A), 

consistent with phytochemical-mediated reduction and nanoparticle nucleation. In 

contrast, the chemically synthesized CdO nanoparticles (Chem-CdO NPs) displayed 

a whitish appearance (Figures 5B and 5C), which is typical for Cadmium oxide 

produced via precursor-based methods. To confirm the structural integrity, elemental 

composition, and morphological features of the synthesized nanoparticles, a 

comprehensive suite of characterization techniques was employed. 
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.  

Figure 5. Visual appearance of the dried nanoparticle formulations after oven drying at 70 °C: (A) G-
CdO NPs, (B) Chem-CdO NPs, and (C) A-Chem-CdO NPs. 

3.7.1.1 Morphological analysis 

Scanning Electron Microscopy (SEM) is an analytical technique that involves scanning 

an electron beam over a sample to create a magnified visual image. SEM images of 

G-CdO NPs, Chem CdO NPs, and A-Chem CdO NPs resulted in different 

morphologies. The size distribution of the AC-CdO NPs was determined using ImageJ 

software.  Figures 6A and 6B reveal NPs showing spherical and regular morphology 

at a scale of 100 µm. The size distribution is 0,25 - 127 nm. The chemically synthesized 

CdO NPs showed SEM image of Cube like and agglomerated morphology at a scale 

of 1000 nm, with the size distribution of 0,25 -4,74 nm (Figs. 6C and 6D). Lastly, 

albumin-coated CdO NPs showed self-assembled clusters of non-uniform 

morphology, with a size distribution 0,25 - 94 nm. This morphology is depicted in 

Figures 6E and 6F. 

.   

 

 

 

G CdO NPs C CdO NPs A-C CdO NPs 

A C E 

A B C 
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Figure 6 shows SEM images of the NPs at different magnifications. Figures 6A and 6B are images of 
G CdO NPs at X200 and X2000 magnification.  6C and 6D show C-CdO NPs at X2000 and X6000.  
6E and 6F show A-Chem CdO NPs at X6000 and X9500.  

 

 

Table 2. Summary table of morphology, scale, and particle size distribution of G-CdO NPs, 
Chem-CdO NPs, and A-Chem CdO NPs 

 

 

Figure Morphology Scale (nm) Size Distribution 
(nm) 

Figures 7A and B 
(G CdO NPs) 
 
 

Spherical and 
irregular  

100 nm 0,25 - 127 nm 

Figures 7C and D 
(Chem CdO NPs)  
 
 

Cube like and 
agglomerated  

1000 nm 0,25 - 4,74 nm  

Figures 7E and F 
(A-Chem NPs ) 

self-assembled 
clusters of non-
uniform 
morphology  

100 nm 0,25 - 94 nm 

 

 

 
3.7.1.2 Transmission electron microscopy 
 

TEM results revealed spherical and non-uniform shapes of G CdO NPs (Figure 7A). 

The spherical shape is consistent with the SEM results.  Additionally, the Chem CdO 

NPs (Figure 7B) showed agglomerated and irregular shapes, thus aligning with the 

B D F 
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SEM analysis with slight differences. Lastly, A-Chem CdO (Figure 7C) NPs showed 

spherical and irregular morphology.  The dark region in the TEM images is due to 

deposition of BSA on CdO nanoparticles.  

  

 

Figure 7 TEM micrographs of CdO NPs formulations: (A) G-CdO NPs displaying spherical and non-
uniform morphologies; (B) Chem-CdO NPs showing irregular and agglomerated particles; and (C) (A-
Chem CdO NPs) illustrating cadmium particles embedded within the albumin matrix with partial 
spherical morphology. 

  

 

3.7.2 The crystallographic structure of the G CdO NPs, Chem CdO 
NPs and A-Chem CdO NPs  
 

The XRD technique was utilized to determine the crystallographic structure of the 

nanoparticles, providing detailed information about their phase composition, 

crystallinity, and average crystalline size through the analysis of diffraction peaks.  

XRD patterns of CdO nanoparticles synthesised through green chemistry (S. 

cupulare), chemical reduction, and albumin-coated chemically synthesised NPs were 

observed at different temperatures to determine the influence of temperature on their 

crystallinity. However, further characterization was made on the nanoparticles exposed 

to 100°C, as to their properties. The crystallinity of the nanoparticles influences their 

therapeutic efficacy of the nanoparticles. The Crystalline Size was calculated using 

the Scherrer equation: 

 

D= crystalline size (nm) 

A B C 
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The crystallinity sizes of G CdO NPs at temperatures of 100, 200, 300, 400 and 500 

°C were 17.9, 67.4, 0.3, 86.8 and 72.3 nm, respectively, as shown in Figure 8. This 

pattern indicates that with increasing temperature, crystallinity size increases. 

However, at 300 there is an inconsistency with the results. Having at least duplicates 

or triplicates of the same results can verify the correct pattern. The crystallinity sizes 

of Chem CdO NPs at temperatures of 100, 200, 300, 400 and 500 °C were 21.1, 132.2, 

96.2, 30.2 and 25, respectively. This pattern indicates that with increasing 

temperature, crystallinity size increases until 200°C. However, at 300 the temperature 

drops consistently (Figure 8). 

The crystallinity sizes of A-chem CdO NPs at temperatures: room temperature, 50, 75, 

100, (°C) were 17.0, 16.0, 15.0 and 18.0, respectively. This pattern indicates that with 

increasing temperature, crystallinity size decreases until 100°C, where there is a 

sudden increase. It can be assumed that the increase in temperature damages the 

albumin protein (Figure 9).  

K=0.9 (Scherrer constant) 

Y=0.15406 nm (wavelength of the x-ray source) 

B=FWHM (radians) 

O=Peak position (radians) 
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Figure 8 Comparison of crystallite sizes of green-synthesized CdO nanoparticles (G-CdO NPs) and 
chemically synthesized CdO nanoparticles (Chem-CdO NPs) at annealing temperatures of 100, 200, 
300, 400, and 500 °C. 

 

Figure 9 presents A-Chem CdO NPs crystallinity over increasing temperatures of (23, 50, 75, and 

100 °C) 
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The peaks obtained in the XRD determine whether the synthesised NPs are crystalline 

or amorphous. Higher peak heights indicate crystallinity, whilst lower peak heights 

indicate amorphous NPs. The  G CdO NPs show a constant change from amorphous 

to crystallinity from 100 °C to 500 °C. The XRD pattern of the green-synthesized 

Cadmium oxide nanoparticles (G-CdO NPs) prepared at 100 °C exhibited a broad, 

low-intensity hump within the 2θ range of 10°– 40°, suggesting an amorphous or poorly 

crystalline nature. However, at 300 °C, their peaks are broad-based, indicating an 

amorphous microstructure. These results are consistent with the crystallinity size, 

which drops suddenly at 300 °C. This is depicted in Figure 10 (A, B, C, D, E).  

The chemically synthesised CdO NPs showed a higher crystallinity compared to green 

CdO NPs. At temperatures 100 °C  and 200 °C, the peaks are broad-based, indicating 

an amorphous microstructure. However, from 300 °C to 500 °C, the peaks are sharp 

and more defined, indicating increasing crystallinity with an increase in temperature. 

This is shown in Figure 11.  
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Figure 10: XRD patterns of G-CdO NPs prepared using S. cupulare extract at annealing temperatures 
of (A) 100 °C, (B) 200 °C, (C) 300 °C, (D) 400 °C, and (E) 500 °C. 
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Figure 11: A, B, C, D and E depict XRD analysis of Chem CdO NPs at 100, 200, 300, 400 and 500 

°C 
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In Figure 12, the peaks of albumin-coated chemically reduced Cadmium oxide 

nanoparticles are sharp and defined at all temperatures 23, 50, 75, and 100 °C, 

therefore indicating consistent crystallinity. There is no change in crystallinity at room 

temperature and at 100 °C. This depicts the crystal nature of albumin. XRD spectra 

obtained from each sample (100 °C for G-CdO NPs and room temperature for A-Chem 

CdO NPs) exposed to different temperatures are compared in Table 3 below. All 

spectra were recorded in the 2θ range of 5° to 70°, with characteristic peaks indexed 

according to the JCPDS card for cubic CdO. 
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Figure 12:  A, B, C, D and E depict XRD analysis of A Chemi CdO NPs at room temperature, 

50, 75 and 100 °C 
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Table 3: Comparative XRD characteristics of G CdO NPs. Chem CdO NPs, and A-
Chem CdO NPs 

 

Parameter Chem CdO 
NPs 

G CdO NPs A Chem CdO 

Dominant Peak 
Positions (2θ) 

~10°, ~30°, 

~50° 

~10°, broad spread 

from 20°– 40° 

Multiple sharp peaks 

between 10°– 50° 

Crystallinity High (sharp 

peaks) 

Moderate to low 

(broad peaks) 

Moderate to high 

(sharpened profiles) 

Peak Broadening 
(FWHM) 

Narrow (larger 

crystallites) 

Broad (smaller 

crystallites) 

Intermediate 

(moderate crystallite 

size) 

Phase Purity Likely pure 

CdO 

May contain bio-

organic residues 

CdO with evidence 

of protein interaction 

Surface Features Uncoated Capped with 

phytochemicals 

Capped with 

albumin protein 

 

 
 

3.7.3 Compositional and Surface Characterization of CdO 
Nanoparticles Using EDS, XPS, and FTIR Analyses 

The compositional and surface properties of the synthesized CdO nanoparticles were 

investigated using EDS, XPS, and FTIR. EDS analysis confirmed the presence of 

cadmium and oxygen as the major elemental constituents of the nanoparticles. XPS 

analysis further verified the chemical states and surface composition of CdO, 

indicating successful formation of cadmium oxide and the presence of surface-

associated functional groups. FTIR spectra revealed various functional groups 

responsible for nanoparticle stabilization and capping, particularly in the green-

synthesized and albumin-coated samples, suggesting the involvement of 

phytochemicals in nanoparticle surface modification. Overall, the combined analyses 
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confirmed the successful synthesis, surface functionalization, and compositional 

integrity of the CdO nanoparticle formulations. 

 

3.7.4 EDS and XPS of G-CdO NPs 

The energy-dispersive X-ray spectroscopy (EDS) spectrum further confirmed a 

surface composition consisting of Cd, O, N, Potassium (K), Ca, and Mg, indicating the 

incorporation of trace plant-derived elements during green synthesis (Figure 13). X-

ray photoelectron spectroscopy (XPS) analysis revealed the presence of Chlorine (Cl), 

Oxygen (O), Cadmium (Cd), and Magnesium (Mg) on the nanoparticle surface (Figure 

15).  

 

3.7.5 EDS and XPS of Chem-CdO NPs 

The EDS results revealed a similar composition, with detectable amounts of Cd, O, 

Nitrogen (N) and Na, suggesting partial contamination or precursor residue from 

chemical synthesis reagents (Figure 14). The XPS spectra of Chem-CdO NPs showed 

surface peaks corresponding to Chlorine (Cl), Oxygen (O), Cadmium (Cd), and 

Sodium (Na) (Figure 14).  

3.7.6 EDS and XPS of A-Chem CdO NPs 

The EDS spectra indicated a broader elemental composition consisting of Cd, O, Na, 

Nitrogen (N), Cl, and sulfur (S). The detection of nitrogen and sulphur supports the 

successful surface functionalization with albumin, which contains amino and thiol 

groups (Figure 15). The XPS analysis of A-Chem CdO NPs showed the presence of 

chlorine (Cl), Oxygen (O), Cadmium (Cd), Sodium (Na) and Chlorine (Cl) (Figure 18). 
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Figure 13: EDS spectrum of G CdO NPs revealing Cd and O as major elements with trace amounts of 
N, K, Ca, and Mg on the nanoparticle surface. 
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Figure 14: EDS spectrum of Chem CdO NPs revealing   Cd, and O as major elements with trace 

amounts of N, Ca, Mg, Ir, Na, and K 

 

 

Figure 15: EDS spectrum of A-Chem NPs revealing   Cd, and O as major elements with trace  

Elements of O, Na, N, Cl, and S. 
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Figure 16: Displays XPS spectrum of G CdO NPs indicating the presence of Cl, Oxygen O, Cd and 
Magnesium Mg.  
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Figure 17: XPS Spectrum of Chem CdO NPs showing (O, Cl, Na, and Cd  

© Central University of Technology, Free State



77 
 

 

 

 

  
 

Figure 18: XPS Spectrum of A-Chem CdO NPs showing Cl, O, Cd, Na, and Cl 

 

3.7.7 FTIR Spectra of G-CdO NPs, Chem-CdO NPs, and A-Chem-
CdO NPs 
 
 

The FTIR spectrum of green-synthesized Cadmium oxide nanoparticles revealed 

multiple absorption bands corresponding to phytochemical residues from the plant 

extract used as a reducing and stabilizing agent (Figure 19). A broad peak observed 

at ~3420 cm was assigned to O–H stretching vibrations of hydroxyl groups, indicative 

of phenolic or alcoholic constituents. The weak signal near 2920 nm was attributed to 

C–H stretching, while the distinct band around 1650 nm corresponded to C=O 

stretching (amide I), suggesting the presence of proteins or flavonoids. Additional 

bands at ~1380 nm and ~1100 nm reflected CH₃ bending and C–O stretching modes, 

respectively, affirming the involvement of organic compounds in nanoparticle 
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stabilization. Crucially, a sharp peak around 620 nm confirmed the formation of Cd–O 

bonds, validating successful oxide nanoparticle synthesis. The abundance of bio-

organic functional groups reflects the role of plant-derived molecules in surface 

modification, which can influence solubility, biocompatibility, and interaction with 

biological targets (Karthik et al., 2017; Sivalingam et al., 2024; Nasrullah et al., 2020). 

The Fourier-transform infrared (FTIR) spectrum of the chemically synthesized 

Cadmium oxide (CdO) nanoparticles revealed several characteristic absorption bands 

(Figure 20). A weak and broad band was observed at approximately 3430 nm, which 

is typically associated with O–H stretching vibrations. In the region of 1600 – 1650 nm, 

only a very faint or flat signal was detected, indicating minimal absorbance in this 

range. A strong and sharp absorption peak appeared between 600 – 650 nm, 

corresponding to metal–oxygen bond vibrations. Additional low-frequency signals 

were present in the 400 – 500 nm range, within the fingerprint region, suggesting the 

presence of lattice vibrational modes. These features were consistently observed 

across sample replicates and confirm the typical infrared spectral profile of cadmium 

oxide nanoparticles. 

The Fourier-transform infrared (FTIR) spectrum of the albumin-coated chemically 

synthesized Cadmium oxide nanoparticles (A-Chem CdO NPs) exhibited several 

distinct absorption bands indicative of both inorganic and organic components (Figure 

21). A broad, moderate-intensity band was observed in the region of 3400 –3450 cm, 
corresponding to O–H and N–H stretching vibrations, suggesting the presence of 

hydroxyl and amide functional groups. A sharp band in the 1640 –1660 nm⁻¹ range, 

attributed to C=O stretching (amide I), was also noted, alongside a weaker shoulder 

band near 1530 – 1550 nm, consistent with N–H bending vibrations (amide II). These 

amide-related features are characteristic of proteinaceous materials and are 

consistent with the presence of an albumin coating on the nanoparticle surface. 

Additionally, a strong absorption peak in the 600 –650 nm region was observed, 

corresponding to Cd–O bond stretching, confirming the presence of the CdO core 

structure. 
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Figure 19: Infrared Spectrum of G CdO NPs 

 
Figure 20:  Infrared spectra of Chem CdO NPs 

 
Figure 21: Infrared spectra of A- Chem CdO NPs 
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Table 4: FTIR Interpretation of G CdO NPS  

 

Table 5: FTIR interpretation of Chem CdO NPs 

Wavenumber 
(cm⁻¹) 

Observed 
Feature 

Functional Group / 
Assignment 

Interpretation 

~3430 Weak/broad Possible O–H 
stretching (moisture 
or surface hydroxyls) 

Minimal may stem from 
atmospheric moisture 
(Nasrullah et al., 2020)  

~1650 – 1600 Very faint / flat Amide or C=O 
stretching 

Almost absent confirms 
minimal organic 
interference 
  

~600 – 650 Sharp, strong 
peak 

Cd–O bond 
stretching vibration 

Confirms CdO 
nanoparticle core 
structure (Karthik et al., 
2017)  

~400–500 Fingerprint 
region tail-off 

Lattice vibrational 
modes 

Characteristic of well-
formed crystalline metal 
oxides 

Wavenumber 
(cm⁻¹) 

Observed 
Peak 

Functional 
Group or 
Vibration 

Interpretation with References 

~3400 – 3500 Broadband 
near 3420 

O–H 
stretching 
(hydroxyls) 

Indicative of alcohols or phenolic 
compounds from plant extract 
used in green synthesis (Karthik 
et al., 2017; Sivalingam et al., 
2024) 

~2900 – 2950 Weak band C–H 
stretching 
(alkanes) 

Points to organic moieties from 
plant metabolites (Nasrullah et 
al., 2020) 
  

~1650 Moderate 
band 

C=O 
stretching / N–
H bending 

Suggests amide groups from 
flavonoids or proteins in bio-
reducing agents (Dev and 
Mukadam, 2025)  

~1380 – 1450 Shoulder or 
small peak 

CH₃ bending / 
C–N 
stretching 

May originate from amino 
compounds in enzymes or 
alkaloids (Nasrullah et al., 2020) 
  

~1100 – 1200 Faint feature C–O 
stretching 
(alcohols, 
esters) 

Supports presence of 
polyphenols or carbohydrates as 
capping agents (Karthik et al., 
2017)  

~600 – 700 Sharp 
fingerprint 
peak 

Cd–O bond 
vibration 

Confirms formation of CdO 
nanoparticles (Sivalingam et al., 
2024)  

© Central University of Technology, Free State



81 
 

  
 

 

Table 6: FTIR Interpretation of A-Chem CdO NPs 

Wavenumber 
(cm⁻¹) 

Band 
Characteristics 

Vibrational 
Mode / 

Functional 
Group 

Interpretation with 
References 

~3400 – 3450 Broad, moderate O–H and N–H 
stretching 
(hydroxyls, 
amides) 

Indicates presence of 
protein groups; albumin 
signature (Azizi, 2018; Dev 
and Mukadam, 2025) 

~1640 – 1660 Sharp/moderate C=O stretching 
(amide I band) 

Strong evidence of 
albumin coating, protein 
backbone (Azizi, 2018) 

~1530 – 1550 Weak/shoulder N–H bending 
(amide II band) 

Reinforces protein 
presence; typical for BSA-
modified NPs (Dev and 
Mukadam, 2025) 

~600 – 650 Strong peak Cd–O bond 
stretching 
vibration 

Confirms CdO nanoparticle 
structure (Karthik et al., 
2017;  

 

 

 

 

 

 

 

3.7.8 UV-VIS of G-CdO NPs, Chem-CdO NPs, and A-Chem-CdO NPs 
 

The UV-Visible absorption spectra revealed distinct peak positions for each 

nanoparticle formulation, corresponding to their unique synthesis methods and 

surface modifications. The green-synthesized CdO nanoparticles (G-CdO NPs) 

exhibited a sharp absorption peak at 215 nm (Figure 22), indicative of successful 

nanoparticle formation. In comparison, the chemically synthesized CdO nanoparticles 
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(Chem-CdO NPs) showed an absorption peak at 260 nm (Figure 23), while the 

albumin-coated variant (A-Chem-CdO NPs) displayed a peak at 208 nm (Figure 24). 

These absorption values fall within the characteristic range for Cadmium-based 

nanomaterials, suggesting the presence of Cadmium oxide and confirming the optical 

activity of the synthesized nanoparticles. 

 

Figure 22: UV-Vis spectra of G-CdO NPs indicating absorption at 215 nm 
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Figure 23: UV-Vis spectra of Chem CdO NPs indicating absorption at 250 nm 

 
 
Figure 24: UV-Vis spectra of A-Chem CdO NPs indicating absorption at 208 nm 
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3.8 Toxicity Screening of Nanoparticles  
 

In vitro nanoparticle toxicity assessment is one of the critical methods in cancer 

therapeutics. Due to their unique physicochemical properties, nanoparticles can 

interact with biological systems in ways that may lead to unforeseen adverse effects. 

The advantages include lower cost, faster results, and minimal ethical concerns. 

Assessment can be subdivided into proliferation assay, apoptosis assay, necrosis 

assay, oxidative stress assay, and DNA damage assays. In this study, only the MTT 

proliferation assay was conducted. This section focuses on assessing the cytotoxicity, 

selectivity, and overall biocompatibility of the Cadmium oxide nanoparticles (CdO NPs) 

used in this study. By evaluating the potential toxic effects on both cancerous (MDA-

MB-231) and non-cancerous (Vero) cell lines, this screening aims to determine the 

safety profile of the nanoparticles. Understanding these toxicological properties is 

essential for identifying the appropriate nanoparticle formulations that balance 

therapeutic efficacy with minimal off-target effects, thereby improving their potential in 

clinical application. 

 

3.8.1 Morphological description of MDA-MB231 Cell lines 
 

The MDA-MB-231 cell line, a triple-negative breast cancer cell line, exhibits 

an epithelial-like morphology, with cells appearing spindle-shaped, especially at 

subconfluence, and some remaining rounded with floaters always present as 

demonstrated in Figure 25. 
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Figure 25: Depicts the original morphology of MDA-MB231 Cell lines ( www.atcc.org,2025 ) 

 

3.8.2 Morphological Changes of MDA-MB231 Cell lines when treated 
with CdO nanoparticles  

The cytotoxicity effect of G CdO NPs, Chem CdO NPs, A-Chem CdO and Albumin on 

triple-negative breast cancer cells (MDA-MB231) is presented at increasing 

concentrations of 1.25, 2.5, 5, 25, 50, 100 µg/ml. However, the morphological 

comparison was made between concentrations of 1.25, 5, and 100 µg/ml. At a 

concentration of 1.25 µg/ml for G CdO NPs, Chem NPs, A-Chem NPs and pure 

albumin, the morphology of MDA-MB231 NPs remained intact with spindle and round 

shapes. The albumin-treated MDA-MB231 cell lines greatly resembled the original 

morphology, more than all the cells treated with the nanoparticles. These results 

indicate that at concentrations of 1.25, 5, and 100 µg/ml, albumin exerts low toxicity; 

hence, there are no morphological changes.  MDA-MB231 Cells treated with 5 µg/ml 

of G CdO NPs, Chem CdO NPs, and A-Chem CdO NPs showed only rounded cells, 

indicating the effect of toxicity. Lastly, cells treated with 100 µg/ml of the various 

nanoparticles showed rounded morphology only, indicating the toxicity effect. Figure 

26 depicts the morphological images of MDA-MB231 cells after treatment with various 

concentrations of nanoparticles and albumin.  

 

 

  
 
 

 
 A   B  C   
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Figure 26: Morphological images of MTT assays MDA-MB-231 breast cancer cell lines treated with 
various concentrations of G CdO NPs, Chem CdO NPs, A-Chem CdO NPs and Albumin.  A shows 
1.25 µg/ml G CdO NPs, B shows 5 µg/ml G CdO NPs,  C shows 100 µg/ml G CdO NPs,  D shows 
1.25 µg/ml Chem CdO NPs, E shows 5 µg/ml Chem CdO NPs, F shows 100 µg/ml Chem CdO NPs,G 
shows 1.25 µg/ml A-Chem CdO NPs, H shows 5 µg/ml A-Chem CdO NPs,  I shows 100 µg/ml Chem 
CdO NPs, J shows 1.25 µg/ml Albumin,  K shows 5 µg/ml Albumin, L shows 100 µg/ml Albumin.  

 

 

 

3.8.3 Cytotoxicity and selectivity of various nanoparticles  

Doxorubicin demonstrated pronounced cytotoxicity against MDA-MB-231 triple-

negative breast cancer cells, with a half-maximal inhibitory concentration (IC₅₀) 

observed at 0,34 µg/ml, thereby validating its well-established anticancer efficacy. 

Among the Cadmium oxide nanoparticle formulations, G CdO NPs (green-

synthesized) yielded an IC₅₀ of 11.80 µg/ml. In contrast, Chem CdO NPs (chemically 

synthesized) showed significantly greater potency, achieving an IC₅₀ of 3.33 µg/ml. 

The A-Chem CdO NPs, which were coated with albumin to modulate toxicity, exhibited 

D  E F  

G H  I  
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a moderate cytotoxic profile with an IC₅₀ of 11.32 µg/lL. These trends are illustrated in 

Figure 27. 

Collectively, the data indicate that chemically synthesized CdO NPs possess superior 

cytotoxic efficacy compared to the green-synthesized nanoparticles. This observation 

supports the rationale for selecting the chemically synthesised CdO for coating with 

albumin to potentially reduce off-target toxicity while maintaining therapeutic activity. 

 
  

  

Figure 27 A and B Display the percentage inhibition of Doxorubicin against MDA-MB231 and Vero Cell 
lines. C and D Show the percentage inhibition of G   CdO NPs, Chem CdO NPs, and A-Chem against 
MDA-MB-231 Cell lines.  
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Activity against Vero Cell Lines 

To determine the selectivity of the nanoparticles, their cytotoxicity was also evaluated 

on non-cancerous Vero cell lines. Doxorubicin demonstrated an IC₅₀ of 12.6 µg/ml, at 

a concentration of 10 µg/ml, indicating considerable cytotoxicity against healthy cells 

(Figures 28A and B). In contrast, G CdO NPs and Chem required concentrations 

above 100 µg/ml to reach a percentage inhibition of 50% on the Vero cell line (Figures 

28C and D). This marked reduction in cytotoxicity on non-cancerous cells suggests 

that the nanoparticles have a more favourable selectivity profile when compared to the 

standard drug. The A-Chem CdO NPs required a concentration of 10 to a rich 50% 

inhibition. However, these results are inconsistent with the hypothesis of the study and 

the existing literature, which states that albumin coating leads to a reduction in 

cytotoxicity.   
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Figure 28 A and B display the percentage inhibition of G CdO NPs and Chem CdO NPs against Vero 
cell lines. C and D display the percentage inhibition of A-Chem CdO against Vero cell lines  

 

 

3.8.4 Selectivity Index  
The Selectivity Index (SI) measures a compound's differential activity, with a higher SI 

value indicating greater selectivity, meaning the compound is more effective against 

target cells (Mahmood, 2020). SI is calculated as = IC50 of Vero/IC50 of Cell line (MDA-

MB-231). The results in Table 7 indicate Chem CdO NPs to have the highest selectivity 

of 30, followed by Doxorubin with an SI of 12,6. G CdO NPs, G CdO NPs, and A-Chem 

CdO NPs had SI values of 8,4 and 8,85, respectively.   

Table 7: Selectivity Index of doxorubicin, G-CdO NPs, Chem-CdO NPs, and A-Chem 
CdO NPs formulations against MDA-MB231 cell line in comparison to Vero cell lines.  

Treatment  Vero Cell 
line  IC50  

MDA-MB231 
Cell Line IC50  

Selectivity 
Index  

Interpretation OF 
SI Index 

Doxorubicin  12,6 0,34 µg/ml 37,1  SI > 10: Highly 
selective (strong 
candidate for 
further 
development) 

G CdO NPs  >100  11,80  8,4 SI 3–10: 
Moderately 
selective (may 
require 
optimization) 
 

Chem CdO NPs >100 3,33 30,03 SI > 10: Highly 
selective (strong 
candidate for 
further 
development) 
 

A-Chem CdO 

NPs 

100 11,32 

 

8,85 SI 3–10: Moderately 
selective (may 
require optimization) 
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3.9 Summary  
The Cadmium oxide nanoparticles (CdO NPs) were successfully synthesised using 

both green and chemical methods. Comprehensive characterisation techniques, 

including XRD, TEM, SEM, EDS, FTIR, XPS and UV-VIS were employed to confirm 

the structural, morphological, and physicochemical properties of the synthesised 

nanoparticles. Following successful synthesis, in vitro cytotoxicity screening was 

conducted, revealing that the chemically synthesised CdO NPs exhibit the highest 

inhibitory activity against cancer cells when compared to their green-synthesised 

counterparts. Based on these results, the chemically synthesised CdO NPs were 

further functionalised by coating them with albumin to enhance their biocompatibility 

and stability. Albumin coating of Chem CdO NPs appears to have blunted cytotoxicity 

in MDA-MB-231 cells, with functionalization increasing the IC50 from 3.33 µg/ml to 

11.32 µg/mL. Doxorubicin had the lowest IC50 of 0.34 µg/ml, and the highest 

selectivity index, indicating the highest therapeutic index and lower systemic toxicity. 

This contradicts the hypothesis of the study. However, this paradoxical outcome aligns 

with prior reports suggesting that the formation of a protein corona on nanoparticle 

surfaces can attenuate bioactivity by partially masking reactive surfaces and impeding 

cellular uptake, as well as ROS (Reactive Oxygen Species) induction (Rampado et al., 

2020). While Singh et al., (2018) initially reported enhanced therapeutic performance 

following albumin functionalization, their findings also acknowledged the context-

dependency of these effects, highlighting the complex interplay between nanoparticle 

surface chemistry and biological response. Irrespective of the phenomena of this 

Invitro results, exploring A-Chem CdO NPs further in vivo will grant a comparative 

analysis. These albumin-coated nanoparticles were then subsequently selected for in 

vivo preclinical evaluation using the BALB/c mouse model, aimed at assessing their 

therapeutic efficacy. However, various coating techniques must be explored in future 

studies, as they might give insights into the limitations in A-Chem CdO NPs' reduced 

cytotoxicity after coating with Albumin 
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Chapter 4: In vivo study 
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4.0 Introduction  
 

Scientists leverage in vivo models as important research tools to study the pressing 

questions in breast cancer research. Mouse models are efficient for breast cancer 

research and have proven to be useful models since their anatomical, physiological, 

and genetic makeup is similar to humans.  They are also easy to maintain and are 

readily available due to their quick reproduction process, which makes repeating 

studies possible. The TNBC NU/J (BALB/C) xenograft mouse model was used in this 

study (Aldea et al., 2021). This chapter details the methodologies followed to conduct 

the in vivo study and the results obtained.  

 

 

4.1 Ethical Clearance 
 

The cell culture procedures employed in this study were conducted under ethical 

standards and were approved by the Environment and Biosafety Research Ethics 

Committee (EBREC) of the University of the Free State (Approval Number: UFS-

ESD2022/0258). The animal experiments received prior ethical clearance from both 

the Animal Research Ethics Committee (AREC) of the University of the Free State 

(UFS-AED2021/0039/22) and the North-West University Animal Care, Health and 

Safety in Research Ethics Committee (Approval Number: NWU-02015-23-A5). 

Throughout the study, mice were housed under standard laboratory conditions and 

monitored daily to ensure their health and well-being. Humane endpoints were strictly 

observed, and animals were euthanized at predetermined experimental time points 

following approved protocols. Furthermore, supervisors, students and technical staff 

involved in the research went through certified ethics training to ensure full compliance 

with institutional and national ethical guidelines. 

 

4.2 Study Design 

This study was conducted as a pilot investigation to evaluate the growth rate and 

progression pattern of triple-negative breast cancer (TNBC). Additionally, the pilot 
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served as a preparatory phase to refine and optimize the design and methodologies 

for the subsequent main study. Female NU/J (BALB/c) immune-deficient mice aged 

between 8 and 12 weeks were used, as TNBC predominantly affects females. The use 

of female mice is particularly relevant, given that their hormonal profile more closely 

mimics that of human females, enhancing the translational relevance of the findings 

(Amini et al., 2023). 

All animals were bred at the Rodent Production Unit of North-West University (South 

Africa). A total of 23 female mice were allocated for the pilot study. The first batch 

included 18 mice. 15 were designated for the experimental groups, and 3 were 

reserved for unforeseen emergencies. The use of a minimum of three mice per group 

is consistent with ethical and scientific recommendations to yield statistically 

meaningful and reproducible results (Karp, 2021). Key parameters monitored 

throughout the study included body weight, tumour size progression, response and 

recovery rates following treatment with both standard chemotherapeutic (Doxorubicin) 

and investigational drugs (A-Chem CdO NPs and G CdO NPs). 

 

4.3 Mice Housing Conditions  
 

The mice were observed daily to monitor their health and well-being throughout the 

study. Each cage was furnished with autoclaved wood shavings and serviettes to 

provide environmental enrichment and promote natural behaviours. The animal 

holding room was maintained at a controlled temperature of 20–24 °C and relative 

humidity of 50–60%, as recommended by institutional guidelines (Ratuski, 2023). A 

12-hour light/dark cycle was maintained under specific pathogen-free (SPF) 

conditions. Prior to the initiation of experimental procedures, all mice underwent a 7-

day acclimatization period to adjust to their new environment (Cayashi et al., 2024). 

During this period and throughout the study, food and clean water were provided ad 

libitum. Animal husbandry, including feeding, cleaning and routine monitoring, was 

conducted by trained and certified personnel from the North-West University Animal 

Research Centre (NWU ARC), in full compliance with established animal welfare 

protocols. The visual housing conditions at NWU are depicted in Figure 29. 
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. 

 

Figure 29 A and B display the housing conditions used for the mice at NWU 

 

4.4 Mice Tumour Inoculation and Treatment 

After the mice had acclimatized for 7 days under controlled environmental conditions, 

they were prepared for tumour inoculation. Throughout the course of the study, body 

weight was monitored and recorded daily to track health status and physiological 

responses. Additionally, the animals were weighed a day before the tumour inoculation 

procedure to establish a baseline measurement for comparison (see Figure 30). 

 

.  

B A 
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Figure 30 Illustration of the body weight measurement procedure for an individual experimental mouse 
using a precision electronic balance 

For the establishment of a breast cancer xenograft model, human triple-negative 

breast cancer cells (MDA-MB-231) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% non-essential 

amino acids, 100 µg/ml penicillin, and 100 units/ml streptomycin. The cells were 

maintained in a humidified incubator at 37 °C with 5% CO₂ until they reached 80–90% 

confluence. 

Once optimal confluence was achieved, the cells were detached using 0.15% Trypsin-

EDTA and then centrifuged at 1200 rpm for 5 minutes. The resulting cell pellet was 

resuspended in a pre-warmed culture medium and viable cells were counted using a 

hemocytometer. The required cell concentration was then mixed with Matrigel 

containing a blue dye to facilitate visualization and uniform injection during the tumour 

inoculation process. 

 

4.4.1 Anaesthesia  
 

On the day of the procedure, each mouse was weighed before being anesthetized. 

Mice were anesthetized by being gently placed inside a pre-warmed induction 

chamber and monitored continuously by inhalation of 2-4% isoflurane in an oxygen 

induction chamber. Each mouse was pinched on their toe to check for a reaction. Their 

eyes were lubricated with an ophthalmic eye lubricant to prevent drying out. A sterile 
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environment was maintained throughout the course of the procedure, and all 

instruments were autoclaved before use (Oh and Narver, 2024). 

 

4.4.2 Intramammary implantation of breast cancer cells  

Before injection, the tube containing the prepared MDA-MB-231 cells was vortexed 

briefly to ensure a homogeneous cell suspension. Using a sterile syringe fitted with a 

1 ml needle, 5 × 10⁶ cells were carefully drawn and administered into the mammary 

fat pad of each mouse. The needle was slowly withdrawn post-injection to minimize 

the risk of cell leakage. Successful intramammary implantation was confirmed by the 

appearance of a clear, flat, dome-shaped swelling at the site of injection, typically 

visible at the centre of the nipple, as shown in Figure 31. After the intramammary 

procedure, each mouse was immediately moved to its respective cage and monitored 

closely at ½ hour, 1 hour, and then at least 2 more times afterwards until it fully 

recovered from the injection (total observation = 4 times).  

 

Figure 31 Intramammary inoculation of MDA-MB-231 breast cancer cells in immunodeficient mice 
(Balb/c mouse model) 
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4.4.3 Treatment site: Intraperitoneal Injection (IP) 
 

Intraperitoneal injection refers to the administration of a substance directly into the 

peritoneal cavity, the space within the abdomen that houses various organs such as 

the liver, spleen and intestines (Flessner, 2023). This route is commonly used in 

preclinical animal studies, particularly in rodents, due to its ease of administration, 

rapid absorption, and capacity to deliver a relatively large volume of substances (Small 

et al., 2022). The treatment substances (A-Chem CdO NPs and the G-CdO NPs) and 

the control groups were administered intraperitoneally to BALB/c mice for in vivo 

evaluation (Figure 32). This method was selected to ensure systemic distribution of 

the nanoparticles and to assess both therapeutic efficacy and potential toxicity. All 

experimental groups and the first control group (inoculated mouse treated with 

Doxorubicin) received treatment on days zero, four, eight, twelve, and some on day 

16, as demonstrated in Table 8. Personnel working with this agent were always 

wearing protective clothing, e.g., goggles, mask, and impervious disposable gloves to 

avoid contact with eyes, skin, and clothing.  

 

Figure 32 Intraperitoneal (IP) administration of treatments to the experimental and control groups 
during the study period 

 
 

 

 

 

 

© Central University of Technology, Free State



98 
 

Table 8: Administration schedule for doxorubicin, GCdO NPs, A-Chem CdO NPs, and 
PBS via intraperitoneal injection. 

 

 

 

4.4.4 Treatment allocation and Monitoring Protocol 
 

Mice injected with MDA-MB231 cells were then randomly assigned to different 

treatment groups. There were five treatment groups with three mice each, of which 

two groups were experimental, and three were control groups.  A 25G needle and 1ml 

syringe were used for administering treatment since the viscosity of water which is 

used for synthesizing the nanoparticles is very low at 8.90 X10 -4 Pa-1s. In the first 

experimental group, the tumour-induced mice were treated with (0.1 ml/10g body 

weight) grams of albumin-coated Cadmium oxide nanoparticles (A-Chem CdO NPs). 

The second tumour-induced mice group was treated with uncoated Cadmium oxide 

nanoparticles (G-CdO NPs). The first control group consisted of normal mice (without 

tumour) and untreated, whilst the second control group consisted of a tumour-induced 

mouse that was treated with the (0.1 ml/10g body weight) standard drug; Doxorubicin). 

The third control group consisted of mice that were inoculated with the tumour but 

without treatment (negative control), however, the mice in this group were treated with 

water/PBS. Summary of experimental treatment groups and administration protocols 

is illustrated inTable 9.  

 

 

Substance Administered Route Dosage Days 
Doxorubicin (Positive Control) 
  

Intraperitoneal (IP) Day 0, 4, 8, 12,16 

G-CdO NPs (Green-synthesized) 
  

Intraperitoneal (IP) Day 0, 4, 8, 12, 16 

A-Chem CdO NPs (Albumin-coated)  Intraperitoneal (IP) 
  

Day 0, 4, 8, 12, 16 

PBS (Negative Control) 
  

Intraperitoneal (IP) Day 0, 4, 8, 12, 16 
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 Table 9: Summary of experimental treatment groups and administration protocols 
used for the in vivo study.  

 

Group  Cell 

inoculation 

Treatment and 

Dosage 

Injection 

intervals 

Number 

of weeks 

Total 

number 

of 

injections 

End point 

Control Group No N/A N/A N/A N/A Sacrificed 

at the end 

of the 

study 

Negative 

control 

Yes    

0.1ml/10g of 

PBS/water 

Day 0, 4 

8, 12 and 

16 

 2 4 Sacrificed 

at the end 

the study 

Positive 

control 

Yes  0.1ml/10g of 

free Standard 

drug 

(Doxorubicin) 

Day 0, 4, 8, 

12, and 16 

2 4 Sacrificed 

at the end 

of the 

study 

Experimental 

group 

Yes A-Chem CdO  

NPs  0.1ml/10g 

Day 0, 4 

8, 12, and 

16 

2 4 Sacrificed 

at the end 

of the 

week 

Experimental 

group 

Yes G-CdO NPs 

0.1ml/10g  

Day 0, 4 

8, 12, and 

16 

2 4 Sacrificed 

at the end 

of the 

week 
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4.4.5 Animal Welfare Monitoring and Tumour Progression 
Assessment 

The health status was checked both in the morning and afternoon, throughout the 

study. Key indicators included alertness, ocular and periorbital discharge, body weight 

fluctuations (measured before, during and after treatment, with weight loss ≥10% 

flagged as significant), fatigue, paralysis, aggression, survival rate, abnormal gait and 

posture, as well as any reluctance to move. 

Mice that developed excessively large tumours exceeding 250 mm³ were humanely 

euthanized during treatment. For those exhibiting signs of mild distress or discomfort, 

a qualified veterinarian was immediately consulted. These mice received 

subcutaneous injections of buprenorphine analgesic at a dosage of 0.05 mg/kg, 

administered 2–3 times per day in accordance with the veterinarian’s guidance. Post-

administration, the animals were re-evaluated twice daily to assess improvement. In 

instances where the animal's condition failed to improve despite pain management, 

and no further intervention could alleviate the distress, humane euthanasia was 

performed promptly to prevent unnecessary suffering. 

Tumour growth was tracked, with daily measurements conducted using a digital 

calliper. Mice were positioned supine (abdomen exposed, head upward) to ensure 

consistent tumour measurement. Tumour volume was calculated using the standard 

formula: V (mm³) = L × W² / 2, where L represents the major axis and W the minor 

axis of the tumour. 

All recorded data were systematically logged in a designated Microsoft Excel 

spreadsheet for subsequent analysis.  
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4.5 Euthanasia and organ harvesting 

At the end of the experimental period, all animals from Groups 1 through 5, including 

the three reserve/emergency mice, were humanely euthanized per institutional and 

ethical guidelines. Euthanasia was performed using a two-step protocol: animals were 

first anesthetized with 5% vaporized isoflurane until complete sedation was achieved. 

Once fully sedated, the mice were transferred to a sealed euthanasia chamber 

containing carbon dioxide (CO₂) and exposed for 5–6 minutes to ensure complete 

cessation of vital functions through inhalation-induced respiratory arrest. 

Following euthanasia, each mouse was weighed, and a necropsy was performed. The 

chest and abdominal cavities were carefully opened using sterile scalpels and surgical 

scissors to expose internal organs. Tumours and key target organs, including the lungs 

and liver, were harvested, rinsed gently with phosphate-buffered saline (PBS) to 

remove blood and debris, and immediately fixed in 10% neutral-buffered formalin for 

histopathological analysis. These tissues were later processed for haematoxylin and 

eosin (H&E) staining to assess cellular architecture and verify the presence or 

absence of metastatic lesions. 

Following organ collection and tumours, all animal remains were disposed of 

responsibly. The carcasses were placed in a designated biomedical waste container 

provided by Compass Medical Waste Service, a licensed and accredited commercial 

biohazard disposal company. The remains were subsequently collected and 

incinerated under national biomedical waste disposal regulations to ensure 

environmentally safe and ethical disposal. 

 

4.6 Data collection methods 

Both qualitative and quantitative data analysis methods were employed in this study 

to assess the effects of treatment on tumour progression and overall animal health. 

Qualitative Data 

Qualitative variables included behavioural and physiological indicators such as 

changes in physical appearance (e.g. fur condition), eye discharge, eyesight, hearing 
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ability and the presence of paralysis. Behavioural assessments focused on signs of 

aggression, abnormal gait, abnormal posture and reluctance to move. These 

parameters were observed and recorded throughout the experimental period. 

Quantitative Data 

Quantitative variables included tumour volume (measured in mm³) before and after 

treatment, body weight of the mice recorded daily and survival rate. Monitoring of body 

weight served as a key indicator for systemic toxicity. All raw data were recorded 

manually by the researcher using structured data collection sheets and later captured 

electronically in Microsoft Excel. 

Statistical Analysis 

Further statistical analysis was conducted by a qualified statistician using SAS 

software, Version 9.2. Descriptive statistics were applied as follows: frequencies and 

percentages for qualitative data and means with standard deviations (or medians with 

percentiles, where appropriate) for quantitative data. The Shapiro-Wilk test was 

performed to assess normality in the distribution of quantitative data. Depending on 

the outcome of this test, appropriate inferential statistical tests were selected: 

• Kruskal-Wallis Test: Applied for comparing median values among more than 

two independent groups when the data were not normally distributed. 

One-Way ANOVA: Applied to normal data. A 95% confidence interval (CI) was 

calculated for mean or median differences between groups. Statistical significance 

was determined at a threshold of α = 0.05. 

4.7 Histopathological examination  
After stripping, tumours and major organs (lungs and liver) of each group were put into 

a 4% paraformaldehyde solution to fix for 24 hours. After that, conventional 

dehydration, paraffin embedding, slicing, and hematoxylin and eosin (H&E) staining 

were gradually carried out. Morphological changes of tumours and major organs were 

observed and photographed under an optical microscope.  
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4.7.1 Histology Steps in Preparing the Specimens 

1. Fixation 

Fixation is the initial step in histological preparation, involving the complete immersion 

of tissue in a fixative solution for 48 hours. This process is essential for halting all 

biological processes quickly and preserving the structural integrity of the cells with 

minimal distortion. Fixation also prevents autolysis (self-digestion) and microbial 

activity, while enhancing the refractive index of tissues, which is important for 

microscopic analysis.  

2. Sampling 

Following fixation, tissue fragments are transferred into plastic cassettes for further 

processing. In this study, a 10% buffered formalin solution was used for fixation. Each 

cassette was clearly labelled with specimen-specific numbers and details to ensure 

traceability and accuracy throughout the histological workflow. 

3. Processing 

The fixed samples were then processed using a Sakura automated tissue processor. 

The processing phase consists of three key steps: dehydration, clearing and 

infiltration. 

a. Dehydration 

Dehydration involves the removal of water from the tissue, which is present in both 

free and bound forms. This step is performed using a graded series of ethanol 

concentrations, typically starting at 70%, then 90% and finally 100% ethanol to ensure 

complete removal of water. Incomplete dehydration may compromise subsequent 

processing steps. 

b. Clearing 

Clearing serves as the transition between dehydration and infiltration. As ethanol is 

not miscible with paraffin wax, a clearing agent such as Xylene is used to displace the 
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alcohol and prepare the tissue for wax infiltration. Xylene also renders tissues 

translucent, removes any residual water and improves microscopic visibility. It is 

crucial that clearing is thoroughly completed before proceeding. 

c. Infiltration 

Infiltration, also known as impregnation, involves saturating the tissue with a 

supporting medium, typically paraffin wax. The tissues are immersed in molten wax at 

approximately 57 °C, which fills the tissue spaces and hardens upon cooling. This step 

provides the necessary rigidity for precise tissue sectioning during microtomy. 

4. Embedding 

After infiltration, tissue fragments are embedded in paraffin wax using an embedding 

machine. Molds of various sizes are used, and only one cassette is opened at a time 

to avoid cross-contamination. The tissue is placed in the mold, covered with melted 

wax and the labelled cassette is positioned on top. The mold is then cooled on a cold 

plate until the wax solidifies. The resulting paraffin block encasing the tissue is then 

ready for microtomy. 

5. Microtomy 

Microtomy involves the sectioning of the solidified tissue blocks into thin, uniform slices 

using a microtome. In this case, a Leica microtome was used to produce sections 

measuring between 3–5 µm in thickness. This step is critical, as it enables cellular and 

structural examination under a microscope. Precision and dexterity are vital in this 

process to ensure the production of diagnostically viable sections. 

6. Staining 

The prepared tissue sections were stained using Mayer’s hematoxylin and eosin 

(H&E), the standard routine staining method in histology laboratories. The staining 

process includes the following sequential steps: 

• Deparaffinisation in Xylene 

• Hydration with graded alcohols 
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• Rinsing with water 

• Staining with Hematoxylin 

• Washing 

• Staining with Eosin 

• Final dehydration with alcohol 

• Clearing with Xylene 

This dual staining technique provides an excellent contrast, with Hematoxylin 

highlighting nuclei in dark violet-blue and Eosin staining the cytoplasm and 

extracellular matrix in varying shades of pink. 

7. Mounting 

Mounting involves sealing the stained tissue sections with coverslips to preserve them 

and facilitate microscopic analysis. Entellan mounting medium was used to affix the 

coverslips, ensuring clarity and durability for observation. 

8. Microscopic Examination 

The stained slides were examined under a light microscope. The observed results 

were as follows: 

• Nuclei appeared blue or dark violet 

• Cytoplasm displayed various shades of pink 

• Muscle fibers appeared deep pink to red 

• Red blood cells stained orange-red 

• Fibrin appeared as a deep pink structure 

9. Reporting Findings 

The microscopic observations were documented and interpreted for diagnostic or 

research purposes. These findings contribute to a broader understanding of tissue 

pathology and are essential in clinical or experimental settings. A schematic 

representation of this histological preparation workflow is presented in Figure 33. 
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Figure 33 summarizes the histological procedure of specimen preparations 

 

 
 

4.8 In Vivo Experimental Outcomes  
 

4.8.1 Introduction  
 

The objective of the in vivo study was to evaluate the efficacy of anti-tumour efficacy 

and systemic toxicity of albumin-coated cadmium oxide nanoparticles (A-Chem CdO 

NPs) in an MDA-MB231/NU/J (BALB/C) strain triple-negative breast cancer animal 

model.  
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4.8.2 Enrolment and Treatment Completion in Experimental Groups. 
 

Tumour Establishment and Group-Specific Challenges 

Tumour establishment was monitored daily following cell inoculation. As shown in 

Figure 34A, measurable tumour growth was observed between Day 7 and Day 14 

post-inoculation, aligning with expected tumour latency for MDA-MB-231 xenografts. 

Mice were eligible for treatment only once tumour volumes reached a minimum of 100 

mm³. Treatment was administered every four days (Days 0, 4, 8, 12 and 16), and 

tumour volumes were monitored throughout the treatment cycle. 

Despite these protocols, several animals did not meet tumour size eligibility, while 

others died or were withdrawn due to ethical endpoints. This affected treatment 

consistency and statistical representation, particularly in the two experimental 

nanoparticle groups. 

Mice in both treatment groups encountered challenges with tumour development. In 

the A-Chem CdO NPs Group, of the four mice allocated (including one emergency 

mouse), only one Mouse (labelled 7) reached the required tumour volume (100 mm³) 

and received the full treatment regimen for 16 days. This mouse was euthanized on 

day 17 due to tumour volume exceeding 586 mm³. The remaining three mice did not 

develop tumours (Mice 12 and 16) or developed tumours that remained below the 

minimum palpable volume (Mouse 9), rendering them ineligible for treatment initiation. 

In the G-CdO NPs Group, out of five mice, only Mouse 23 completed the 20-day 

treatment regimen. One mouse (Mouse 6) died within 24 hours of treatment initiation, 

one (Mouse 2) failed to develop a tumour, and two others (Mice 14 and 17) had sub-

palpable tumours, disqualifying them from treatment. In the Positive Control Group 

(Doxorubicin), all three mice (Mice 1, 5 and 18) completed the full 20-day treatment 

regimen. In the Negative Control Group (PBS), all three mice (Mice 13, 15 and 19) 

completed the experimental period without complications. This outcome introduces a 

limitation in statistical power for the A-Chem CdO NP and G CdO NP groups, where 

only one mouse per group met the criteria and completed the full treatment protocol. 

This scarcity of data affects the reliability of intergroup comparisons and inferential 

statistics. The number of mice that completed treatment is summarised in table 10. 
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Table 10 summary of mice that completed treatment per treatment and control 
group 

 

 

 

 

Figure 34 (A) Sequential measurement and monitoring of tumour growth throughout the treatment 
period until completion of the study, and (B) harvesting of major organs by the veterinarian for post-
treatment evaluation and histopathological analysis. 

 4.8.3 Observational Parameters 

All mice were observed twice daily (morning and evening) from the day of tumour 

inoculation until euthanasia. Trained personnel conducted evaluations using a 

standardized observational scoring sheet based on the OECD and ARRIVE 

guidelines. All the monitored parameters are summarised in Table 11.   

 

Table 11 Monitored Clinical Parameters pre and post treatment 

Category  Clinical Signs Assessed Scoring / Notes 

Group Mice 
Allocated 

Emergency 
Replacements 

Completed 
Treatment 

A-Chem CdO NPs        3            1           1 
G CdO NPs        3            2           1 
Positive Control (Dox)        3            0           3 
Negative Control (PBS)        3            0           3 
Control (No, 
inoculation, no 
treatment) 

      3            0           3 

A B 
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General 
Appearance 
  

Fur condition (ruffled, patchy, 
shiny), posture, and grooming 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe 

Neurological 
 
  

Gait abnormalities, tremors, 
seizures, paralysis 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe 

Ocular 
  

Eye discharge, corneal 
opacity, squinting 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe  

Auditory 
  

Startle response to sound, 
head tilt 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe  

Respiratory 
  

Breathing rate, labored 
breathing, nasal discharge 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe  

Locomotion 
  

Reluctance to move, abnormal 
gait, dragging limbs 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe  

Behavioural 
  

Aggression, lethargy, 
hyperactivity, withdrawal 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe  

Food/Water 
Intake 

Visual assessment of 
consumption, water bottle 
level checks 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe 

Body Weight 
  

Daily or alternate-day 
measurement 

0 = Normal, 1 = mild change 
change, 2 = moderate change, 
3= severe 

 

Clinical signs were monitored daily throughout the 38-day treatment period for all 

experimental groups, including A-Chem CdO NPs, G-CdO NPs, Positive Control 

(Doxorubicin) and Negative Control. Clinical signs included visible changes such as 

piloerection, hunched posture, altered locomotion and general signs of discomfort or 

stress, scored per group per day. In the A-Chem CdO NP group, no signs were 

observed during the initial phase (Days 1–10). Mild signs emerged on Day 11 and 

persisted intermittently, peaking at a score of 2 on Days 18 and as observed in Table 

This pattern indicates delayed and low-grade systemic responses, aligning with the 

hypothesized biocompatibility of the albumin-coated formulation. 
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Table 12: Summary of clinical observation health checks outcome per 
treatment group 

Group Onset of 
Signs 

Peak 
Score 

Duration (Days 
with Signs) 

Overall Severity 

A-Chem CdO 
NPs 

Day 11 2    ~21 days         Mild 

G-CdO NPs Day 4 3    ~30+ days         Moderate to 
severe 

Positive 
Control 

Day 6 3     ~33 days Moderate to 
Severe 

Negative 
Control 

Day 30 1         9 days Minimal (tumour-
related) 

 

The A-Chem CdO NPs showed a delayed onset of clinical signs with mild severity in 

comparison to doxorubicin. Could it be that the efficiency of albumin-functionalised 

nanoparticles is dependent on time? The G-CdO NP group displayed earlier onset of 

clinical signs (Day 4), which increased in frequency and intensity over time, peaking 

at a score of 3 from Days 28 to 34. This suggests moderate systemic toxicity and aligns 

with expected reactivity due to uncoated Cadmium oxide nanoparticles. The 

Doxorubicin-treated (positive control) group exhibited signs starting from Day 6, 

escalating to scores of 2–3 by mid-treatment, consistent with known cumulative side 

effects of anthracycline drugs such as fatigue and weight loss. Signs were sustained 

through Day 38. In contrast, the Negative Control group exhibited no clinical signs until 

Day 30, after which mild signs (score of 1) were observed. These are likely attributable 

to tumour burden rather than any systemic toxicity, reaffirming the safety of PBS 

treatment. 

 

4.8.4 Toxicity Evaluation in In Vivo Studies 

Introduction 

Monitoring body mass changes in vivo is a widely accepted, non-invasive method for 

assessing systemic toxicity. Significant loss of body mass, particularly over 20%, is 

generally indicative of severe physiological stress or toxicity. This section presents a 

comprehensive analysis of body mass loss in mice treated with A-Chem CdO NPs and 

G-CdO NPs, with comparisons to positive (Doxorubicin) and negative (PBS) control 

treatments. 
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Body Mass Loss and Toxicity Interpretation 

 Body weight was measured daily, and a body weight change (BWC) was calculated 

using the following formula:  

BWC (%) = [(body weight on the last day) − (body weight on day 0)]/(body weight on 

day 0) × 100 (%).  

Toxicity was defined as a BWC of <20%, or toxic mortality 

 

Body mass loss was assessed as a non-invasive biomarker of systemic toxicity during 

a 17-day treatment period. Among the experimental groups, mice treated with green-

synthesized CdO nanoparticles (G-CdO NPs) exhibited the most pronounced weight 

loss, peaking at approximately 25% by Day 6. This acute and sustained reduction in 

body weight is indicative of severe systemic toxicity. The group treated with Albumin-

coated chemically synthesized CdO nanoparticles (A-Chem CdO NPs) demonstrated 

a weight decline, reaching a peak of 17.1% by Day 6, which then stabilized, suggesting 

significant early-onset toxicity. In comparison, the positive control group treated with 

Doxorubicin exhibited a steady and progressive weight loss reaching about 17.2% by 

Day 17, reflecting its well-documented chemotherapeutic toxicity profile. The negative 

control group maintained relatively stable body weight, with minimal fluctuations, 

further confirming that observed weight changes in the treated groups were due to the 

administered substances. Statistical analysis using repeated measures revealed 

significant differences among treatment groups (p < 0.001), with post hoc comparisons 

confirming that G-CdO NPs induced significantly greater weight loss than all other 

groups (p < 0.001) (Table 13 and Figure 35). These findings underscore the necessity 

for further optimization of nanoparticle formulations to improve safety profiles. 
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Table 13: Descriptive Statistics of % Body Mass Loss  

Treatment 
Group 

Mean % Loss ± 
SD 

Max % Loss Day of Max Loss Trend 
Description 

Negative 
Control 

2.1 ± 1.0% 3.5% Day 8 Stable; no 
significant 
fluctuations 

Positive 
Control 

11.9 ± 2.8% 17.2% Day 17 Gradual 
increase 
across study 
period 

A-Chem 
CdO NPs 

14.3 ± 2.4% 17.1% Day 6 Early rapid 
loss, 
sustained 
thereafter 

G-CdO NPs 18.7 ± 3.1% 25.3% Day 5 Acute toxicity 
with peak at 
day 5 

 

 

 
 

 

 

 

 

4.9. Tumour Volume Progression During Treatment 

The tumour volume (V) was calculated using the formula: 

 V = (1/2) x L x W², 

Figure 35 A and B illustrate the toxicity profiling of the experimental mice, as determined by the percentage 
loss in body mass during the treatment period.  

© Central University of Technology, Free State



113 
 

L =Length 

W =Width 

The formula assumes that the tumour is roughly ellipsoid-shaped, which is a 

reasonable approximation for many subcutaneous tumours. Tumour volume is an 

important metric for monitoring tumour growth and treatment response in preclinical 

studies. However, the ellipsoidal approximation may not be accurate for all tumour 

types or sizes. Some tumours have irregular shapes, and the formula might 

underestimate or overestimate their volume (Aldea et al., 2024).  

The R (RTV) was calculated using the formula: 

 RTV = (tumour volume on measured day)/(tumour volume on day 0).  

The effect of various treatments on tumour progression was evaluated by monitoring 

the relative tumour volume over a period of 16 to 20 days, as illustrated in Figure 36. 

The positive control group treated with Doxorubicin demonstrated the most significant 

tumour suppression, maintaining a consistently low tumour volume throughout the 

treatment period. In contrast, the negative control group (PBS) exhibited a steady 

increase in tumour volume, confirming progressive tumour growth in the absence of 

therapeutic intervention. 

The group treated with albumin-coated Cadmium oxide nanoparticles (A-Chem CdO 

NPs) displayed a moderate increase in tumour volume compared to the PBS control, 

indicating a partial inhibitory effect. This suggests that albumin functionalisation may 

enhance the therapeutic potential of CdO NPs, possibly through improved 

biocompatibility or tumour targeting. On the other hand, the group treated with 

uncoated CdO NPs exhibited the highest tumour volume, with a pronounced peak on 

Day 15.  

Notably, a sharp decline in tumour volume in both CdO NP-treated groups towards 

Day 17. Overall, these findings suggest that while albumin-coating of CdO NPs 

improves tumour response relative to uncoated formulations, Doxorubicin remains the 

most effective agent among the tested treatments. 
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4.9.2 Tumour Inhibition Rate (TIR) 
 

The tumour growth inhibition ratio (TGI, %) which is used interchangeably with Tumour 

Inhibition Rate (TIR) was calculated using the following formula: 

 TGI = [1 − (RTV of the treated group)/(RTV of the control group)]  

It reflects the difference in tumour volume between treated and control groups. This 

formula expresses the extent to which treatment has slowed or stopped tumour growth 

compared to a non-treated group. 

Tumour Inhibition Rate (TIR) was assessed across three treatment groups: positive 

control (Doxorubicin), uncoated cadmium oxide nanoparticles (CdO NPs) and 

albumin-coated CdO NPs. The bar chart illustrates the average TIR for each treatment 

group with associated standard deviation. Doxorubicin (blue bar) achieved the highest 

inhibition, with a mean TIR of approximately 50–55%, confirming its well-established 

cytotoxic effect in triple-negative breast cancer models. Albumin-coated CdO NPs (red 

bar) showed a TIR of approximately 30–35%, which was slightly higher than that of 

the uncoated CdO NPs (green bar), which achieved a TIR of around 25–30%. While 

the p-value (p = 0.091) indicates that the observed differences were not statistically 

significant at the 0.05 threshold, the trend suggests that albumin surface modification 

Figure Figures 36A and 36B demonstrate the efficacy assessment of the treatment regimen through 
relative tumour volume analysis. A presents the relative tumour volume measurements, while B 
illustrates tumour progression over the treatment period. By day 17, some mice had already been 
euthanized due to study endpoint criteria 
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may have modestly enhanced antitumor efficacy (Figure 37). Albumin coating is 

hypothesized to improve nanoparticle pharmacokinetics through increased serum 

stability and enhanced tumour accumulation via the enhanced permeability and 

retention (EPR) effect. This modest benefit observed here may support that theory, 

although further optimization and dosing studies are warranted. Moreover, the overlap 

in error bars underscores the variability in treatment response, which may be 

addressed in future studies through increased sample sizes or more targeted delivery 

strategies. Overall, while Doxorubicin remains the most potent treatment, the observed 

efficacy of CdO NPs, particularly when coated with albumin, demonstrates potential 

for nanoparticle-mediated cancer therapy. Future studies should combine tumour 

growth metrics with histopathological analysis and biodistribution profiling to better 

understand and improve the therapeutic profile of CdO-based nanomedicine. 

  

 

 
4.9.3 Histological Presentation of Harvested Tissues (Liver and 
Lungs) 
To evaluate the potential metastasis and systemic toxicity following treatment, 

histological analyses of the liver and lung tissues were performed. Haematoxylin and 

Eosin staining were used to assess necrotic changes in both primary tumour sites and 

distant organs, indicating treatment efficacy and potential off-target effects. Tissues 

were collected from all groups. Olympus was used to read the captured data on the 

Olympus Slideview VS200 research slide scanner. The images were captured at X50 

magnification on Olyvia software. 

Figure 37 A and B Show antitumor activity rate. Doxorubicin showed the highest inhibition, 
followed by A-Chem CdO NPs and lastly G-CdO NPs 

A B 
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Histological evaluation revealed distinct patterns of necrosis across the different 

treatment groups (Figure 38).  All treatment groups showed positive necrosis within 

tumour tissues, indicating tumour response or natural progression, respectively, with 

no signs of necrosis in the liver or lungs. This could suggest that Doxorubicin, A-Chem 

CdO NPs and G CdO NPs effectively targeted the tumour without causing damage to 

major organs, while PBS allowed tumour progression without inducing toxicity.  A-

Chem CdO, G- CdO NPs and Doxorubicin induced necrosis only in tumour tissues, 

with no necrotic changes observed in the liver or lungs (see Table 14).  
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Figure 38 (H&E stain, x40). A shows liver tissue treated with PBS. B shows lung Tissue treated with 

PBS. C shows tumor treated with PBS. D shows liver tissue treated with doxorubicin. E shows lung 

tissues treated with doxorubicin. F shows tumour tissue treated with Doxorubicin. G shows liver tissue 

treated with A-Chem CdO NPs. H shows lung tissues treated with A-Chem CdO NPs. I shows tumor 

tissue treated with A-Chem CdO NPs. J shows Liver tissues treated with G-CdO NPs. K shows lung 

tissues treated with G-CdO NPs. L shows tumor treated with G-CdO NPs. 

 

 

Table 14 Summarises the Necrosis state of Tissues from mice admistered with 
various treatments.  

Treatment Group Tissue  Necrosis  Notes 
Doxorubicin Liver  Negative (-) Disruption of 

hepatic 
architecture. 
Mild 
inflammation 
 

Lung  Negative (-) Infiltration of 
inflammatory 
cells 
 
 
 

Tumour  Positive (+) Extensive 
tumour necrosis 
and reduced 
cell density. 
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Possibility of 
apoptosis 

  

PBS  

Liver Negative (-) Normal liver 
architecture. No 
evidence of 
inflammation 
 
 

Lung Negative (-) Normal 

pulmonary 

architecture; 

alveolar spaces 

are clear with 

thin septa and 

no signs of 

inflammation 

Tumour  Positive (+) No signs of 

regression. 

 

G CdO NPs Liver Negative (-) Minimal 
structural 
alterations 
 

Lung Negative (-) Largely 
preserved lung 
architecture; 
minor 
inflammatory 
infiltrates  

Tumour  Positive  (+)  nuclear 
shrinkage 

A-Chem CdO NPs  Liver Negative (-) Moderate 
architectural 
distortion with 
mild 
inflammatory 
response. 

Lung Negative (-) Moderate 
alveolar 
congestion 
 
 

Tumour  Positive (+) Areas of cellular 
necrosis and 
chromatin 
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condensation. 
Suggestion of 
moderate 
tumour 
regression 

 
 
Summary 

Successful intramammary implantation of MDA-MB-231 triple-negative breast cancer 

cells was confirmed by the presence of a flat, dome-shaped swelling at the injection 

site. Treatment via intraperitoneal injection began once tumours reached 

approximately 100 mm³. The study assessed the efficacy and systemic toxicity of 

Doxorubicin, PBS, G CdO NPs, and A-Chem CdO NPs. A-Chem CdO NPs induced 

mild clinical signs with delayed onset compared to Doxorubicin, which caused earlier 

and more severe toxicity. Body mass loss was comparable between A-Chem CdO NPs 

(17.1%) and Doxorubicin (17.2%). Doxorubicin achieved the highest tumour inhibition 

rate (50–55%), while albumin-coated CdO NPs showed moderate antitumour activity 

(30–35%). Histopathological analysis revealed necrotic changes in tumour tissues 

across all treatment groups, indicating treatment response. No necrotic lesions or 

metastases were observed in liver or lung tissues, suggesting minimal off-target 

toxicity. These results indicate that the standard drug doxorubin showed a higher 

efficacy compared as indicated by tumor inhibition rate, in comparison to A-Chem CdO 

NPs which is the main focus of the study. A-Chem nanoparticles showed a lesser 

systemic toxity which could be due to the albumin coating. 
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Chapter 5: Discussion and 
Conclusion 
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5.0 Overview of study outcomes 
 

This study aimed to evaluate the anti-cancer efficacy and systemic toxicity of CdO 

NPs, with and without albumin coating, against the TNBC MDA-MB-231 cell line in 

vitro and in an in vivo Balb/C mouse model. TNBC, characterized by the absence of 

ER, PR and minimal expression of HER2, presents a therapeutic challenge due to 

limited receptor targets, poor response to immunotherapy, and systemic toxicity from 

conventional chemotherapy (Bai et al., 2022). Nanotechnology-based solutions such 

as CdO NPs have garnered attention for their tumour-targeting potential; however, 

issues of selectivity and biocompatibility remain significant. This research, therefore, 

introduced chemically synthesised albumin-coated CdO NPs (A-Chem CdO NPs) as 

a strategy to balance cytotoxic potency with safety, leveraging albumin’s tumour-

homing properties. 

In contrast to the prevailing body of literature that favours the use of green chemistry 

approaches for nanoparticle synthesis due to their presumed biocompatibility and 

environmental sustainability (Saxena et al., 2025), the present study demonstrates 

that A-Chem CdO NPs exhibit superior cytotoxic efficacy, as evidenced by a lower IC₅₀ 

(3.33 µg/ml) value compared to the G-CdO NPs (IC₅₀ 11.8 µg/ml) against MDA-MB-

231 breast cancer cells. Outstandingly, doxorubicin, the reference chemotherapeutic 

agent, displayed the lowest IC₅₀ value overall, confirming its potent anticancer activity. 

However, Doxorubicin also exerted the highest cytotoxicity against non-cancerous 

Vero cells, suggesting a reduced therapeutic index relative to the nanoparticle 

formulations. The in vivo tumour regression data corroborated the in vitro findings, with 

Doxorubicin eliciting the most significant anti-tumour response, followed sequentially 

by A-Chem CdO NPs and G-CdO NPs. This gradation in efficacy was mirrored in the 

histo-morphological evaluations, where tissue alterations observed in tumour and 

organ histology further validated the cytotoxic profiles and systemic toxicity patterns 
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of the respective treatments. Albumin coating does show potential in vivo to enhance 

selectivity and reduce cytotoxicity, even though it is not statistically significant. 

5.1 Structural Overview of Discussion 

This chapter provides a comprehensive interpretation of the study’s findings, offering 

critical insights into both the experimental results and the methodologies employed. It 

begins by evaluating how the applied methods may have influenced the observed 

outcomes, followed by a comparative analysis with existing literature to contextualize 

the study within the broader scientific discourse. The results are systematically 

discussed across several key domains: nanoparticle characterization, in vitro 

cytotoxicity and selectivity, and in vivo outcomes including clinical observations, 

systemic toxicity, relative tumour volume, tumour inhibition rate, and histo-

morphological analyses. Finally, the chapter addresses the study’s limitations and 

reflects on key lessons learned, setting the stage for future research and potential 

clinical translation. 

 

5.2 Synthesis techniques and characterization of Cadmium 
Oxide Nanoparticles (CdO NPs) Formulations   

The first objective of this study was to synthesize CdO NPs using both green synthesis 

and chemical reduction methods, followed by comprehensive characterization using 

X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), Energy Dispersive Electron Spectroscopy (EDS), Ultraviolet-

visible (UV-Vis) spectroscopy, X-ray Photoelectron spectroscopy (XPS), and Fourier-

transform infrared spectroscopy (FTIR). The physicochemical properties of 

nanoparticles, mostly size, shape, and surface characteristics, are crucial 

determinants of their functional performance, including degradation kinetics, drug 

release profiles, targeting specificity, and cellular internalization (Zhang et al., 2020). 

XRD patterns provided evidence of the structural properties of the nanoparticles and 

confirmed the successful synthesis of the nanoparticles. G CdO NPs exhibited broader 

and less intense diffraction peaks, with a dominant low-angle reflection near 10°. This 
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broadening is attributed to reduced crystal size and the presence of residual organic 

compounds from plant-based reducers. The presence of phytochemicals likely affects 

both the nucleation and growth kinetics during synthesis, resulting in more amorphous 

or polycrystalline structures (Ait et al., 2024). In contrast, the XRD pattern of the Chem 

CdO NP sdisplayed well-defined, sharp peaks that correspond to (111), (200), and 

(220) planes of the face-centered cubic (FCC) structure of CdO. These observations 

suggest a high degree of crystallinity and phase purity, consistent with controlled 

inorganic synthesis protocols. The narrower full-width at half-maximum (FWHM) 

values further imply the formation of larger crystallites, which may enhance the 

material's thermal and mechanical stability (Cholakova and Denkov, 2024). The A-

Chem CdO NPs retained the fundamental crystalline structure observed in the 

chemically synthesized samples, with slight peak broadening and intensity variation. 

These effects are attributed to the interaction between the nanoparticle surface and 

the albumin layer, which could impose strain on the crystal lattice or dampen X-ray 

scattering due to partial shielding by organic molecules (Park, 2020).  This formulation 

demonstrates a balance between structural integrity and functional biocompatibility, 

making it promising for drug delivery and imaging applications. Interestingly, the 

persistent peak at ~10° across green and albumin-capped samples could correspond 

to an organic signature most likely arising from bio-organic residues or protein layers 

introduced during synthesis. 

 

The synthesis route affects the structural properties of CdO nanoparticles as revealed 

by XRD analysis. Chemically synthesized samples present the highest crystallinity and 

phase definition, suitable for industrial or catalysis applications requiring material 

stability. Green-synthesized nanoparticles offer eco-friendly benefits with biomolecular 

functionality but display lower structural order. Albumin-functionalized CdO 

nanoparticles strike a balance between crystallinity and bio-interface utility, supporting 

their application in biomedical technologies.  

The structural features elucidated through XRD strongly correlate with the observed 

biological activities of the respective CdO NPs formulations. Chem CdO NPs, 

exhibiting sharp and well-defined diffraction peaks, demonstrated higher crystallinity 

and phase purity features that likely contribute to their enhanced cytotoxic efficacy. 

Conversely, green-synthesized CdO particles revealed broader, less intense peaks 
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indicative of smaller crystallite size and potential organic contamination, which may 

account for their diminished anti-cancer performance. The albumin-coated variant 

maintained a moderate level of crystallinity while introducing a biocompatible interface, 

as seen in the slight broadening and altered intensity of XRD peaks. These structural 

signatures suggest that while crystallinity enhances potency, surface modifications like 

albumin may mitigate off-target toxicity without severely compromising efficacy.  

Morphological analysis using SEM and TEM revealed distinct structural differences 

among the three synthesized CdO nanoparticle formulations. Both G-CdO NPs and 

Chem-CdO NPs exhibited relatively uniform spherical and cube-like shapes, 

respectively. In contrast, A-Chem-CdO NPs formed irregular, self-assembled clusters 

with non-uniform spherical morphologies. These differences are attributable to the 

synthesis methods and stabilizing agents employed. 

Green synthesis approaches utilize plant extracts or other biologically derived 

materials as both reducing and capping agents. The phytochemicals within these 

extracts, such as flavonoids, phenolics, and alkaloids, play a pivotal role in shaping 

nanoparticle morphology (Fahim et al., 2024). For example, Sood et al., (2025) 

demonstrated that CdO nanoparticles synthesized using tragacanth gum extract under 

microwave irradiation predominantly yielded spherical particles with well-defined 

crystalline structures. Conversely, chemical synthesis methods such as hydrothermal 

or co-precipitation offer more precise control over reaction parameters and often yield 

highly uniform nanoparticles with well-defined geometries (Darr, et al., 2017). 

Nasrullah et al., (2020) reported that the controlled conditions of chemical synthesis 

favour the formation of cube-like or other crystalline morphologies. 

These findings align with existing literature, which consistently emphasizes the 

profound influence of synthesis methodology on nanoparticle size and shape; 

parameters that are strongly linked to biological behaviour and therapeutic efficacy 

(Zhang et al., 2020). For instance, studies on shape-dependent uptake in HeLa cells 

have shown that nanoparticles larger than 100 nm with rod-like or ellipsoidal 

geometries often exhibit enhanced cellular internalization compared to their spherical 

or cubic counterparts. The general trend observed is: rods/ellipsoids > spheres > 

cylinders > cubes. Although spherical nanoparticles are typically internalized 

efficiently, non-spherical geometries may offer more intricate interactions with cellular 
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membranes due to differences in their aspect ratios and surface area, which can 

influence receptor-mediated endocytosis (Kudryavtseva and Sukhorukov, 2024). In 

the present study, the irregular, self-assembled morphology observed in albumin-

coated chemically synthesized CdO nanoparticles (A-Chem CdO NPs) may have 

contributed to their enhanced cytotoxic efficacy relative to the green-synthesized CdO 

NPs (G-CdO NPs). This enhanced biological activity could be attributed to a 

combination of improved cellular uptake, altered surface chemistry due to albumin 

functionalization and increased interaction with intracellular targets, highlighting the 

critical interplay between structural properties and therapeutic outcomes. 

The size distribution for A-Chem CdO NPs (0.25 – 127 nm) and G CdO NPs (0,25 - 

127 nm) fall within the optimal Nano medicine range, which facilitates enhanced 

permeability and retention (EPR) effect in tumours (Wu, 2021). In contrast, Chem CdO 

NPs, though smaller (0.25 – 4.74 nm), exhibited agglomeration; a feature commonly 

associated with poor colloidal stability and potential cytotoxicity (Wang et al., 2018). In 

this study it is observed that albumin coating increases the nanoparticles' size and this 

could have the potential to increase therapeutic efficacy. The sizes of nanoparticles 

are critical for a range of NPs properties, including degradation rate, drug release 

profiles, in vivo distribution and clearance, and also cellular internalization. Therefore, 

formulation design and manufacturing processes are key steps to control when making 

nanoparticles with a known target size that are able to achieve the required therapeutic 

index for the tissue of interest (Bai et al., 2022). Nanoparticles in the size range 

between 40 – 200 nm are reported to have a prolonged circulation time, increased 

accumulation in tissues and decreased renal clearance. Whereas nanoparticles larger 

than 200 nm have a higher rate of clearance and nanoparticles smaller than 10 nm 

are likely to be removed by renal filtration. The release of drugs is highly dependent 

on the size of nanoparticles (Bai et al., 2022). The size of nanoparticles also 

determines the site of accumulation and/or clearance when injected in vivo. Yadav et 

al., (2011) compared the injection of two formulations of etoposide-loaded PLGA 

nanoparticles with sizes of 105 nm and 160 nm. Results showed that smaller 

nanoparticles (105 nm) were retained in the blood at higher concentrations, but 

accumulated more in the bone and brain tissues. Accumulation in tissues was found 

to be negligible when using larger nanoparticles. This effect resulting from the size of 

the nanoparticles is vital to enhance therapeutic efficacy; therefore, future studies can 
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leverage on the limitations of this study by incorporating drug release and bio-

distribution experiments so as to be able to determine the retention time and tumour 

sites. 

 

Surface Elemental Composition 

XPS and EDS analyses provided complementary insights into the surface composition 

of the synthesized CdO nanoparticle formulations. The presence of Cadmium and 
Oxygen in all formulations confirmed the formation of Cadmium oxide as the primary 

inorganic phase. The detection of Chlorine across all formulations is attributed to the 

use of Cadmium chloride (CdCl₂) as a precursor during synthesis (Karthik et al., 2017). 

The G-CdO NPs showed additional elements such as Magnesium, Potassium, 

Calcium, and Nitrogen, likely originating from phytochemicals and minerals present in 

the plant extract. This diversity of elements is typical in green-synthesized 

nanoparticles and reflects the complexity and multifunctionality of the reducing and 

capping agents used (Abbas et al., 2024). In the Chem-CdO NPs, the appearance of 

Sodium and Nitrogen may reflect residues from Sodium hydroxide or other synthetic 

reagents. These findings suggest relatively fewer surface-bound elements compared 

to the green route, aligning with the cleaner, more controlled profile of chemically 

synthesized nanostructures (Nasrullah et al., 2020). 

The A-Chem CdO NPs demonstrated a richer elemental profile, including Sulfur and 
Nitrogen, consistent with the presence of albumin coating because albumin contains 

Cysteine (–SH), Lysine (–NH₂) and other protein residues. The successful 

incorporation of such elements provides further evidence of surface functionalization, 

which enhances nanoparticle solubility, dispersion and biological interaction (Azizi, 

2018). 

The FTIR spectrum of the G-CdO NPs confirmed the integration of various bioactive 

phytochemicals from the plant extract used during green synthesis. The broad O–H 

stretching band and the presence of C=O, C–N, and C–O vibrations suggest the 

presence of polyphenols, flavonoids and carbohydrates, which may function as 

reducing and stabilizing agents. These biomolecules not only mediate nanoparticle 

synthesis but also provide functional surface groups that can enhance biocompatibility 

© Central University of Technology, Free State



127 
 

and cellular interaction (Karthik et al., 2017; Nasrullah et al., 2020; Sivalingam et al., 

2024). 

In contrast, the Chem-CdO NPs exhibited minimal organic signals, with only weak O–

H bands and an absence of amide or C=O stretches, indicating a purer inorganic 

profile. The presence of strong Cd–O stretching vibrations and low-wavenumber lattice 

bands confirms the successful formation of highly crystalline CdO nanoparticles with 

minimal organic contamination (Sharma et al., 2022). The A-Chem CdO NPs spectrum 

confirmed the presence of protein functional groups through amide I and II bands, 

verifying the successful coating of the CdO core with albumin. These bands are 

consistent with BSA modification and indicate enhanced surface functionalization, 

which may facilitate targeted delivery and improve dispersion stability in biological 

media (Azizi, 2018; Dev and Mukadam, 2025). 

Collectively, the FTIR spectra of all three nanoparticle formulations confirmed the 

successful synthesis of Cadmium oxide nanoparticles, with spectral variations 

reflective of thec distinct synthesis approaches and surface chemistries. 

The optical properties of green-synthesized Cadmium oxide (CdO) nanoparticles were 

evaluated using UV–Visible spectroscopy. The absorption spectrum exhibited a broad 

and continuous band with an onset around 220 – 250 nm, suggesting a high degree 

of light absorption in the ultraviolet region. This characteristic absorption is attributed 

to the fundamental electronic transitions from the valence to conduction band in the 

CdO lattice, indicative of a direct band gap semiconductor (Karthik et al., 2017; 

Nasrullah et al., 2020). The smooth curve without distinct excitonic peaks suggests a 

certain degree of polydispersity in particle size and the possible presence of 

phytochemical surface modifiers resulting from the green synthesis route. Such 

organic compounds may introduce surface states or alter the local dielectric 

environment, causing a broader absorption profile. These features not only confirm 

the successful synthesis of CdO nanoparticles but also imply that their optoelectronic 

behaviour may be tunable through surface chemistry and particle size modulation 

inherent to plant-mediated synthesis (Sivalingam et al., 2024). 

The UV–Visible spectrum of albumin-coated chemically synthesized Cadmium oxide 

(A-Chem CdO) nanoparticles exhibited two distinct absorption features, suggesting 
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both core electronic transitions and protein-associated surface modifications. A 

prominent peak at ~250 nm corresponded with the intrinsic band-to-band transition of 

the CdO lattice, confirming that the semiconductor core structure remained intact 

following albumin conjugation. A secondary, broader absorption band near 350 nm 

was observed, which is absent in the spectra of green and purely chemical CdO 

nanoparticles. This band may be attributed to transitions from C=O or N–H groups 

present in the albumin matrix, or to localized surface plasmon resonance influenced 

by protein–nanoparticle interactions (Azizi, 2018; Dev and Mukadam, 2025). The 

bimodal absorption behaviour provides optical confirmation of successful protein 

functionalization, aligning with FTIR observations and supporting the hypothesis that 

albumin may modulate the optical and biological interactions of the nanoparticles. 

The UV–Visible spectrum of albumin-coated chemically synthesized CdO 

nanoparticles (A-Chem CdO NPs) exhibited a sharp absorption peak centred at 

~200 nm, indicative of strong band-to-band transitions within the CdO semiconductor 

core. The intensity dropped rapidly beyond 250 nm, suggesting a minimal contribution 

from surface states or protein-associated electronic transitions. The narrow and 

intense absorption band implies that albumin conjugation preserved the structural 

integrity and optical purity of the CdO lattice without significantly altering its electronic 

properties. This observation is consistent with FTIR results, which confirmed surface 

protein signatures but showed no disruption of the core Cd–O vibrational modes (Azizi, 

2018). The clean optical signature further supports the hypothesis that albumin acts 

as a surface-modifying agent without introducing electronic defects. This approach 

retained the desirable photoelectronic characteristics of the nanoparticle 

 All the characterization techniques collectively confirmed the successful synthesis of 

the three nanoparticle formulations, thereby justifying the progression to the 

subsequent methodological phase of in vitro cytotoxicity screening.  

 

5.3 In Vitro Cytotoxicity Evaluation and Comparative 
Analysis 
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The biological evaluation of the synthesized Cadmium nanoformulations revealed a 

marked variation in cytotoxic potential among the three formulations when tested 

against MDA-MB-231 TNBC cells. Notably, the Chem-CdO NPs demonstrated the 

highest cytotoxic activity, achieving an IC₅₀ value of 3.33 µg/ml, which significantly 

surpassed that of the G-CdO NPs, with an IC₅₀ of 11.82 µg/ml. This enhanced efficacy 

of Chem-CdO NPs may be attributed to their smaller particle size and greater 

crystallinity, both of which are associated with improved cellular uptake and elevated 

intracellular ROS generation mechanisms known to trigger oxidative stress, DNA 

fragmentation, and ultimately apoptotic cell death in cancer cells (Li et al., 2016; Fu et 

al.,2014). 

 

In an effort to improve biocompatibility and exploit active targeting mechanisms, the 

Chem-CdO NPs were further functionalized with albumin. Albumin is well-documented 

to extend systemic circulation time and facilitate tumour-targeted delivery through 

interaction with gp60 and SPARC receptors, which are frequently overexpressed in 

TNBC (Qu et al., 2024). However, contrary to the anticipated enhancement in efficacy, 

the A-Chem-CdO NPs demonstrated a reduced cytotoxic effect, with an IC₅₀ of 11.32 

µg/ml. This paradoxical outcome aligns with prior reports suggesting that the formation 

of a protein corona on nanoparticle surfaces can attenuate bioactivity by partially 

masking reactive surfaces and impeding cellular uptake, as well as ROS induction 

(Rampado et al., 2020).  

The “protein corona” refers to a layer, or multiple layers, of proteins and other biomolecules 

that rapidly adsorb onto the surface of nanoparticles (NPs) upon exposure to biological fluids 

such as plasma (Bakhtiary et al., 2016). The composition of the protein corona is largely 

influenced by nanoparticle characteristics, including size, surface chemistry, crystallinity, 

morphology, and hydrophobicity, as well as environmental factors such as plasma 

concentration and temperature (Bilardo et al., 2022). Because the protein corona can 

significantly alter nanoparticle behaviour, including therapeutic efficacy, biodistribution, and 

toxicity, the IC50 results alone are insufficient to fully evaluate the efficacy of the A-Chem CdO 

NPs. Therefore, further in vivo studies are required to provide more comprehensive, 

comparative, and conclusive insights into their biological performance and safety profile. 
While Singh et al., (2018) initially reported enhanced therapeutic performance 

following albumin functionalization, their findings also acknowledged the context-
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dependency of these effects, highlighting the complex interplay between nanoparticle 

surface chemistry and biological response. 

  

These findings extend upon earlier work by the current author, in which unannealed 

CdO/CdCO₃ nanocomposites synthesized through a green route showed promising 

cytotoxicity against MDA-MB-231 cells (Lefojane et al., 2020). While both studies 

employ plant-mediated synthesis strategies, the current research broadens the 

comparative landscape by including chemically synthesized and albumin-

functionalized CdO nanoparticles. The relatively higher IC₅₀ of the green-synthesized 

CdO NPs in this study, compared to the previously reported CdO/CdCO₃ 

nanocomposites, underscores the nuanced influence of nanoparticle composition, 

crystallinity and phytochemical variability, potentially arising from differences in the S. 

cupulare plant's geographical origin and phytoconstituent profile. All three CdO 

nanoparticle formulations demonstrated marked selectivity, exhibiting significantly 

lower cytotoxicity toward non-cancerous Vero cells compared to Doxorubicin.  

 

Doxorubicin, a widely used first-line chemotherapeutic agent, served as a benchmark 

in this study, exhibiting potent cytotoxicity against MDA-MB-231 cells with an IC₅₀ of 

0.34 µg/ml. This finding aligns with its well-characterized mechanism of action; namely, 

DNA intercalation, inhibition of topoisomerase II and ROS generation, culminating in 

apoptotic cell death (Lee et al., 2020; Bisht et al., 2024). Despite its efficacy, 

Doxorubicin's off-target toxicities, including cumulative cardiotoxicity, oxidative tissue 

damage and resistance development, continue to limit its clinical utility (Linders et al., 

2024). In contrast, the CdO nanoparticle formulations; particularly the albumin-coated 

variant, exhibited moderate cytotoxicity alongside enhanced selectivity, indicating a 

potentially broader therapeutic window. These differential underscores the value of 

nanotherapeutics in achieving a more favourable balance between tumour 

suppression and systemic safety. Recent research increasingly supports this 

trajectory, advocating for nanoformulations and hybrid delivery systems as viable 

strategies to mitigate the adverse effects of traditional chemotherapy while maintaining 

or even enhancing anticancer efficacy (Bisht et al., 2024).  

Nevertheless, caution must be exercised in the interpretation of selectivity index (SI) 

values. Although Doxorubicin recorded a high SI in this study, its substantial toxicity 
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toward Vero cells reveals the limitations of SI as a standalone metric. As noted by 

Huggins et al. (2012). SI does not always capture the full complexity of nanoparticle 

interactions in biological systems, particularly regarding tissue-specific behavior, 

biodistribution and unintended off-target effects. Corroborative evidence from the 

broader literature further supports the functional potential of albumin as a nanoparticle 

coating. For instance, Azizi et al. (2017) demonstrated that albumin-coated copper 

nanoparticles (ACuNPs) exhibited enhanced cytotoxicity reflected by a lower IC₅₀ 

compared with their uncoated counterparts in MDA-MB-231 cells. Similarly, in a follow-

up study, Azizi et al. (2018) reported that A-Chem CdO NPssuccessfully induced 

apoptosis in TNBC cells, likely via targeted uptake mediated by albumin-binding 

receptors. However, in contrast to the Copper-based systems, the A-Chem CdO NPs 

exhibited slightly reduced selectivity, emphasizing that the benefits of albumin coating 

are context-specific and formulation-dependent.  

The reduced selectivity observed in A-Chem CdO NPs compared to their copper-

based counterparts may be attributed to the intrinsic toxicity of cadmium and the 

dynamic nature of the albumin corona. Although albumin coating is intended to 

improve nanoparticle biocompatibility and facilitate targeted delivery, it cannot 

permanently alter the fundamental biochemical properties of the nanoparticle core 

once internalized by cells. A key factor is the inherent toxicity of cadmium. Unlike 

copper, which is an essential trace element involved in numerous physiological 

processes, cadmium is a non-essential heavy metal with no known biological function. 

Cadmium exerts toxic effects even at very low concentrations by interfering with 

cellular processes and competing with essential metal ions such as zinc and calcium 

(Genchi et al., 2020). In contrast, cells have evolved sophisticated mechanisms, 

including metallothioneins and metal efflux systems, to regulate intracellular copper 

concentrations and mitigate copper-induced toxicity (Zhen et al., 2022). Consequently, 

if degradation of the albumin coating permits the release of metal ions, cells are 

considerably less capable of managing cadmium exposure than copper exposure. 

Excessive intracellular cadmium accumulation can rapidly overwhelm cellular defence 

mechanisms, leading to loss of target specificity and widespread cytotoxicity (Lai et 

al., 2024). 
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The dynamic behaviour of the albumin corona may further contribute to this 

phenomenon. Upon exposure to biological fluids, nanoparticles interact with 

surrounding proteins to form a protein corona, which continuously evolves, depending 

on the local biological environment (Panico et al., 2022). Although albumin is 

frequently employed as a stabilizing and biocompatible coating, this protective layer is 

not permanent. Following cellular uptake, albumin coatings are susceptible to 

degradation by lysosomal enzymes, resulting in exposure of the nanoparticle core 

(Karami et al., 2024). For copper nanoparticles, the subsequent release of copper ions 

may remain partially manageable due to existing cellular homeostatic mechanisms. 

However, degradation of albumin-coated cadmium nanoparticles exposes a highly 

toxic core, promoting excessive reactive oxygen species (ROS) generation and 

oxidative stress. This can induce non-specific cell death in both target and non-target 

cell populations, thereby reducing overall selectivity. 

The differing mechanisms of toxicity between copper and cadmium also provide 

insight into the observed selectivity loss. Copper-based nanomaterials often exploit 

metabolic vulnerabilities present in cancer cells, such as altered copper transport 

pathways and increased susceptibility to oxidative stress, enabling selective 

cytotoxicity (Ge et al., 2022). Cadmium, however, exerts broad-spectrum toxicity 

through multiple pathways, including strong binding to sulfhydryl groups in proteins, 

disruption of enzyme activity, induction of oxidative stress, and inhibition of DNA repair 

processes (Balali-Mood et al., 2021). These mechanisms are not dependent on subtle 

metabolic differences between cell types and therefore affect healthy and diseased 

cells alike. As a result, cadmium-mediated cytotoxicity may override the targeting 

advantages conferred by albumin functionalization, leading to diminished selectivity. 

Overall, while albumin coatings can enhance nanoparticle delivery and temporarily 

shield the nanoparticle surface, they are unable to permanently mask the intrinsic 

biochemical characteristics of the nanoparticle core. Consequently, the pronounced 

toxicity of cadmium may become the dominant determinant of cellular response 

following nanoparticle internalization, thereby contributing to the reduced selectivity 

observed for albumin-coated cadmium nanoparticles. 
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Collectively, these findings reinforce the critical role of physicochemical properties 

including particle size, crystallinity and surface chemistry in determining nanoparticle 

bioactivity, uptake efficiency and therapeutic potential. Although albumin 

functionalization may compromise immediate cytotoxic potency, it provides significant 

advantages in terms of biocompatibility, target specificity and pharmacokinetic 

behaviour, making it a compelling strategy in the rational design of Nano medicines 

for TNBC. This in vitro evaluation, while promising, represents just one facet of the 

preclinical investigation. The subsequent section explores in vivo performance, 

offering further insight into the systemic behaviour and therapeutic applicability of the 

synthesized CdO nanoparticles.   

 

5.4 In Vivo Antitumor Efficacy and Safety 

The in vivo evaluation assessed the antitumour efficacy and systemic tolerability of 

CdO NPs, including their albumin-functionalized A-Chem CdO NPs, in a Balb/c mouse 

model of TNBC. Parameters assessed included clinical signs of distress, body mass 

changes, tumour volume and inhibition rates, and also histopathological alterations in 

vital organs. 

The positive control group treated with Doxorubicin demonstrated the most consistent 

and substantial tumour suppression, maintaining a significantly lower relative tumour 

volume throughout the study duration (p < 0.05). It also demonstrated a tumour 

inhibition rate > 50%.  These outcomes reflect Doxorubicin’s established anticancer 

potency via mechanisms such as DNA intercalation, inhibition of topoisomerase II and 

ROS generation (Kciuk et al., 2023; Bisht et al., 2024). However, Doxorubicin’s toxicity 

profile was also evident. Treated mice exhibited early-onset clinical distress, marked 

body mass loss, histopathological signs of hepatic disruption and mild inflammation 

findings that mirror its well documented hepatotoxic effects (Linders et al., 2024). 

In comparison, the A-Chem CdO NPs group showed a moderate delay in tumour 

progression alongside reduced systemic toxicity. Relative tumour inhibition (30–35%) 

was observed, although it did not reach statistical significance. Importantly, toxicity 

onset in this group was delayed and clinical severity remained lower (score 2 vs. score 
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3 in Doxorubicin and G-CdO NP groups). Histological analyses supported this 

improved tolerability, revealing moderate inflammatory responses in the liver and 

lungs, with preserved architectural integrity. These findings are consistent with the 

reported tumour-targeting capabilities of albumin-based carriers, mediated by gp60 

and SPARC pathways frequently overexpressed in TNBC (Ji et al., 2024). The G-CdO 

NPs group presented the most severe toxicity profile. Clinical signs of distress 

appeared by Day 4, progressing to a peak severity score of 3 by Day 30. Body mass 

loss was also most pronounced in this group. Histological evidence revealed 

significant hepatic disruption and pulmonary infiltration, suggesting systemic off-target 

effects possibly related to surface oxidation, size heterogeneity or residual 

phytochemicals. Tumour inhibition, although observable (~25–30%), was 

comparatively lower, further limiting its therapeutic potential without additional surface 

engineering. 

Overall, the A-Chem CdO NPs group emerged as the most balanced formulation in 

comparison to G-CdO NPs, offering measurable antitumour activity with reduced 

systemic toxicity. These findings align with other studies on albumin-conjugated 

nanotherapeutics; for instance, albumin-bound Paclitaxel (Abraxane) demonstrated 

enhanced tumour penetration and lower toxicity in clinical settings (Dolai et al., 2021) 

while Qu et al. (2024) reported improved tumour targeting in albumin-modified 

nanoparticle systems. Nonetheless, not all albumin coatings confer equal benefit; their 

biological activity depends critically on the functionalization method used (Schubert et 

al., 2018). 

Importantly, certain limitations in this study, such as reduced tumour take rates and 

low group retention may have contributed to the non-significant trends observed 

across treatment groups (p = 0.091). Despite these limitations, the descending TIR 

trend (Doxorubicin > A-Chem CdO > G-CdO) supports the therapeutic viability of 

albumin-functionalized CdO NPs as a possible safer delivery system in TNBC. Their 

relatively low toxicity profile, coupled with moderate efficacy, suggests potential for 

further development, especially in resource-constrained settings where scalable, 

biocompatible alternatives to conventional chemotherapy are critically needed. 
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5.5 Correlation Between in vitro Cytotoxicity and in vivo 
Antitumour Activity of Albumin-Coated CdO Nanoparticles 
vs doxorubicin 

The Chem-CdO NPs demonstrated superior in vitro anticancer activity compared with 

G-CdO NPs, suggesting that synthesis methodology significantly influences 

nanoparticle bioactivity. Following albumin functionalisation, the cytotoxic activity of 

Chem CdO NPs against MDA-MB-231 cells was reduced, as evidenced by the 

increase in IC50 from 3.33 µg/mL to 11.32 µg/mL. This finding contradicted the initial 

hypothesis that albumin coating would enhance therapeutic efficacy. However, this 

observation is consistent with reports indicating that protein corona formation on 

nanoparticle surfaces may attenuate direct cytotoxicity by masking reactive surfaces, 

reducing ROS generation, and limiting cellular uptake (Rampado et al., 2020). 

Despite the reduced in vitro cytotoxicity, albumin-coated Chem CdO NPs 

demonstrated measurable antitumour activity in vivo, achieving a tumour inhibition rate 

of approximately 30–35%. This suggests that albumin functionalisation may alter 

nanoparticle behaviour differently under physiological conditions compared with 

simplified in vitro environments. In vivo, albumin coating may improve nanoparticle 

stability, prolong systemic circulation, and facilitate passive tumour targeting through 

the enhanced permeability and retention (EPR) effect, thereby enabling sustained 

tumour interaction over time. 

Furthermore, A-Chem CdO NPs induced milder clinical signs with delayed onset 

relative to Doxorubicin-treated animals, which exhibited earlier and more severe 

toxicity. Although body mass reduction was comparable between the two groups, the 

delayed manifestation of toxicity in the nanoparticle-treated animals may indicate 

slower pharmacodynamic interactions and gradual nanoparticle accumulation within 

tumour tissues. These findings collectively suggest that albumin functionalisation may 

reduce acute nanoparticle reactivity while preserving moderate antitumour efficacy in 

vivo. 

The discrepancy between the in vitro and in vivo findings highlights the limitations of 

relying solely on in vitro cytotoxicity assays to predict nanoparticle therapeutic 

performance under physiological conditions. While Doxorubicin remained the most 
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effective treatment overall, the albumin-coated CdO NPs demonstrated moderate 

antitumour activity with limited histopathological evidence of off-target organ toxicity, 

supporting their potential as a platform for further optimisation. Future studies should 

investigate alternative coating strategies, nanoparticle surface modifications, and 

mechanistic pathways governing nanoparticleprotein interactions to improve 

therapeutic efficacy while maintaining biosafety. 

 

5.6 Limitations of the Study  

While this study offers important preliminary insights into the anti-tumour potential of 

Cadmium oxide nanoparticles (CdO NP), particularly the albumin-functionalized 

formulation, it is not without limitations. These limitations, both technical and 

conceptual, should be carefully considered when interpreting the findings or 

extrapolating their translational value. 

5.6.1 Incomplete Preclinical Evaluation 
 

A comprehensive preclinical framework typically integrates multiple dimensions, 

including efficacy, pharmacokinetics (PK), pharmacodynamics (PD), toxicity and 

biodistribution profiling. In this study, only select components, namely cytotoxicity 

assays, relative tumour volume (RTV), and histomorphological tumour analysis, were 

implemented. Crucial pharmacological parameters such as nanoparticle absorption, 

metabolism, organ distribution, and clearance (ADME) were not assessed due to time 

and resource restrictions. Consequently, key questions remain unanswered: 

• What is the circulation half-life of the nanoparticles? 

• Do they preferentially accumulate in tumour tissue? 

• How are they metabolized and eliminated? 

• Is there a risk of off-target accumulation and latent toxicity? 

Without these data, it is difficult to predict systemic behaviour, optimal dosing 

schedules or long-term safety, which limits the translational potential of the findings. 
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 5.6.2 Selectivity Index Limitations 

Although the study found that all CdO nanoparticle formulations displayed lower 

cytotoxicity toward non-cancerous Vero cells compared to Doxorubicin, interpretation 

based on selectivity index (SI) alone can be misleading. Chem-CdO NPs had an SI of 

30.03, while Doxorubicin had an SI of 37,1, this metric does not fully account for 

microenvironmental complexity or off-target effects (Deka, 2022). For instance, 

Doxorubicin exhibited a high Vero cell cytotoxicity despite a favourable SI, illustrating 

the importance of contextualising SI data within broader biological assessments. 

 

5.6.3 Narrow Evaluation of Systemic Toxicity 
 

The evaluation of systemic toxicity in this study was relatively limited and may not have 

provided a comprehensive assessment of the biological safety profile of the 

nanoparticles. In vitro toxicity assessment was restricted to the MTT assay, which 

primarily measures mitochondrial metabolic activity as an indicator of cell viability. 

Although the MTT assay is widely used for preliminary cytotoxicity screening, it 

provides only a general measure of cellular metabolic function and does not 

distinguish between the specific mechanisms of cell death or injury induced by 

nanoparticles (Ghasemi et al., 2021). Metal-based nanoparticles such as CdO NPs  

are known to induce toxicity through multiple pathways, including oxidative stress, 

mitochondrial dysfunction, membrane disruption, inflammation, apoptosis, necrosis, 

and DNA damage (González-Vega et al., 2025). Therefore, the absence of 

complementary assays such as reactive oxygen species (ROS) detection, apoptosis 

and necrosis assays, mitochondrial membrane potential analysis, or genotoxicity 

assessments limits mechanistic interpretation of the observed cytotoxic effects. As a 

result, it remains unclear whether the results in cell viability observed in the MTT assay 

was primarily associated with oxidative stress-mediated apoptosis, necrotic damage, 

or other forms of cellular dysfunction. 

Similarly, the in vivo assessment of toxicity was confined to measurements of 

percentage body mass loss, tumour inhibition rate, and histomorphological analysis. 

Monitoring body weight loss is a standard approach in animal studies and provides a 
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general indicator of systemic health and treatment-associated toxicity, with significant 

weight reduction often reflecting physiological stress (Gould, 2015). However, body 

weight changes alone are relatively nonspecific and may not detect early biochemical 

or organ-specific toxicities. The inclusion of tumour inhibition rate was valuable for 

assessing therapeutic efficacy but does not directly evaluate systemic safety. 

Histomorphological analysis provided important structural information regarding tissue 

architecture and potential pathological alterations; however, without supporting 

biochemical or molecular analyses, the findings remain limited in scope. Key indicators 

of organ function, such as serum creatinine and urea for renal toxicity, alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) for hepatic injury, and 

complete blood count (CBC) parameters for haematological toxicity, were not 

evaluated. Consequently, subtle or subclinical toxic effects may have remained 

undetected. 

Furthermore, no biodistribution or bioaccumulation studies were conducted to 

determine the extent of cadmium accumulation in major organs. This represents an 

important limitation given the known persistence and toxicity of cadmium-based 

compounds in biological systems. Analytical techniques such as inductively coupled 

plasma mass spectrometry (ICP-MS) are commonly employed in nanotoxicology 

studies to quantify organ-specific nanoparticle accumulation and clearance patterns. 

Such analyses are essential for identifying target organs of toxicity, establishing dose-

dependent relationships, and determining whether nanoparticle accumulation is 

reversible or progressive over time. Since cadmium has been associated with 

nephrotoxicity, hepatotoxicity, oxidative stress, and chronic tissue injury, (Yanedd and 

Allen, 2021) the absence of organ-specific cadmium quantification limits the 

interpretation of the long-term systemic safety profile of the nanoparticles. 

Collectively, while the study provided preliminary evidence of cytotoxicity, antitumour 

activity, and tissue-level alterations, the restricted range of in vitro and in vivo toxicity 

assessments limits the overall understanding of the systemic toxicological effects of 

CdO nanoparticles. A more comprehensive evaluation incorporating oxidative stress 

assays, apoptosis and genotoxicity analyses, biochemical profiling, haematological 

assessments, biodistribution studies, and detailed histopathological investigations 
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would strengthen the toxicological interpretation and improve the translational 

relevance of the findings. 

5.6.4 Limited Sample Size and Statistical Power 

Due to logistical and biological constraints, only one mouse in   A-Chem CdO NPs and 

G-CdO NPs successfully completed the full treatment protocol. This extremely limited 

sample size precludes statistical comparison between groups and raises the risk of 

both false positives and false negatives. While individual outcomes provide exploratory 

value, they lack the power required for robust inferential conclusions. 

The in vivo component of this study was also limited by the unequal and overall small 

sample sizes across treatment groups, which reduced the statistical power and 

robustness of the findings. Although three mice were initially allocated to each 

treatment group, only one mouse in the chemically synthesised CdO nanoparticle (A-

Chem CdO NPs) developed the 100mm3 tumor volume size recquired for 

administration of treatment. This discrepancy in survival and treatment completion 

substantially restricted comparative analysis between groups and complicated 

interpretation of both therapeutic efficacy and systemic toxicity. In preclinical oncology 

and nanotoxicology studies, adequate and balanced sample sizes are essential to 

account for biological variability and to generate statistically reliable data (Charan et 

al.,2021). The markedly reduced sample size in the A-Chem CdO NP group increases 

the risk of both type I (false positive) and type II (false negative) errors, thereby limiting 

confidence in the observed treatment outcomes. 

The reliance on data from a single surviving mouse in the A-Chem CdO NP group 

means that the observed tumour inhibition, body mass changes, and 

histomorphological findings may reflect individual biological variation rather than 

reproducible treatment-associated effects. Biological responses to nanoparticles are 

inherently variable and may be influenced by factors such as immune status, tumour 

progression, metabolism, and nanoparticle biodistribution. Consequently, conclusions 

regarding the efficacy or toxicity of the chemically synthesised CdO nanoparticles 

cannot be generalised with confidence from a single biological replicate. In contrast, 

the completion of treatment by all animals in the doxorubicin and PBS groups provided 
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comparatively more reliable observations within those groups, although the overall 

study remained underpowered for robust statistical analysis. 

The reduced survival within the A-Chem CdO NPs group may itself be indicative of , 

procedural complications, or stress-related physiological effects. However, because 

of the limited sample size, it is difficult to determine whether mortality was directly 

attributable to nanoparticle toxicity or to unrelated biological variability. Furthermore, 

the inability to perform meaningful inferential statistical analyses, including survival 

analysis, significantly weakens the evidential strength of the study and limits the 

translational significance of the findings. Underpowered studies are particularly 

problematic in nanotoxicology research, where nanoparticle interactions with 

biological systems are highly complex and may produce heterogeneous responses 

across subjects. 

 Future investigations should therefore include larger and more balanced animal 

cohorts to improve statistical reliability and reproducibility. Performing an a priori power 

analysis would assist in determining the minimum sample size required to detect 

biologically meaningful differences between treatment groups with acceptable 

statistical confidence. Additionally, refinement of dosing protocols, supportive animal 

care measures, and optimisation of nanoparticle formulation may help improve 

treatment tolerability and animal survival, thereby strengthening the validity and 

translational relevance of future preclinical studies involving CdO nanoparticles. 

 

5.6.4 Inconsistent Tumour Establishment and Experimental 
Variability 

Tumour establishment was inconsistent across the experimental groups, representing 

a significant limitation to the reliability and comparability of the in vivo findings. Several 

mice failed to develop palpable tumours following inoculation, while others exhibited 

tumours that remained below the required threshold size or underwent spontaneous 

regression before treatment initiation. As a result, uniform enrolment of animals into 

treatment groups was compromised, leading to reduced data completeness and 

variability in tumour progression measurements between experimental arms. In 

preclinical oncology studies, consistent tumour engraftment is essential to ensure 
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standardised baseline tumour burden across groups, thereby enabling accurate 

evaluation of therapeutic efficacy and treatment-associated toxicity. Variability in 

tumour establishment introduces substantial biological heterogeneity that may 

confound interpretation of treatment responses and reduce the overall statistical 

reliability of the study (Meric-Bernstam et al., 2024). 

Several factors likely contributed to the poor tumour engraftment observed. One 

important consideration was the delay between tumour cell preparation and 

inoculation, which may have negatively affected cell viability and tumourigenic 

potential. Prolonged handling times, repeated cell manipulation, or suboptimal culture 

conditions can reduce the proportion of viable, proliferative cells capable of successful 

tumour initiation following implantation. Previous studies have demonstrated that 

reduced cell viability at the time of inoculation is strongly associated with lower tumour 

take rates and inconsistent tumour growth kinetics in murine xenograft models. In 

addition, the physiological condition and age of the recipient animals may have 

influenced tumour establishment. The mice used for tumour induction were 

approximately 11–12 weeks old, which is relatively advanced compared with the 

commonly recommended age range of 6–8 weeks for xenograft and syngeneic tumour 

studies. Older mice may exhibit altered stromal composition, reduced angiogenic 

capacity, and changes in immune responsiveness that can impair tumour cell 

engraftment, vascularisation, and subsequent tumour progression. Reduced stromal 

receptivity may therefore have contributed to the inconsistent tumour formation and 

spontaneous tumour regression observed in some animals. 

These limitations significantly affected the comparability of tumour progression metrics 

and reduced the robustness of treatment outcome analyses. Differences in initial 

tumour burden between animals can influence nanoparticle accumulation, therapeutic 

response, and systemic physiological stress, thereby introducing confounding 

variability into assessments of tumour inhibition and toxicity. Furthermore, the 

exclusion of animals with failed or regressing tumours further reduced the effective 

sample size, compounding the already limited statistical power of the study. The 

inability to achieve consistent tumour establishment also restricted the capacity to 

evaluate dose-dependent therapeutic effects and reproducibility across treatment 
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groups. The findings highlight the importance of rigorous standardisation of tumour 

induction protocols in future studies.  

 

5.6.5 Absence of Long-Term Follow-Up 

The experimental window was limited to a 20-day treatment cycle. While this duration 

was sufficient to observe early tumour response, long-term outcomes, such as tumour 

relapse, metastasis, and chronic toxicity, remain unknown. Understanding whether 

treatment-induced remission is sustained post-therapy is critical to evaluating the full 

therapeutic benefit of nanoparticle systems.  

In nanoparticle-mediated drug delivery systems, short-term tumour suppression does 

not necessarily correlate with durable therapeutic success. Residual malignant cells 

may persist following treatment and contribute to tumour relapse after cessation of 

therapy. Similarly, metastatic dissemination may occur beyond the monitored period, 

particularly in aggressive tumour models. Therefore, the absence of extended post-

treatment monitoring limits the ability to determine whether the observed antitumour 

effects represent temporary growth inhibition or sustained remission (Lian et al., 2025).  

Long-term evaluation is also essential for assessing the chronic safety profile of 

nanoparticle formulations. While acute toxicity may be minimal during the treatment 

period, nanoparticles can exhibit prolonged biodistribution, tissue accumulation, and 

delayed clearance, potentially resulting in chronic inflammatory responses or organ-

specific toxicities over time. Organs involved in nanoparticle metabolism and 

clearance, particularly the liver, spleen, kidneys, and lungs, may be especially 

vulnerable to cumulative toxic effects that are not detectable within short experimental 

windows (Lazareva et al., 2025).  

Furthermore, prolonged follow-up studies are important for understanding the 

pharmacodynamic stability and biodegradation behaviour of nanoparticle carriers in 

vivo. Changes in nanoparticle integrity, drug release kinetics, or immune recognition 

over extended periods may significantly influence therapeutic efficacy and biosafety. 

Without long-term monitoring, it remains difficult to fully establish the translational 
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potential and clinical relevance of the investigated delivery system (Desai, 2012). 

swww 

 

5.7 Recommendations 

• Future studies should investigate alternative coating strategies, nanoparticle 

surface modifications, and mechanistic pathways governing nanoparticle-

protein interactions to improve therapeutic efficacy while maintaining biosafety. 

 

• Future investigations should therefore include larger and more balanced animal 

cohorts to improve statistical reliability and reproducibility. Performing an a 

priori power analysis would assist in determining the minimum sample size 

required to detect biologically meaningful differences between treatment 

groups with acceptable statistical confidence. Additionally, refinement of dosing 

protocols, supportive animal care measures, and optimisation of nanoparticle 

formulation may help improve treatment tolerability and animal survival, thereby 

strengthening the validity and translational relevance of future preclinical 

studies involving CdO nanoparticles 

 
• Optimising tumour establishment procedures may include the use of younger 

recipient mice, ideally between 6–8 weeks of age, to improve stromal support 

and tumour vascularisation. Additionally, on-site preparation and immediate 

inoculation of freshly cultured tumour cells would minimise viability loss and 

preserve tumourigenic potential. Standardising cell concentration, injection 

volume, inoculation technique, and monitoring timelines may further improve 

tumour take rates and reduce inter-animal variability. Collectively, these 

refinements would strengthen the consistency, reproducibility, and translational 

reliability of future in vivo nanoparticle efficacy and toxicity studies. 

 
• Future studies should therefore incorporate extended observation periods 

following treatment cessation to evaluate survival outcomes, recurrence rates, 

metastatic burden, and chronic toxicity profiles. Inclusion of longitudinal 

imaging, histopathological analysis, and comprehensive biochemical 

assessments would provide a more complete understanding of both therapeutic 
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durability and long-term safety. Such investigations are necessary to determine 

whether the nanoparticle system can achieve sustained therapeutic benefit 

while maintaining an acceptable safety profile for potential clinical application. 

 

5.8 Summary Perspective 

Despite these limitations, the study offers ‘proof-of-concept’ evidence supporting the 

feasibility of albumin-functionalised CdO nanoparticles as anti-cancer agents, 

particularly for TNBC. It also highlights the technical and logistical complexities of 

nanoparticle research in a resource-constrained setting. The results contribute 

meaningfully to the field by refining the understanding of how synthesis and surface 

chemistry influence biological performance, and this also lays a solid foundation for 

future work. 

Moving forward, expanded preclinical studies are needed to address the current gaps. 

These should include: 

• Standardized tumour inoculation protocols, 

• Comprehensive biodistribution profiling, 

• Mechanistic assays for apoptosis and oxidative stress, 

• Larger animal cohorts for statistical rigor, 

• and long-term outcome tracking. 

By addressing these factors, future studies can better assess the therapeutic promise, 

safety profile, and clinical relevance of CdO nanoparticle systems in breast cancer 

treatment. 

 
5.9 Conclusion 
 

In conclusion, this pilot study offers valuable insights into the potential of albumin-

functionalized Cadmium oxide (CdO) nanoparticles as therapeutic agents for the 

treatment of triple-negative breast cancer (TNBC); a highly aggressive and 

therapeutically resistant subtype of breast cancer. Through a comparative evaluation 
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of green-synthesized, chemically synthesized and albumin-coated CdO nanoparticles, 

this investigation highlights the complex interplay between synthesis methodology, 

surface chemistry and biological performance. 

The findings demonstrate that while chemically synthesized CdO nanoparticles 

exhibited the most potent cytotoxicity in vitro, the albumin-coated variant presented a 

more favourable safety profile. Notably, the selectivity index of the albumin-coated 

formulation, combined with its systemic tolerability in preliminary in vivo assessments, 

underscores its promise as a safer alternative to conventional chemotherapeutic 

agents such as Doxorubicin, which, while potent, is limited by significant off-target 

toxicities. 

Moreover, this study builds upon and extends the author’s previous work on CdO-

based nanocomposites, representing a natural and rigorous progression in research 

focus. By integrating new formulations and comparative strategies, the present work 

refines the understanding of ‘structure-activity’ relationships in CdO nanoparticles and 

illustrates how surface functionalization, particularly with biomolecules like albumin, 

can modulate therapeutic outcomes. The incorporation of albumin, though resulting in 

decreased immediate cytotoxicity, is validated as a strategic design choice for 

enhancing targeted delivery, systemic stability, and clinical translatability. 

Ultimately, this work contributes to the evolving landscape of cancer Nano-medicine 

by providing evidence-based insights into how nanoparticle synthesis and 

functionalization influence biological activity, offering a platform for a more rational and 

iterative design of Nano-therapeutics. It reinforces the imperative of translational 

alignment between material properties and therapeutic goals, and also advocates for 

a holistic, multidisciplinary approach to the development of cancer-targeted Nano 

formulations. As the field advances, such foundational studies will be instrumental in 

bridging the gap between laboratory findings and clinical application, particularly for 

underserved cancers such as TNBC, where novel interventions are urgently needed. 

Future research should focus on optimizing nanoparticle formulation, improving cell 

handling protocols, and integrating bio-distribution assessments to fully realize the 

therapeutic efficacy of this approach. 
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Appendix H: Researchers publication that influenced the current study 

CdO/CdCO3 nanocomposite physical properties and cytotoxicity against selected 
breast cancer cell lines (https://www.nature.com/articles/s41598-020-78720-5) 
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Appendix I: Researcher’s co-authored Review publication on medicinal plants. 
Synadenium cupulare, the plant in the study is also in the review.  

Pharmacological Significance, Medicinal Use, and Toxicity of Extracted and Isolated 
Compounds from Euphorbia Species Found in Southern Africa: A Review 
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Appendix J: Researcher’s articles on nanoparticles Synthesis and 
characterization 

 

Green Synthesis of Nickel Oxide (NiO) Nanoparticles Using Spirostachys africana 
Bark Extract 

 

 
 

 

 

  

 

 

 

 

© Central University of Technology, Free State



179 
 

Appendix H: Researcher’s co-authored article on nanoparticles Synthesis and 
characterization 

Green synthesis of magnesium and cobalt oxide nanoparticles using Euphorbia 
tirucalli: Characterization and potential application for breast cancer inhibition 
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