
 

 

SCREENING OF SYNTHESIZED NANOPARTICLE AND 

ANTINEOPLASTICS CYTOTOXICITY AGAINST DRUG-

RESISTANT BREAST CANCER CELLS 

 

 

 

JASON DARMADI 

 

 

 

DISSERTATION SUBMITTED IN FULFILMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF MASTER OF SCIENCE 

IN LIFE SCIENCE 

 

 

 

SCHOOL MEDICAL AND LIFE SCIENCES 

SUNWAY UNIVERSITY 

MALAYSIA 

 

 

 

2024 



ii 

ORIGINAL LITERARY WORK DECLARATION 
 

Name of Candidate : Jason Darmadi 
 
Student ID  : 20055638 
 
Name of Degree  : M.Sc. in Life Science 
 
Title of Project Paper/Research Report/Dissertation/Thesis (“this Work”): 
 
Screening of Synthesized Nanoparticle and Antineoplastics Cytotoxicity against Drug-Resistant 
Breast Cancer Cells 
 
 
I do solemnly and sincerely declare that: 
 
1. I am the sole author/writer of this Work; 
 
2. This Work is original; 
 
3. Any use of any work in which copyright exists was done by way of fair dealing and for permitted 

purposes and any excerpt or extract from, or reference to or reproduction of any copyright work 
has been disclosed expressly and sufficiently and the title of the Work and its authorship have 
been acknowledged in this Work; 

 
4. I do not have any actual knowledge nor do I ought reasonably to know that the making of this 

work constitutes an infringement of any copyright work; 
 
5. I hereby assign all and every right in the copyright to this Work to the Sunway University (SunU), 

who henceforth shall be owner of the copyright in this Work and that any reproduction or use 
in any form or by any means whatsoever is prohibited without the written consent of Sunway 
University having been first had and obtained; 

 
6. I am fully aware that if in the course of making this Work I have infringed any copyright whether 

intentionally or otherwise, I may be subject to legal action or any other action as may be 
determined by Sunway University.  

 
 

 
 
 
_________________________ 
Candidate’s Signature      Date: 27.05.2024 
 
 
Subscribed and solemnly declared before, 
 
 

 
________________________ 
Witness’s Signature       Date: 28/05/2024 
 
Name  : Ayaz Anwar 
Designation : Associate Professor / Main Supervisor  
 
*Witness will be the supervisor 
 
(This form to be attached together with the final hardbound thesis) 



iii 

SCREENING OF SYNTHESIZED NANOPARTICLE AND 

ANTINEOPLASTICS CYTOTOXICITY AGAINST DRUG-RESISTANT 

BREAST CANCER CELLS 

ABSTRACT 

Breast cancer is regarded as a major global health issue due to its high incidence and 

mortality rate. They are also becoming harder to treat due to the emergence of multi-drug 

resistance (MDR), rendering anticancer drugs less sensitive than ever. Therapeutic 

nanoparticles and novel bio-derived drugs can be used as a potential replacement for 

chemo-drug-resistant breast cancer. This study was performed to investigate resistance of 

breast cancer cells against a multitude of drugs as well as to evaluate whether certain 

nanoparticles could induce cytotoxicity. Four antineoplastic agents Cisplatin (CDDP), 

Paclitaxel (PTX), Alpha-Mangostin (A-MG), and Andrographolide (Andr-G), as well as 

three nanoparticles synthesized gold nanoparticles (AuNPs), synthesized silver 

nanoparticles (AgNPs), and graphene oxide (GO) were investigated for cytotoxicity 

against non-chemo-resistant breast cancer MCF-7, chemo-resistant MCF-7-CR, and 

MDR MDA-MB-231 cell lines. AuNPs and AgNPs were synthesized via chemical 

reduction using reducing agents NaBH4 and ascorbic acid, where they were further 

characterized. Treatment of GO was coupled with UV-B irradiation to determine the 

influence on cytotoxicity against breast cancer cells. It was found that PTX was the most 

potent yet easiest to be desensitized among all four drugs, whereas A-MG and Andr-G 

were less prone to be desensitized in longer duration treatment, with 25 µM of A-MG 

resulted in about 20% cell viability. Ascorbic acid-reduced AuNPs were found to be 

spherical with size 170 nm, zeta potential -36 mV, and polydispersity index of about 17%. 

NaBH4-reduced AgNPs were also characterized to have irregular shapes at around 680 

nm size and zeta potential -21 mV. AgNPs and AuNPs were less potent against drug-
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resistant breast cancer cells. In MCF-7 cells, ascorbic acid-reduced AgNPs and NaBH4-

reduced AuNPs caused 50% and 25% cell death using 10 µM, respectively. GO was 

observed to be toxic to both MCF-7 and MDA-MB-231 with viability observed at 70% 

on MCF-7 for 100 µg/mL GO. UV-B irradiation influenced cytotoxicity in MCF-7 by 

increasing potency from 80% to 50% cell viability after 3h GO incubation and 10 mJ/cm2 

exposure. GO was more toxic on MCF-7 and MDA-MB-231 cells, whereas MCF-7-CR 

was more susceptible to both AgNPs and AuNPs. Further studies on the mechanism of 

action between nanoparticles, drugs, and cancer cells are necessary. The inclusion of 

different drug-resistant breast cancer as well as normal cells is also necessary to further 

compound the potential therapeutic importance of the study.  

Keywords – Monolayer Breast Cancer Model, Chemo-Drug Resistance, Antineoplastic 

Agents Desensitization, Gold and Silver Nanoparticles, Graphene Oxide 

(386 words) 

  



v 

ACKNOWLEDGEMENTS 

The author is deeply grateful to the assigned supervisors at Sunway University, Assoc. 

Prof. Dr. Ayaz Anwar from Department of Biological Science (DBS) and Prof. 

Mohammad Khalid from Sunway Center for Electrochemical Energy and Sustainable 

Technology for their support until the completion of this research. The author would also 

like to thank Prof. Jeff Tan Kuan Onn and his team from DBS for providing help with 

resources via the research grant project number FRGS/1/2020/SKK06/SYUC/01/1 and 

guidance throughout the author’s Master’s Degree research. Without all of these people, 

the research would not be realized.  

The author would like to acknowledge the help from Prof. Saidur Rahman and his team 

from the Research Center for Nano-Materials and Energy Technology (RCNMET) for 

the characterization of certain nanoparticles. The author would also like to acknowledge 

the lab officers, research colleagues, and DBS staff at Sunway University for their 

support on the practical side of research as well as administration-related issues. The 

author would also like to thank the Sunway University for funding throughout the author’s 

study timeframe via Sunway University Scholarship program. 

Finally, the author is very grateful for all the support their family has given during the 

pandemic and throughout the author’s studentship at Sunway University. 

  



vi 

TABLE OF CONTENTS 

 

TITLE PAGE ............................................................................................................... i 

ORIGINAL LITERARY WORK DECLARATION FORM .................................... ii 

ABSTRACT ............................................................................................................... iii 

ACKNOWLEDGEMENTS ........................................................................................ v 

TABLE OF CONTENTS ........................................................................................... vi 

LIST OF FIGURES ................................................................................................... ix 

LIST OF TABLES ..................................................................................................... xi 

LIST OF SYMBOLS AND ABBREVIATIONS ...................................................... xii 

LIST OF APPENDICES .......................................................................................... xvi 

CHAPTER 1: INTRODUCTION............................................................................. 17 

1.1 Background ....................................................................................................... 17 

1.2 Aims and Objectives .......................................................................................... 20 

1.3 Research Questions............................................................................................ 20 

1.4 Research Scope of Study ................................................................................... 21 

1.5 Research Thesis Structure .................................................................................. 21 

CHAPTER 2: LITERATURE REVIEW ................................................................. 23 

2.1 Key hallmarks of cancer cells ............................................................................ 23 

2.2 Multi-drug resistance (MDR) and drug sensitivity in cancer cells ...................... 26 

2.3 Overview of breast cancer in clinical studies ...................................................... 27 

2.3.1 Epidemiology .............................................................................................. 28 

2.3.2 Risk Factors ................................................................................................ 28 

2.3.3 Clinical Treatment ...................................................................................... 29 

2.3.4 Subtype Classification ................................................................................. 30 

2.4 Breast cancer cell models ................................................................................... 31 

2.4.1 MCF-7 breast cancer cell ............................................................................ 32 

2.4.2 MCF-7-CR breast cancer cell ...................................................................... 33 

2.4.3 MDA-MB-231 breast cancer cell ................................................................ 34 

2.5 Anticancer drugs and drug classification ............................................................ 34 

2.5.1 Cisplatin (CDDP) ........................................................................................ 38 

2.5.2 Paclitaxel (PTX) ......................................................................................... 39 

2.5.3 Alpha-Mangostin (A-MG)........................................................................... 40 



vii 

2.5.4 Andrographolide (Andr-G) .......................................................................... 41 

2.6 Introduction to therapeutic nanoparticles............................................................ 41 

2.7 Silver nanoparticles (AgNPs) ............................................................................. 42 

2.7.1 AgNPs synthesis and modification .............................................................. 43 

2.7.2 AgNPs physicochemical properties and characterization ............................. 47 

2.7.3 AgNPs toxicity and mechanism of action in cancer cells ............................. 49 

2.8 Gold nanoparticles (AuNPs) .............................................................................. 52 

2.8.1 AuNPs synthesis and modification .............................................................. 53 

2.8.2 AuNPs physicochemical properties and characterization ............................. 56 

2.8.3 AuNPs toxicity and mechanism of action in cancer cells ............................. 57 

2.9 Graphene oxide (GO) ........................................................................................ 60 

2.9.1 GO synthesis and modification .................................................................... 61 

2.9.2 GO physicochemical properties and characterization ................................... 63 

2.9.3 GO toxicity and mechanism of action in cancer cells ................................... 64 

CHAPTER 3: RESEARCH METHODOLOGY ..................................................... 68 

3.1 Materials ........................................................................................................... 68 

3.1.1 Chemical and Reagents Materials ................................................................ 68 

3.1.2 Cell Culture Materials and Cell Lines .......................................................... 68 

3.2 Research Plan and Design .................................................................................. 69 

3.2.1 Evaluation of breast cancer cell drug-resistivity against therapeutics ........... 69 

3.2.2 Metallic nanoparticles synthesis, characterization, and cytotoxicity 

determination ....................................................................................................... 70 

3.2.3 Evaluation of graphene oxide (GO) as pre-synthesized organic nanoparticle as 

well as UV-B radiation exposure to breast cancer cells for synergistic effects ...... 71 

3.3 Experimental Procedure ..................................................................................... 71 

3.3.1 Gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) synthesis and 

preparation........................................................................................................... 72 

3.3.1.1 Glassware cleaning by deionized water (DI H2O) and aqua regia rinsing

 ........................................................................................................................................................................................................... 72 

3.3.1.2 AuNPs and AgNPs magnetic-stirring mixing synthesis for characterization

 ............................................................................................................................ 72 

3.3.1.3 AuNPs and AgNPs freeze drying for characterization .......................... 72 

3.3.2 UV-vis spectroscopy nanoparticle characterization ...................................... 73 

3.3.3 Fourier Transform Infra-Red (FTIR) spectroscopy nanoparticle 

characterization.................................................................................................... 73 

3.3.4 Scanning Electron Microscopy (SEM) nanoparticle characterization ........... 73 

3.3.5 Dynamic Light Scattering (DLS) for nanoparticle characterization .............. 74 



viii 

3.3.6 Cisplatin-resistant MCF-7-CR breast cancer cells preparation ..................... 74 

3.3.7 MTT cytotoxicity assay for antineoplastic agents and synthesized nanoparticles

 ............................................................................................................................ 74 

3.3.8 MTT cytotoxicity assay for graphene oxide (GO), UV-B exposure, and 

synergistic effect treatment .................................................................................. 76 

3.4 Statistical Analysis ............................................................................................ 77 

CHAPTER 4: RESULTS .......................................................................................... 78 

4.1 Chemo-resistivity of breast cancer cell lines against various antineoplastic agents

 ................................................................................................................................ 78 

4.1.1 Breast cancer cell lines against Cisplatin (CDDP) ....................................... 78 

4.2.1 Breast cancer cell lines against Paclitaxel (PTX) ......................................... 80 

4.3.1 Breast cancer cell lines against Alpha-Mangostin (A-MG) .......................... 81 

4.4.1 Breast cancer cell lines against Andrographolide (Andr-G) ......................... 83 

4.2 Characterization of gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) 

for metallic nanoparticle-based therapeutics ............................................................ 85 

4.3 Cytotoxicity of gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) 

against breast cancer cells ........................................................................................ 90 

4.4 Cytotoxicity of graphene oxide (GO) nanoparticles as organic nanoparticle-based 

therapeutics against breast cancer cell lines ............................................................. 93 

CHAPTER 5: DISCUSSION .................................................................................... 98 

5.1 Cytotoxicity of breast cancer cell lines against various antineoplastic agents ..... 98 

5.2 Synthesis and characterization of gold nanoparticles (AuNPs) and silver 

nanoparticles (AgNPs) as metallic nanoparticle-based therapeutics........................ 101 

5.3 Cytotoxicity of gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) 

against breast cancer cells ...................................................................................... 104 

5.4 Graphene oxide (GO) as organic nanoparticle-based therapeutics .................... 107 

5.5 Influence of UV-B irradiation on cytotoxicity of Graphene oxide (GO) against non-

chemo-drug-resistant MCF-7 breast cancer cell ..................................................... 108 

5.6 Cytotoxicity comparison between AuNPs, AgNPs, and GO against various breast 

cancer cell lines ..................................................................................................... 109 

CHAPTER 6: CONCLUSION ............................................................................... 112 

REFERENCES ....................................................................................................... 116 

SUPPLEMENTARY ............................................................................................... 136 

List of Publications and Papers Presented .............................................................. 136 

 



ix 

LIST OF FIGURES 

 

Figure 2.1 10 canonical key hallmarks of cancer, with 4 newly proposed additions, 

adapted from Hanahan (2022).................................................................................. 24 

Figure 2.2 Classification of antineoplastic agents, with red-labeled groups as the 

eleven major groups .................................................................................................. 36 

Figure 2.3 General mechanism of metallic nanoparticle synthesis from salt 

reduction, nucleation, and nanoparticle growth, adapted from Gamboa et al. (2019)

 ................................................................................................................................... 44 

Figure 2.4 Possible mechanisms of AgNP-induced cytotoxicity in cancer cells, 

adapted from Zhang B et al. (2016); Lee and Jun (2019); and Yesilot and Aydin 

(2019) ......................................................................................................................... 50 

Figure 2.5 Toxicity mechanism of differently charged AuNPs and Au3+ ions in 

cancer cells, adapted from Schaeublin et al. (2011) and Sani et al. (2021) .............. 59 

Figure 2.6 Comparison between graphene, graphene oxide (GO), and reduced 

graphene oxide (rGO), adapted form Munoz et al. (2019) ...................................... 61 

Figure 2.7 A schematic representation of the possible toxicity mechanism caused by 

the GO, adapted from Ou et al. (2016) ..................................................................... 65 

Figure 4.1 Dose-dependent effects of Cisplatin (CDDP) treatment on breast cancer 

cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different exposure 

times .......................................................................................................................... 79 

Figure 4.2 Dose-dependent effects of Paclitaxel (PTX) treatment on breast cancer 

cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different exposure 

times .......................................................................................................................... 81 

Figure 4.3 Dose-dependent effects of Alpha-Mangostin (A-MG) treatment on breast 

cancer cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different 

exposure times ........................................................................................................... 82 

Figure 4.4 Dose-dependent effects of Andrographolide (Andr-G) treatment on 

breast cancer cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under 

different exposure times............................................................................................ 84 



x 

Figure 4.5 Synthesized metallic nanoparticles UV-vis spectra characterization, with 

(a) AuNPs and (b) AgNPs synthesized using reducing agents NaBH4, hydrazine 

hydrate, as well as ascorbic acid ............................................................................... 86 

Figure 4.6 Synthesized metallic nanoparticles FTIR spectroscopy characterization, 

with (a) AuNPs synthesized using reducing agent ascorbic acid and (b) AgNPs 

synthesized using reducing agent NaBH4 ................................................................. 88 

Figure 4.7 Synthesized metallic nanoparticles SEM characterization at 15000x 

magnification, with (a) AuNPs synthesized using reducing agent ascorbic acid and 

(b) AgNPs synthesized using reducing agent NaBH4 ............................................... 89 

Figure 4.8 Dose-dependent effects of synthesized AuNPs treatment on MCF-7, 

MCF-7-CR, and MDA-MB-231 with AuNPs synthesized using reducing agents (a) 

NaBH4 and (b) ascorbic acid .................................................................................... 90 

Figure 4.9 Dose-dependent effects of synthesized AgNPs treatment on MCF-7, MCF-

7-CR, and MDA-MB-231 with AgNPs synthesized using reducing agents (a) NaBH4 

and (b) ascorbic acid ................................................................................................. 92 

Figure 4.10 Dose-dependent effects of DI H2O-dissolved GO on MCF-7, MCF-7-CR, 

and MDA-MB-231 .................................................................................................... 94 

Figure 4.11 Dose-dependent effects of DI H2O-dissolved GO on MCF-7, where (a) 

cells were treated in GO diluted in PBS for 3h before being added with completed 

DMEM media incubation for 24h and (b) GO diluted in completed DMEM media 

for 24h incubation treatment .................................................................................... 95 

Figure 4.12 Dose-dependent effects of DI H2O-dissolved GO coupled with UV-B 

irradiation exposure on MCF-7 ................................................................................ 97 

  



xi 

LIST OF TABLES 

 

Table 4.1 Synthesized metallic nanoparticle size and zeta potential characterization 

for AuNPs synthesized using reducing agent ascorbic acid and AgNPs synthesized 

using reducing agent NaBH4..................................................................................... 89 

  



xii 

LIST OF SYMBOLS AND ABBREVIATIONS 

µg/mL   microgram per milliliter concentration 

µM   micromolar concentration 

2D   two-dimensional 

3D   three-dimensional 

AFM   Atomic force microscopy 

AgNO3  Silver nitrate 

AgNPs   Silver nanoparticles 

A-MG   Alpha-Mangostin 

Andr-G  Andrographolide 

AuNPs   Gold nanoparticles 

CDDP   Cisplatin 

CL   Claudin-low 

cm-1   Reciprocal wavelength centimeter 

CYP   Cytochrome P450 

DI H2O  Deionized water 

DLS   Dynamic light scattering 

DMEM  Dulbecco’s Modified Eagle Medium 

DMF   Dimethylformamide 

DMSO   Dimethyl sulfoxide 

EMT   Epithelial-mesenchymal transition 



xiii 

EPR   Enhanced permeability and retention 

ER    Endoplasmic reticulum 

ER   Estrogen receptor 

FBS   Fetal bovine serum 

FDA   Food and Drug Agency 

FTIR   Fourier transform infrared 

GO or GONP  Graphene oxide or graphene oxide nanoparticles 

h   hourly duration unit 

HAuCl4  Chloroauric acid 

HCl   Hydrochloric acid 

HER2   Human Epidermal Growth Factor Receptor 2 

HNO3    Nitric acid 

IC50   Inhibition concentration where viability reached 50% 

IR   Infrared 

KCl   Potassium chloride 

KH2PO4  Potassium dihydrogen phosphate 

LbL   Layer-by-layer 

MDR   Multi-drug resistant 

MDR1   Multidrug resistance protein 1 

mJ/cm2  millijoules of UV intensity dose per square centimeter covered 



xiv 

MOMP  Mitochondrial outer membrane permeabilization 

MS   Mass spectrometry 

MTT   Thiazolyl Blue Tetrazolium Bromide 

mV   millivolt zeta potential 

MW   Molecular weight 

Na2HPO4  Disodium hydrogen phosphate 

NaBH4   Sodium borohydride 

NaCl   Sodium chloride 

NaOH   Sodium hydroxide 

NEAA   Non-essential amino acid 

nm   nanometers diameter or length 

NMR   Nuclear magnetic resonance 

oncomiRs  Oncogenic microRNAs 

PBS   Phosphate-buffered saline 

pDNA   plasmid DNA 

PEG   polyethylene glycol 

PenStrep  Penicillin-Streptomycin antibiotic cocktail 

PLL   Poly-L-Lysine 

PR   Progesterone receptor 

PTT/PDT  Photothermal / photodynamic therapy 

PTX   Paclitaxel 



xv 

PVP   polyvinvylpyrrolidone 

rGO   Reduced GO 

ROS   Radical oxygen species 

RPM   revolutions per minute  

SEM   Scanning electron microscopy 

SERS   Surface-enhanced Raman scattering 

siRNA   Small interfering RNAs 

SPR   Surface plasmon resonance 

ssNMR  Solid-state NMR 

TEM   Transmission electron microscopy 

TGA   Thermogravimetric analysis 

TNBC   Triple-negative breast cancer 

TSG   Tumor-suppressing genes 

UV   Ultraviolet 

UV-vis   UV-visible 

VEGF   Vascular endothelial growth factors 

XRD   X-ray diffraction 

XPS   X-ray photoelectron spectroscopy 

  



xvi 

LIST OF APPENDICES 

 



 

17 

CHAPTER 1 - INTRODUCTION 

1.1.Background 

In most Asian nations, including Malaysia, breast cancer is known as a major health 

problem as it has a high incidence and mortality rate, even among other cancer cases 

(Sung et al., 2021; The Global Cancer Observatory, 2021). Cancer cells, including breast 

cancer cells, are malignant cells that have accumulated numerous genetic, physiological, 

and metabolic disorders (Hanahan and Weinberg, 2017). Careful prognoses for breast 

cancer types and appropriate treatment plans need to be devised to reduce the risk of 

breast cancer recurrence or further health complications (Lukasiewicz et al., 2021). 

The accumulation of the aforementioned disorder and other factors results in breast cells 

acquiring detrimental characteristics like uncontrollable replication, metastasis, and 

immortality. These cancerous characteristics can also be found in almost all cancer types 

and are categorized as the key hallmarks of cancer (Hanahan and Weinberg, 2017; 

Hanahan, 2022). As most of these hallmarks stem from specific biochemical signaling in 

cancer cells, they are extensively studied as potential diagnostic and therapeutic targets. 

In one instance, the cancer hallmark in breast cancer cells called ‘cell death resistance’ 

was studied as the target for a specific anticancer agent to trigger programmed cell death 

by activating pro-apoptotic proteins (Simon et al., 2022).  

Anticancer drugs or antineoplastic agents are compounds used as a means to treat cancer, 

either as adjuvant or neoadjuvant therapy. Most anticancer drugs target certain or multiple 

cancer hallmarks to inhibit cancer growth, while some can interfere with the cellular 

pathways to kill cells (Hanahan and Weinberg, 2017; Masui et al., 2013). To help the 

selection of appropriate drugs and targeting specific breast cancer hallmarks, 

antineoplastic agents are classified based on their mechanism of action as well as their 

structure or derived source (Espinosa et al., 2003; Taskin-Tok and Gowder, 2014). There 
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has been an increase in clinical approval for novel antineoplastic drugs that target specific 

hallmarks (LiverTox, 2021), however, the efficacy of these drugs against intrinsically and 

drug-acquiring chemo-drug-resistant cancer cells is still yet to be determined. Four 

antineoplastic drugs were tested in this study to compare the cytotoxicity of current FDA-

approved drugs used for metastatic breast cancer treatment Cisplatin (CDDP) and 

Paclitaxel (PTX) (Wang et al., 2021) with novel antineoplastic agents reported to exhibit 

cytotoxicity against drug-resistant breast cancer cells (Alpha-Mangostin/A-MG and 

Andrographolide/Andr-G) (Simon et al., 2022; Li et al., 2021). 

Multi-drug resistance (MDR) is a major problem in cancer chemotherapy as it makes 

administering single or multiple drugs harder. While some cancer cells are intrinsically 

resistant to therapeutic compounds due to gene expression, the presence of specific 

membrane receptors, as well as enhanced metabolism, some cancer cells may acquire 

resistance against such antineoplastic agents due to selective pressure as well as factors 

such as accumulating detrimental genetic mutations and nongenetic alterations, quite 

similar to MDR development in bacteria (War, 2018; Lei et al., 2020). Depending on their 

protein expression profile and cell surface morphology, MDR phenotype cells can expel 

drugs from their system as the mechanism of action in their drug chemoresistance 

(Rathore et al., 2017; Wang et al., 2017). Aside from drug efflux from cells, MDR 

phenotype is also attributed to other mechanisms such as DNA damage repair, epithelial-

mesenchymal transition (EMT), metabolism and growth factor enhancement, drug 

inactivation, and cell death inhibition (Bukowski et al., 2020; Housman et al., 2014). One 

way to overcome MDR cancer cells is by targeting key hallmarks related to cell death 

resistance, such as forcefully inducing programmed cell death or apoptotic pathways. 

This could be done by introducing foreign agents such as nanoparticles to trigger cells to 

generate oxidative stresses which cause further DNA damage (Yesilot and Aydin, 2019; 

Schaeublin et al., 2011; Ou et al., 2016).  
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Nanoparticles have been used in cancer therapy for drug delivery, diagnosis, monitoring, 

and cancer treatment. Nanoparticles are also documented to induce toxicity and apoptosis, 

thereby making them potential therapeutics against MDR cancer cells (Martinelli and 

Biglietti, 2020). Three nanoparticles are discussed and tested against cancer cells, which 

are silver nanoparticles (AgNPs), gold nanoparticles (AuNPs), and graphene oxide 

nanoparticles (GO or GONPs). Both AgNPs and AuNPs can be synthesized by different 

methods, with the most versatile and conventional method being the chemical reduction 

of nanoparticle ions into individual nanoparticle grains (Iriarte-Mesa et al., 2020); 

whereas GO can be synthesized by graphite oxidation and further exfoliated into 

individual GO sheets (Rhazouani et al., 2021). Besides its chemical composition, 

nanoparticle toxicity may also be attributed to the underlying morphology as well as other 

physical characteristics (Zhang B et al., 2016). Thus, to determine the resulting 

physicochemical properties of synthesized nanoparticles, AuNPs, AgNPs, and GO can be 

characterized using optoelectronic measurements as well as chemical composition 

analysis (Gomes et al., 2021).  

Initially, four monolayer breast cancer cell models were supposed to be selected for 

studying cytotoxicity of antineoplastic agents and nanoparticles, namely Luminal A 

subtype MCF-7 breast cancer, the chemo-drug-resistant CDDP-resistant MCF-7-CR, the 

chemo-drug-resistant PTX-resistant MCF-7-PTR, and triple-negative breast cancer 

(TNBC) MDA-MB-231 cells. MCF-7 cells are known to be intrinsically resistant to 

hormonal drugs and genetically unstable which results in diverse cancer heterogeneity 

and phenotype variants (Comşa et al., 2015; Lee et al., 2015); PTX and CDDP were 

selected for drug-acquiring chemo-drug-resistant model on MCF-7 as they are known to 

be common FDA-approved drugs and have been used in breast cancer treatment regimen 

(Wang et al., 2021; Zhu and Chen, 2019; Al-Taweel et al., 2014; Zhang et al., 2015); 

whereas MDA-MB-231 cells are intrinsically resistant to hormonal drugs and other 
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chemotherapeutics due to their lack of hormone receptors, poor prognoses, as well as 

other MDR hallmarks such as EMT and drug effluxion (Chavez et al., 2010; Huang et al., 

2020; Li et al., 2020; Han et al., 2019; Alkaraki et al., 2020). However, only MCF-7, 

MCF-7-CR, and MDA-MB-231 were finally used in the study due to limitations related 

to time and resources.  

1.2.Aims and Objectives 

The objectives of this study are: 

• To investigate the cytotoxic effects of four antineoplastic agents Cisplatin 

(CDDP), Paclitaxel (PTX), Alpha-Mangostin (A-MG), Andrographolide 

(Andr-G) against non-chemo-drug-resistant breast cancer cell MCF-7, chemo-

drug-resistant breast cancer cell MCF-7-CR, and MDR breast cancer cell 

MDA-MB-231 

• To synthesize, characterize, and evaluate the cytotoxic activity of metallic 

nanoparticles (AgNPs and AuNPs) when treated to non-chemo-resistant 

breast cancer cell MCF-7, chemo-drug-resistant breast cancer cell MCF-7-CR, 

and MDR breast cancer cell MDA-MB-231 

• To evaluate the cytotoxic activity from graphene oxide (GO) nanoparticles on 

MCF-7, MCF-7-CR, and MDA-MB-231 as well as to evaluate the presence 

of synergistic cytotoxic activity with UV-B radiation against MCF-7 

1.3.Research Questions 

#Q1: What is the cytotoxicity trend in antineoplastic agents CDDP, PTX, A-MG, and 

Andr-G against non-chemo-drug-resistant breast cancer cell MCF-7, chemo-drug-

resistant breast cancer cell MCF-7-CR, and MDR breast cancer cell MDA-MB-231? 

#Q2: Among synthesized metallic nanoparticles AgNPs and AuNPs, which were the 

strongest in exhibiting cytotoxicity activity non-chemo-drug-resistant breast cancer cell 



 

21 

MCF-7, chemo-drug-resistant breast cancer cell MCF-7-CR, and MDR breast cancer cell 

MDA-MB-231? 

#Q3: Would GO nanoparticles result in the reduction of breast cancer cell viability with 

or without exposure to UV-B radiation as a means of integrating synergistic cytotoxicity? 

1.4.Research Scope of Study 

The purposes of this study are to compare chemo-drug sensitivity between different 

cancer cell lines and chemo-drug-resistant breast cell lines in several treatments and to 

synthesize metallic nanoparticles while evaluating their cytotoxicity effects alongside one 

already studied organic nanoparticle to treat breast cancer cells, including MDR cancer 

cell. Several cancer cell models were used to test chemo-drug sensitization which are: 

non-chemo-drug-resistant MCF-7 breast cancer, chemo-drug-resistant model MCF-7-CR 

cisplatin-resistant breast cancer, and multi-drug resistant (MDR) model MDA-MB-231 

triple-negative breast cancer. Antineoplastic agents used to investigate chemo-drug 

resistance of cancer cells were Cisplatin (CDDP), Paclitaxel (PTX), Alpha-Mangostin 

(A-MG), and Andrographolide (Andr-G); one of which was tested to be effective against 

MCF-7-CR and MCF-7 based on studies done by Simon et al. (2021). Two types of 

synthesized metallic nanoparticles were used for treatment: silver nanoparticles (AgNPs) 

and gold nanoparticles (AuNPs); whereas one organic nanoparticle was used for 

treatment: graphene oxide (GO). This study is not an extensive study on different MDR 

cancer cell lines as well as other groups of nanoparticles such as polymers, hybridized 

nanoparticles, and other metallic or organic nanoparticles. This study is limited to 

studying breast cancer model cells including two types of drug-resistant cell models 

which are drug-specific resistant as well as MDR cancer cells. 

1.5.Research Thesis Structure 
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The contents of this research thesis are broken down into several chapters: Introduction, 

Literature Review, Methodology, Results, Discussion, and Conclusion. In the first 

chapter, the author discussed the research background and objectives as well as the scope 

surrounding the study. In the second chapter, the author reviewed topics related to the 

background of this study. The topics reviewed are general key hallmarks of cancer cells, 

the emergence of MDR cancer cells, the overview of breast cancer in research and as a 

health problem, antineoplastic agent classifications, nanoparticles such as AuNPs, AgNPs, 

and GO in terms of structure, synthesis and modification method, toxicity, 

physicochemical properties, and characterization. In the third chapter, materials used for 

reagents and samples were mentioned; while experimental plans and procedures used 

throughout the designed research were discussed. In the fourth chapter, results for 

antineoplastic agent treatment, nanoparticle synthesis, nanoparticle characterization, as 

well as nanoparticle treatment of various cancer cell models were shown. In addition, 

another separate chapter titled Discussion discussed and analyzed the results and 

interpretation from the previous chapter. In the final chapter, the main body of the 

research (from the first chapter until the fifth chapter) was summarized and future 

research outlooks and recommendations were briefly outlined. 
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CHAPTER 2 – LITERATURE REVIEW 

2.1.Key hallmarks of cancer cells 

Essentially, cell malignancy and the emergence of cancer cells are caused by disorders in 

the immune, metabolic, and genetic levels (Hanahan and Weinberg, 2017). However, 

cancers are most commonly caused by accumulations of mutations and other alterations 

in the genome which affects cell metabolism and structure as a whole. Aside from the 

internal disorders, cancer formation may also be induced externally by carcinogenic 

chemicals, radioactive agents, or even oncogenic viruses that can disrupt genes both 

directly or indirectly (Weinberg, 2013). By silencing and interfering with genes 

associated with cell cycle arrest and related repair genes, cancer cells are capable of 

proliferating uncontrollably and may invade other normal-functioning tissues (Weinberg, 

2013).  

The acquired replicative immortality properties as well as other acquired characteristics, 

are categorized into 10 key hallmarks of cancer. These 10 characteristics revolve around 

certain aspects of cancer cells, which are uncontrollable growth (sustaining proliferative 

signaling, resisting cell death, enabling replicative immortality), disruption of nearby 

cells (deregulating cellular metabolism), malignancy propagation (tumor-promoting 

inflammation, activating invasion and metastasis, inducing or accessing vasculature), 

evasiveness (evading growth suppressors, avoiding immune destruction), and oncogenic 

mutation (genome instability and mutation) (Hanahan and Weinberg, 2017). There has 

also been an update that increased the key hallmark numbers to 14 hallmarks, with the 

new four proposed hallmarks known as unlocking phenotypic plasticity, nonmutational 

epigenetic programming, polymorphic microbiomes, and senescent cells (Figure 2.1). 

Unlocking phenotypic plasticity refers to cancer's capability of disrupting cellular 

differentiation resulting in dedifferentiation to more potent progenitor or stem cells, 
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blocking and silencing differentiation pathways, and transdifferentiation to non-related 

cancer line which leads to the acquisition of unwanted characteristics. Nonmutational 

epigenetic programming refers to genomic reprogramming due to stress and mitotic-

driven epigenetic mechanisms that regulate oncogenes and silence specific chromatin 

regions housing tumor-suppressing genes (TSG). Polymorphic microbiomes refer to the 

systemic and local site-modulating interactions between tumor niche and gut, 

intratumoral, and other microbiota. Senescent cells refer to malignancy progression 

caused by aging cells (Hanahan, 2022).  

 

Figure 2.1 10 canonical key hallmarks of cancer, with 4 newly proposed additions, 

adapted from Hanahan (2022). The image was created with BioRender.com 

All of the aforementioned hallmarks also have potential for diagnostic and therapeutic 

targets, for instance downregulating certain growth factors to reduce angiogenesis in 

cancer sites. Certain inhibitors such as telomerase inhibitors and vascular endothelial 

growth factors (VEGF) could be used to suppress genome replication and prevent 
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vasculature from forming, thereby suppressing cancer immortality and angiogenesis as 

well as invasion to occur respectively. Cell death could also be forcefully induced by 

introducing pro-apoptotic compounds such as antineoplastic drugs and pro-apoptotic 

proteins, which target at least two hallmarks such as resisting cell death and genome 

instability (Hanahan and Weinberg, 2017).  

Cancer hallmark identification is also necessary for determining how certain cancer types 

behave as well as the appropriate treatments to be used (Hanahan and Weinberg, 2017), 

as in the case of classifying key hallmarks in breast cancer. The well-observed breast 

cancer hallmarks stem from genomic and chromosomal instability, resulting in gene 

silencing and oncogenic overexpression. Derivative hallmarks that are enabled by such 

instability include cell death resisting in the form of apoptosis, heightened form of 

replication and proliferation, metastatic invasion, angiogenesis, and detrimental 

immunomodulation (Castellanos et al., 2022; Lukasiewicz et al., 2021). These hallmarks 

were reported by Saha et al. (2021) to be extensively studied for therapeutic targets from 

1968 until 2021 using targeted therapy, with a recent focus on anti-metastasis. 

Despite many possibilities for hallmark targeting as well as extensive research on 

treatments, cancer is still deemed a large medical problem. This has to do with how 

besides promoting activation of oncogenes and TSG related to cell cycle arrest and 

genome repair mechanism, multiple different key hallmark pathways can occur at the 

same time, further reducing treatment instances (Weinberg, 2013). While combinational 

approaches are becoming more mainstream such as in most adjuvant therapies to target 

multiple hallmarks, most of these are considered invasive to the patient’s body and are 

generally non-specific, thus causing side effects and other major health complications. 

For example, surgical intervention is not curative enough in that the risk of cancer relapse 

would not be reduced even after tumor removal due to its high invasiveness. While most 

radiotherapy is non-invasive, their lack of cell selectivity may do more harm to the nearby 
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cells (Ferreira et al., 2020). This is also the case, especially in the usage of 

chemotherapeutic agents. Most commercially available anticancer drugs are documented 

to have side effects involving systemic and local toxicity on vital organs such as the liver, 

kidneys, and heart, as well as nerve damage due to their non-specificity and 

biodistribution limitations (Iqbal et al., 2017). 

2.2.Multi-drug resistance (MDR) and drug sensitivity in cancer cells  

Multi-drug resistance (MDR) is the ability of cancer cells to become resistant to many 

fundamentally different anticancer drugs, which has become a large cause of the recent 

spike in cancer-related mortality (Li et al., 2017). Cancer can develop the aforementioned 

drug resistance through various mechanisms, which include enhanced drug efflux in cells, 

genetic alterations, growth factors, increased DNA repair capacity, elevated metabolism 

of xenobiotics (Bukowski et al., 2020), cell death pathway inhibition, drug target 

alterations, cancer cell heterogeneity in tumoral site, and epithelial-to-mesenchymal 

transition (EMT) properties in cancer cells (Housman et al., 2014); all of which are 

attributed to specific cancer hallmarks.  

Drug efflux in MDR cancer cells is known to be associated with the overexpression of 

ATPase-type proteins such as multidrug resistance protein 1 (MDR1) (Housman et al., 

2014). These proteins reduce the amount of intracellular active drugs by increasing 

xenobiotic drug transports outside the cells, thereby decreasing cellular cytotoxicity (War, 

2018). In addition, MDR cancer cells are also known to have genetic alternations, 

including gene mutations and abnormal epigenetics that lead to the silencing of tumor 

suppressors genes (TSGs), defective DNA repairs, and apoptosis signaling mechanisms 

in the cancer cells (Salehan and Morse, 2013; Rathore et al., 2017). TSGs are genes found 

throughout most cells and attributed to various cellular activities such as DNA damage 

detection and repair, cell-cycle regulation, as well as cell death activation (Sherr, 2004). 

As most tumor suppression genes are recessive and highly susceptible to mutation, their 
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activity is mostly attenuated in tumor cells, more so in MDR cancer cells (Morris and 

Chan, 2015).  

MDR cancer cells could also regulate the expression of enzymes that can inhibit 

anticancer drugs or other xenobiotics after receptors corresponding to the drugs are 

activated, thereby promoting increased metabolic sensitivity and further effluxion 

(Omiecinski et al., 2011; Bukowski et al., 2020). One example of xenobiotic-based 

suppression is Cytochrome P450 (CYP) system protein expression in cancer cells that 

results in suppression and alteration of specific target proteins and genes, such as DNA-

coiling regulation enzymes topoisomerase II. This results in cancer cells that are 

impervious to DNA damage as well as topoisomerase II inhibitor drugs (Housman et al., 

2014). 

Aside from genomic instability and apoptosis evasion, other cancer hallmarks involved 

in the emergence of MDR phenotypes are EMT or stem cell-like traits as well as growth 

factor abuse which increases proliferation, metastasis, and self-renewal. By 

simultaneously alternating their morphology and surface receptor composition, MDR 

cancer cells could increase tolerance against most antineoplastic agents and also make 

them nearly undetectable by nanoparticle carriers or the immune system. The ever-

changing morphology trait of cancer cells would lead to the diversification of cell types 

in certain cancer niches, further heightening MDR phenotypes in the tumor 

microenvironment (Housman et al., 2014). In one study, cancer-associated fibroblasts 

secreted exosomes filled with oncogenic microRNAs (oncomiRs) miR-92a-3p which 

promoted heightened invasiveness, EMT, and downregulation of key pro-apoptotic 

protein, the emergence of cancer stem cells, and eventual MDR phenotype in multiple 

colorectal cancer cell lines (Hu et al., 2019). 

2.3.Overview of breast cancer in clinical studies 
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2.3.1. Epidemiology 

In recent years, breast cancer has become a major contributor to emerging cancer cases 

in women worldwide with 24.5% of accounted cases from the year 2020 being breast 

cancer-related, and recorded mortality from female breast cancer reached just almost 

685,000 deaths (Sung et al., 2021). Even in the United States, breast cancer cases have 

become the highest cancer incidence in women at 31% of cases in 2023 and were 

estimated to be the second highest cause of cancer death in women aside from lung-

related cancer (Siegel et al., 2023). Compared to other regions, while breast cancer 

incidence throughout the Asian region was not as high as in Northern America, Latin 

America as well as the Caribbean, Europe, and Oceania; mortality rates were a lot higher, 

reaching second-third place just behind Africa. Socioeconomic- and population-wise, 

however, Asian regions reached the highest for both incidence and mortality (The Global 

Cancer Observatory, 2020). In Malaysia alone, breast cancer has become the most 

common cancer case in 2020 and contributed to the highest cancer-related mortality at 

20.7% when compared to other common cases such as colorectal and lung cancer (The 

Global Cancer Observatory, 2021). 

2.3.2. Risk Factors 

Similar to how other cancer types emerge, breast cancer can be acquired due to some risk 

factors related to age, health complications, dietary reasons or lifestyle, genetic mutation, 

and inheritance, as well as foreign agents such as excessive sex-related hormones, 

harmful radiation, and carcinogens. In particular, several well-known oncogenic genes 

such as BRCA1 and BRCA2 can be detected in carriers and are mutated in breast cancer 

patients. Some types of breast cancer cells are also more commonly found in older 

patients, however, senescence in general is known to be a major proponent in cancer 

emergence (Lukasiewicz et al., 2021). 



 

29 

2.3.3. Clinical Treatment 

Depending on the cell subtype, tumor stage severity, and complication, treatments for 

breast cancer can be varied. There are several types of breast cancer treatment strategies, 

which include: surgical intervention or tumor resection, chemotherapy, radiation therapy, 

endocrine or hormonal therapy, immunotherapy, and targeted therapy. Surgery is divided 

into two major types: breast-conserving surgery which involves the removal of tumoral 

tissue alongside plastic surgery for breast reconstruction, and mastectomy or complete 

breast removal which also involves breast reconstruction. Surgical intervention is used 

for lighter-stage tumors and non-invasive cancer due to its need to fully remove large 

tissue regions (Lukasiewicz et al., 2021).  

For chemotherapy, a combination of several drugs is used based on the subtype or tumor 

severity, for example, the drug cocktail of Gemtacitabine-Dodetaxel alongside an 

additional cocktail of Capecitabine-Dodetaxel is used in advanced breast cancer cases. In 

most cases, chemotherapy is used as a neoadjuvant (chemotherapy for reducing tumor 

size before surgical intervention) or adjuvant (chemotherapy for reducing the risk of 

tumor recurrence after certain primary treatments such as surgery). However, 

chemotherapy is highly prone to causing side effects which can lead to further health 

complications (Lukasiewicz et al., 2021).  

Radiotherapy is usually performed as an adjuvant or advanced treatment to reduce the 

risk of recurrence or to combat metastatic instances. However, similar to chemotherapy, 

radiotherapy is also prone to side effects as radiation may damage nearby cells. 

Endocrinal or hormonal therapy uses hormone receptor blocker drugs to block certain 

receptors such as ERs in Luminal-subtype cells, such as the use of Tamoxifen. Thus, 

hormonal therapy is mostly used as either a neoadjuvant or adjuvant therapy for 

combating recurrence and reducing certain Luminal subtype-based tissue. However, 

hormonal therapy is not viable for long-term treatment as hormone receptor-positive cells 



 

30 

will become increasingly resistant to hormone receptor blockers. Immunotherapy, or 

specifically Trastuzumab and other monoclonal antibodies is considered to intersect with 

targeted therapy due to its use in targeting HER2 receptors. Similar to chemotherapy, 

immunotherapy is a neoadjuvant as well as an adjuvant therapy due to its use in lowering 

recurrence risk and also for inhibiting angiogenesis. Other targeted therapies are usually 

experimental or still in the study due to the use of specific inhibitor agents that target 

certain cancer characteristics, or key hallmarks (Lukasiewicz et al., 2021). 

2.3.4. Subtype Classification 

In the microenvironment of breast cancer tissues, different breast cancer cells and/or stem 

cells exist which resulted in the difficulty of providing the exact treatment regimen. To 

help the study, prognosis, and treatment of patients, breast cancer cells have been 

classified according to the cells’ specific hormone receptor expression. These are known 

to be estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 

factor 2 receptor (HER2) (Orrantia-Borunda et al., 2022). From this receptor expression 

criterion, four breast cancer subtypes are classified: Luminal A, Luminal B, HER2-

positive (HER2+), and triple-negative (TNBC). TNBC may also be divided into 2 more 

subtypes which are basal and claudin-low (CL), based on their claudin protein expression 

(Holliday and Speirs, 2011). In terms of estimated composition as well as the rarity in 

breast cancer cases in the world, Luminal breast cancer for A and B combined reached 

up to 70% cases, HER2+ breast cancer cases make up to 10-15%, Basal-like breast cancer 

cases make up to about 20%, and finally, 7-14% of tumor cells are CL subtypes which 

are the least treated due to poor prognosis (Lukasiewicz et al., 2021). 

Luminal A breast cancers (e.g. MCF-7) can be treated with hormonal or chemotherapy 

and are characterized to have a lack of major oncogene biomarkers. Luminal A breast 

cancers also have ER and PR expressions but no HER2 expression (ER+, PR+, HER2-) as 

well as some instances of Ki67 expression, resulting in an overall good prognosis. 
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Luminal B breast cancers (e.g. BT474) are characterized to express oncogenic mutation 

BRCA2, high ER expression, some instances of PR, lack of HER2 expression, and some 

instances of Ki67 expression (ER+, PR+/-, HER2-). They are regarded as having a middle 

prognosis and can be treated with hormonal, immuno-, or chemotherapy. HER2+ breast 

cancer (e.g. SKBR3) is characterized to express high instances of HER2 and Ki67, low 

instances of ER and PR (ER+/-, PR+/-, HER2+). HER2 subtype cells also express easily 

mutated p53, have a middle-to-bad prognosis, and can be treated with immunotherapy in 

the form of monoclonal antibody Herceptin or trastuzumab. Basal-like and CL are 

characterized to not express any of the receptors (ER-, PR-, HER2-), express a high degree 

of Ki67, and contain oncogenic biomarkers p53 and BRCA1. Basal-like breast cancers 

(e.g. MDA-MB-468) are further profiled to express additional receptors called epidermal 

growth factor receptors (EGFR+) and are also known to be resistant to immuno- or 

hormonal therapy but quite responsive to chemotherapy. Whereas CL breast cancer cells 

(e.g. MDA-MB-231) are highly resistant to immune- or chemotherapy and are overall 

regarded as having a bad prognosis (Holliday and Speirs, 2011; Orrantia-Borunda et al., 

2022).  

2.4.Breast cancer cell models 

In cancer research, there are numerous breast cancer models used depending on their 

applications. Generally, cancer cell models range from in vitro (experiments performed 

outside of a living organism), in silico (experiments performed within computers and 

computation), and in vivo (experiments performed within or on a living organism). In 

silico studies use computational models to study cancer mechanisms via molecular 

docking and to identify cancer biomarkers ranging from metabolites, oncoproteins in 

cancer pathways, and genomic identifiers such as single-nucleotide polymorphisms. In 

vivo studies use animal models that are genetically altered or are transplanted with tumor-

inducing agents as well as cancer cells. In cancer research, in vivo models are 



 

32 

predominantly used for pre-clinical studies with commonly used animals including mice, 

fruit flies, zebra fishes, and pigs (Sajjad et al., 2021; Boix-Montesinos et al., 2021). 

In vitro models can be differentiated into 2D traditional models, 3D advanced models, as 

well as more sophisticated lab-on-a-chip models. 2D in vitro models use a monolayer cell 

culture model for experiments on non-complex singular cancer cell lines as well as a co-

culture model to represent tumor microenvironment and overall interactions between 

different 2D cell lines (Boix-Montesinos et al., 2021). 3D models used 3D spheroid model 

to study intercellular interactions as well as 3D tumor characteristics, 3D organoid models 

to further understand cancer impact on small-scale organ structures made from derived 

pluripotent stem cells, and near-2D or 3D patient-derived xenografts taken from biopsies 

to further study personalized medicine and specific cancer variants or phenotypes. Lab-

on-a-chip-related models are an emerging model type that uses microfluidics and precise 

biologics printing for specialized tissue or organ fabrication and high-throughput drug or 

biomarker screening (Boix-Montesinos et al., 2021; Fröhlich et al., 2023).  

In this study, monolayer cell culture was selected for studying toxicity of breast cancer 

cells as it was an inexpensive and simple model that can be easily modified without 

specific treatment like 3D spheroid as well as co-culture models. Three breast cancer cell 

lines were selected for the monolayer cell models, which were the subtype Luminal A 

MCF-7 cancer cell, the drug-resistant derivative of MCF-7 called MCF-7-CR, and 

subtype CL from the TNBC family called MDA-MB-231 cells.  

2.4.1. MCF-7 breast cancer cell 

MCF-7 is an epithelial breast cancer cell line or adenocarcinoma generated by the 

Michigan Cancer Foundation and isolated from the pleural effusion of a metastatic female 

patient named Helen Marion. MCF-7 cell line has been used for cancer research, 

specifically for estrogen receptors, hormonal drug resistance, and cancer cell gene cloning 
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studies (Lee et al., 2015). This cell line is characterized to highly express estrogen, 

progesterone, and glucocorticoid receptors (Camarillo et al, 2014). Morphologically, 

monolayer-grown MCF-7 cells have the classic cobblestone shape and low invasiveness, 

resulting in more pronounced cell-cell adherence (Holliday and Speirs, 2011). MCF-7 

cells are classified as Luminal A cancer cells, which are endocrine and chemotherapeutic 

responsive. MCF-7 cells also have multiple different phenotypes due to diverse levels of 

expressed receptor and biomarker proteins. However, while they have different levels of 

expressed proteins, overall MCF-7 phenotypes express similar levels of ER+, PR+, HER2-, 

and low Ki67 (Lukasiewicz et al., 2021; Orrantia-Borunda et al., 2022). The amount of 

MCF-7 cell phenotype and genotype variation results in a high degree of heterogeneity 

even in a single tumor microenvironment. Genetic instability was also seen throughout 

the cell variants, as there are more than 100 subclone variants of MCF-7 cells observed 

and characterized (Comşa et al., 2015; Lee et al., 2015).  

2.4.2. MCF-7-CR breast cancer cell 

MCF-7-CR is an artificially-derived MCF-7 subclone made by treating antineoplastic 

agent cisplatin for 7 cycles of 24h low-dose incubation (Watson et al., 2007). MCF-7-CR 

was first established as a means of studying the dosage and resistance of chemotherapy 

regimens for breast metastasis that used a combination of cisplatin/docetaxel. As had been 

briefly touched on in Subsection 2.4.1., MCF-7 cells are genetically unstable, therefore 

short-term treatment of cisplatin was reported to increase desensitization in MCF-7 cells 

after multiple exposures. Despite this, it was also reported that cisplatin resistance 

emerged independently from were seen on proteins associated with MDR phenotype such 

as MDR1 and p53 (Watson et al., 2007). Expression of GSTπ protein was also observed 

in MCF-7-CR cells, indicating that epigenetic alterations via chromosomal 

hypomethylation had occurred to genes associated with apoptosis, estrogen metabolism, 

and metastasis (Chekhun et al., 2007). In a recent study by Ruiz-Silvestre et al. (2024), it 
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was revealed that cisplatin resistance was associated with the expression of numerous 

long non-coding RNAs (lncRNAs) such as NEAT1 and MALAT1 which were also 

associated with cisplatin sensitivity in lung and ovarian cancer. 

2.4.3. MDA-MB-231 breast cancer cell 

MDA-MB-231 is an epithelial-like metastatic breast cancer cell or an adenocarcinoma 

generated by the M.D. Anderson Cancer Center and isolated from the pleural effusion of 

a mammary metastatic female patient. MDA-MB-231 cell line is used in cancer research 

mainly for studying breast-to-brain metastasis, hormonal and chemotherapy resistance, 

cancer stem cell mechanism, cell line heterogeneity, co-culture studies, and targeted 

therapy for MDR cancer cell lines (Lu et al., 2009). In addition to being metastatic, MDA-

MB-231 are classified as CL subtypes due to not expressing ER, PR, or HER2 receptors, 

as well as detected low levels of Ki67 proliferation markers; resulting in poor prognosis 

among the other TNBCs (Chavez et al., 2010). Morphologically, MDA-MB-231 

monolayer cell models are seen to be rather fibroblastic and have less cell-cell contact 

with each other compared to the cobblestone-like MCF-7. MDA-MB-231 cells may also 

form synaptic-like junctions between the ends of each cell (Franchi et al., 2020). MDA-

MB-231 cells can bypass cytotoxic antineoplastic agents by various mechanisms such as 

EMT morphological regulation (Huang et al., 2020), transporter protein MDR1 

expression, BRCA1/BRCA2 DNA repair mechanism, epigenetic and genomic alterations 

(Li et al., 2020; Han et al., 2019), and increased pro-survival and pro-growth gene 

upregulation (Kwon et al., 2015; Wang et al., 2017; Alkaraki et al., 2020). 

2.5.Anticancer drugs and drug classification 

Antineoplastic agents commonly referred to as anticancer drugs are used to disrupt 

mechanisms that enable the hallmarks of cancer to occur, such as uncontrollable self-

replication and resisting cell death (Hanahan and Weinberg, 2017). Because of the large 



 

35 

diversity of chemicals and the emerging need to identify the best drug for each treatment, 

drugs can be divided into two groups according to their selectivity, which are cytotoxic 

drugs that could damage normal healthy cells and targeted antineoplastic drugs that work 

by blocking several targeted pathways in cancer cells to stop their growth and replication 

(Masui et al., 2013). Antineoplastic agents can also be broadly categorized into four major 

groups depending on their targeted therapeutic use, which are chemotherapy, 

immunotherapy, hormonal therapy, and biologics therapy (which includes gene and 

protein-based drugs). These four groups can be further classified into eleven large 

categories based on their mechanism of action or specific properties (Figure 2.2). These 

categories are alkylating agents, antimetabolites, antibiotics, topoisomerase inhibitors, 

taxanes along with vinca alkaloids which make up mitosis disruptors, histone deacetylase, 

inhibitors hormonal therapy, targeted therapy, immunotherapeutics, bio-derived products, 

as well as miscellaneous group (LiverTox, 2021; Espinosa et al., 2003; Taskin-Tok and 

Gowder, 2014; Iqbal et al., 2017). 
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Figure 2.2 Classification of antineoplastic agents, with red-labeled groups as the eleven 

major groups. 

Of the eleven major categories, six of them are regarded as common groups. Alkylating 

agents are drugs that can damage and mutate DNAs by alkylating onto the nitrogen bases 

(e.g. Cisplatin/CDDP, Cyclophosphamide). Antimetabolites inhibit macromolecules 

essential in peptide and nucleic acid pathways (e.g. Capecitabine, Gemcitabine). Different 

types of antibiotics are also known to be capable of cytotoxic and antitumor activity such 

as Doxorubicin and Mitomycin. Topoisomerase inhibitors are drugs that can interfere 

with the winding and unwinding of chromatin DNAs (e.g. Etoposide, Camptothecin). 

Mitosis disruptors are naturally derived drugs that can interfere with cell division by 

inhibiting the microtubules. Mitosis disruptors can be further differentiated into taxanes 

which prevent microtubule disassembly (e.g. Docetaxel, Paclitaxel/PTX), and vinca 
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alkaloids which prevent microtubule assembly (e.g. Vincristine, Vinorelbine). (LiverTox, 

2021; Espinosa et al., 2003). 

Besides the common six major groups of chemotherapeutics, three classes of 

antineoplastic agents are broad groups that are related to specific therapies which are 

immunotherapy, hormonal therapy, and biologics or targeted therapy. Hormonal therapy-

based antagonists can disrupt hormonal pathways that are used for cancer growth (e.g. 

anti-estrogenic Tamoxifen, anti-androgenic Cyproterone). In targeted therapy, the 

therapeutics used have specific functions that allow the inhibition of overexpressed 

oncoproteins or other antigens. From targeted therapeutics, this major group can be 

further differentiated into a certain group subset that works as protein kinase pathway 

inhibitors (e.g. Afatinib, Vandetanib). In immunotherapy, multiple types of 

immunotherapeutics are used. These are cytokines (e.g. Aldesleukin IL-2, Interferon 

Gamma), cancer vaccines, immune cell transplant, and monoclonal antibodies (e.g. 

Bevacizumab, Trastuzumab). (LiverTox, 2021; Taşkin-Tok and Gowder, 2014). 

Three additional groups are added to the six common groups and three major therapeutics, 

which are histone deacetylase inhibitors, miscellaneous, as well as bio-derived. Histone 

deacetylase inhibitors are similar to alkylators; however, they induce acetyls in histones 

to prompt cell cycle arrest (e.g. Belinostat, Vorinostat). Miscellaneous are other 

antineoplastic agents that are grouped into a single miscellaneous category due to their 

unique traits (e.g. Venetoclax, Thalidomide) as well as emerging new compounds that 

could not quite fit with the rest of the classification groups such as therapeutic 

nanoparticles. (LiverTox, 2021; Espinosa et al., 2003). Recently, another largely 

considered type as an emerging antineoplastic agent group is bio-derived drugs, more 

commonly known as natural products which overlap with other groups due to their 

historic nature. Natural products, especially anticancer phytochemicals (e.g. Curcumin, 

Resveratrol), could serve as an alternative to chemotherapeutics as many anticancer drugs 
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are well known to cause direct hepatotoxicity as well as local tissue-to-organ failure 

(Taşkin-Tok and Gowder, 2014; Iqbal et al., 2017). Two naturally-derived compounds, 

called alpha-mangostin (A-MG) and andrographolide (Andr-G) were reported to 

exhibit cytotoxic activity by inducing apoptosis pathways (Li et al., 2014; Simon et al., 

2022; Xuan et al., 2022; Gao et al., 2021; Yan et al., 2012).  

Due to their specific classification criteria, some of the compounds classified in the three 

additional groups tend to overlap with the rest of the groups. For instance: the case for 

paclitaxel or PTX. PTX originally was a phytochemically-extracted antineoplastic 

compound, however, the extract and further isolated single compound were then 

discovered to induce mitotic disruption in cancer cells among other mechanisms of action 

(Zhu and Chen, 2019). Another example is the broad category of silver nanoparticles 

(AgNPs) under the miscellaneous group. The reason for such compounds' classification 

was due to their diverse range of physicochemical properties with different mechanisms 

of action observed in cancer cells related to targeted therapy against key hallmarks such 

as apoptosis (Talarska et al., 2021), anti-angiogenesis (Zhang A et al., 2016; Yang et al., 

2016), autophagy (Chakraborty et al., 2016), and DNA damage (Kovács et al., 2022). 

2.5.1. Cisplatin (CDDP) 

CDDP (Pt(NH3)2Cl2, MW = 301.1 g/mol) is a platinum-based, FDA-approved anticancer 

drug that works as an alkylating agent in cells. CDDP binds to the nitrogen bases on 

DNAs, specifically purines, resulting in interference in DNA repair as well as oncogene 

expression (Dasari and Tchounwou, 2014). The inhibition CDDP concentration necessary 

to get 50% breast cancer cell MCF-7 viability (cell viability IC50) after 24h CDDP 

treatment was recorded to be at the range of below 10 µM, specifically around 5.8 µM 

(Suberu et al., 2014). In a study done by Al-Taweel et al. (2014), 52% of cisplatin-

resistant breast cancer cells MCF-7-CR were found to be more desensitized and did not 

respond to 10 µM CDDP while only 23% of MCF-7 cells were responsive to drug 
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exposure and disrupted Ca2+ concentration. In another study, it was found that the IC50 of 

triple-negative breast cancer cell MDA-MB-231 for 72h exposure was at around 7.8 µM 

while IC50 for 24h exposure could not be measured due to the highest CDDP 

concentration of 30 µM only resulted in 80% cell death (Yin et al., 2018). 

2.5.2. Paclitaxel (PTX) 

PTX (C47H51NO14, MW = 853.9 g/mol) is a tetracyclic diterpenoid compound isolated 

from the bark of Taxus breviolia, which has been used as an FDA-approved anticancer 

drug. PTX works as a mitotic inhibitor in cancer cells, where the compound interferes 

with the binding of microtubules by preventing microtubule dissociation in the cell 

replication phase (Zhu and Chen, 2019). In one study, IC50 of PTX treated for 24h on 

MCF-7 and MDA-MB-231 were reported to be 3.5 µM and 0.3 µM, respectively 

(Haghnavaz et al., 2017). In another study, IC50 of PTX treated for 24h in MCF-7 was 

found to be at 20 nM, while paclitaxel-resistant MCF-7/PTX were far higher at 2291 nM 

(Zhang et al., 2015). 

2.5.3. Alpha-Mangostin (A-MG) 

A-MG (C24H26O6, MW = 410.5 g/mol) is a xanthone-class natural product that can be 

isolated from Garcinia mangostana L., specifically found in pericarp extracts. As a 

member of the xanthone family of natural products, A-MG contains phenolic groups and 

an aromatic ether. Studies have shown that A-MG exhibits multiple biological activities, 

including antioxidant, antibacterial, anti-inflammatory, as well as anticancer activities. 

There are multiple pathways proposed for the A-MG mechanism of action against cancer 

cells, with some of the mechanisms found to be associated with apoptotic signaling 

(National Center for Biotechnology Information B, 2023). In a study done by Li et al. 

(2014), breast cancer MCF-7 and triple-negative breast cancer MDA-MB-231 cells were 

treated with A-MG. After treatment of A-MG, the inhibition concentration necessary to 
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get 50% cell viability (cell viability IC50) of A-MG on MCF-7 was found to be 3.57 µM 

for 24h treatment and 2.74 µM for 48h treatment; whereas cell viability IC50 of A-MG on 

MDA-MB-231 for treatments 24h and 48h were 3.35 µM and 2.60 µM respectively. Cells 

treated in A-MG were found to have elevated expression of Bax and downregulation of 

Bcl-2, suggesting apoptosis occurrence by A-MG. In another study, the presence of A-

MG increased MOAP-1 expression in MCF-7, leading to caspase-dependent and 

mitochondrial-mediated apoptosis. MDR phenotype-conferring oncoprotein Bcl-xL was 

also found to be highly downregulated in MCF-7 cells treated with 20 µM of A-MG. 

Besides apoptotic induction, A-MG was potent in treating MDR cancer cells such as 

Cisplatin-resistant MCF-7 cancer cell MCF-7-CR, where 24h treatment of A-MG resulted 

in cell viability IC50 to be 2.534 ± 1.363 µM (Simon et al., 2022). 

2.5.4. Andrographolide (Andr-G) 

Andr-G (C20H30O5, MW = 350.4 g/mol) is a labdane diterpenoid lactone, a compound 

found in the terpenoid-class natural product. and can be isolated from Andrographis 

paniculata. Andr-G has been documented as an anti-inflammatory and anti-platelet 

aggregation drug, with some potential indications of anticancer activity (National Center 

for Biotechnology Information C, 2023). As its mechanism of action, Andr-G can induce 

apoptosis as well as several other pathways including cell cycle arrest (Yan et al., 2011). 

Andr-G was able to inhibit the growth, proliferation, and migration of bladder cancer T24 

and 5637 while also promoting apoptosis. Expression of anti-apoptotic and pro-

migration-related proteins such as NF-κB was downregulated after treatment in Andr-G 

(Xuan et al., 2011). In gastric cancer SGC7901, treatment of Andr-G resulted in the 

downregulation of Mdm-2 and increased expression of p53 proteins, which are one of the 

core proteins in apoptotic pathways (Gao et al., 2021). It was also found that treatment in 

MCF-7 for 48h resulted in IC50 of 70 µM, where cell migration and invasion were 

inhibited due upregulation of PDCD4 proteins (Li et al., 2021). 
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2.6.Introduction to therapeutic nanoparticles 

Generally, nanoparticles are particles produced in the nanoscale from materials such as 

metals, organic polymers, as well as ceramics which showed different arrays of emergent 

physicochemical properties ranging from optical to magnetic properties (Khan et al., 

2019). Nanoparticles are categorized into several types depending on their chemical 

compositions, which are: liposomes or lipid bilayer-based nano-vesicles, living bacteria 

or viral vectors, solid lipid nanoparticles, artificially-made and natural polymer 

nanoparticles, dendrimers and aptamers, silica-and ceramic-based porous nanoparticles, 

as well as metal-based nanoparticles (Amreddy et al., 2018; Roacho-Perez et al., 2017). 

Besides the type of materials, synthesis methods and post-synthesis modification also 

results in differing characteristics that can be utilized for biomedical research in various 

cases, such as bioimaging, biomarker detection as well as targeting, molecular vehicles, 

and therapeutics (Wang and Wang, 2015). For example, liposomes can carry hydrophilic, 

hydrophobic, and amphiphilic molecules and can be easily manipulated in their 

fabrication process. Most metallic and inorganic nanoparticles are used for inducing 

toxicity in cells as well as monitoring using radiation-, light-, thermal-, or acoustic-based 

imaging (Martinelli and Biglietti, 2020). Artificially made polymeric nanoparticles are 

easily modified or functionalized and are toxic to cells, while natural polymeric 

nanoparticles are more biodegradable and biocompatible in various microenvironments 

(Sung and Kim, 2019; Lu et al., 2016). Viral vectors and bacteria could be used to induce 

toxicity in target cells as well as biologics-type interventions such as delivering genes to 

cells, but are more prone to triggering immunogenic responses and could result in health 

complications (Goklany et al., 2019). 

As briefly described in Subsection 2.5., therapeutic nanoparticles are classified under 

miscellaneous antineoplastic agent due to their wide range of base compound forms and 

modification, as well as diverse mechanisms of action depending on their properties. In 
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terms of therapeutics, nanoparticles have been studied for their delivery capabilities as 

well as inherent toxicity to cells. Due to their morphology and material, endocytosed 

nanoparticles and disintegrated nanoparticles in cells can promote cell death-associated 

cellular pathways such as the production of reactive oxygen species (ROS) that leads to 

morphological and physiological breakdown (Shang et al., 2014). While the inherent 

toxicity of nanoparticles can be utilized for the treatment of diseased cells such as cancer, 

toxicity may also occur in healthy cells and can lead to organ-scale as well as systemic 

toxicity (Yang et al., 2021). Hence, studies were done to determine whether nanoparticles 

could be used to treat primarily cancer cells and not target normal cells. In one study, 

biosynthesized gold nanoparticles (AuNPs) were found to be toxic against breast cancer 

MCF-7 after exposure under 72h while no cell death was seen on normal kidney fibroblast 

Vero cells (Pechyen et al., 2022). In another study, modified AuNPs were able to 

selectively induce apoptotic-associated cell death in breast cancer cells MCF-7 rather than 

other cell lines such as lung cancer A549, noting further that nanoparticles could target 

specific cells by fabricating nanoparticles in different synthesis and modification methods 

(Repotente Jr et al., 2022). Pre-clinical trials have also been conducted on cancer-based 

nanoparticle therapeutics, with most metallic nanoparticles coated in biocompatible 

molecules to further increase internalization instances to cancer cells (Zhang et al., 2008). 

2.7.Silver nanoparticles (AgNPs) 

Silver nanoparticles (AgNPs) are small-sized silver solid particles (~1-100 nm), usually 

in the form of powder solids or suspended as a colloid. On a nano-solid scale, most 

nanomaterials including colloidal AgNPs have different properties when compared to 

their larger macroscopic counterpart. This has to do with how the atomic to sub-micron 

level where particle size affects mechanical and optical properties. Surface silver atoms 

have lesser bonds compared to multiple grains of silver crystallites, causing differences 

in thermodynamic-based properties such as instability. Moreover, at a quantum level, 
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nanoparticle clusters exhibit magnetic and semiconductor properties by sharing their 

outer electron band shell, whereas condensed solids are more inert due to their high 

energy stability (Roduner, 2006). Due to this, AgNPs have unique characteristics that can 

be utilized in a diverse range of applications such as in physics for their conductivity and 

optical properties or in the industrial sector for their catalytic activity and photothermal 

energy conversion (Galatage et al., 2020).  

AgNPs are becoming increasingly applicable as a nano-sized material in cancer research. 

Aside from their versatility in customization, AgNPs can be uptaken by cells through 

endocytosis, enabling the delivery of contrasting or therapeutic agents to cancer cells 

(Gomes et al., 2021). In addition to being used as nanocarriers, AgNPs are capable of 

directly treating cancer cells as they possess inherent cytotoxic properties. This is related 

to the promotion of apoptosis pathways as well as ROS production that causes 

mitochondrial and genetic damage to cells (Yesilot and Aydin, 2019). Thus, AgNPs open 

the way for interesting and novel therapeutic methods against cancer cells, through the 

delivery of both therapeutic agents as well as the exhibition of synergistic activity in 

targeting tumorigenic pathway-related hallmarks. 

2.7.1. AgNPs synthesis and modification 

AgNPs can be synthesized or modified to tune inherent metallic properties and emergent 

colloid properties such as surface plasmonic resonance (SPR), thermal conductivity, size-

shape morphology, zeta potential, and dispersion rate. AgNPs can be synthesized using a 

physical, chemical, or biological method (Vlasceanu et al., 2016). The physical method 

uses mainly laser-ablation and temperature-based methods to separate silver solids into 

smaller nanoparticles or by condensing and evaporating dissolved silver ions into colloids. 

While there is minimal use of hazardous chemicals and the resulting size and shape could 

be customized by just modifying temperature, solvent used, or laser parameters, the lack 
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of uniformity, low AgNPs yield, and ineffective heat energy conversion make it 

ineffective for mass production (Zhang B et al., 2016; Galatage et al., 2020). 

Chemical synthesis uses mainly redox reactions to convert metal ions into solid 

nanoparticles. In chemical synthesis, there are three components needed to form AgNPs 

which are: metallic precursors such as silver nitrate (AgNO3) or silver citrate to form the 

metallic base, reducing agent to initiate reduction reaction on the solvent-dissolved 

metallic precursors, as well as stabilizing agent to cap and stabilize the formation of silver 

solids from degrading back into ions and unwanted products (Gamboa et al., 2019). By 

combining all three components, both silver ions and small silver solid crystals will be 

reduced and nucleated into grains of silver solids which will grow by absorbing nearby 

silver ions (Figure 2.3). The advantages of using chemical synthesis are having a high 

yield and ease of synthesis compared to the other methods. On the other hand, most 

reducing and stabilizing agents used are toxic and may have adverse effects (Zhang B et 

al., 2016; Vlasceanu et al., 2016).  

  

Figure 2.3 General mechanism of metallic nanoparticle synthesis from salt reduction, 

nucleation, and nanoparticle growth, adapted from Gamboa et al. (2019). 

Capping agents, stabilizing agents, and reducing agents are studied for their ability to 

stabilize adequate morphological growth and AgNPs dispersal while exhibiting enough 

nanoparticle toxicity to target certain sites such as cancer cells (Javed et al., 2020; El-



 

45 

Nour et al., 2010). Well-known reduction agents, such as sodium borohydride (NaBH4), 

trisodium citrate, ascorbic acid, and hydrazine hydrate, as well as the presence of 

stabilizers such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), and starch, 

can be used to customize AgNPs size and shapes. A combination of ascorbic acid as a 

reductant and sodium citrate for stabilizing nanoparticle synthesis was documented to 

result in near-spherical AgNPs with additional size tunability of nanoparticles by 

changing the pH of the reduction reaction (Qin et al., 2010). By combining a very strong 

yet easily degradable hydrazine hydrate with stabilizer PVP, Gurusamy et al. (2016) were 

able to prepare stable biologically active AgNPs colloid. In another study, it was found 

by using the Turkevich Method where nanoparticles are formed using citrate reduction at 

around 100°C, increasing the reaction temperature to above 90-100°C resulted in a higher 

instance of ~60nm rod-shaped nanoparticles, compared to 60-80°C where most AgNPs 

formed were 30nm and spherical or irregular-like (Mazzonello et al., 2017). The use of 

strong reducing agent NaBH4 resulted in 4nm nanospheres and can be further 

supplemented with ascorbic acid and additional AgNO3 to form nanowires or nanobars 

depending on their concentration and temperature (Gamboa et al., 2019). However, 

NaBH4 is also known to be highly toxic and can produce unwanted side effects due to its 

inherent strong reducing capability (Banne et al., 2017; Zhang B et al., 2016). 

Biological synthesis uses biological system-mediated synthesis to synthesize AgNPs 

from silver precursors. Specifically, silver precursors are reduced in reactions within 

organisms such as bacteria, fungi, or plants (Galatage et al., 2020). Another subset of 

biological synthesis called ‘green’ chemistry is by reducing silver or other metals in 

extracted biological-based metabolites, which sometimes are also considered to be under 

chemical synthesis. By utilizing ‘green’ chemistry, natural products can also be 

conjugated to AgNPs, with their biological activity incorporated into the nanoparticle for 

medicinal or therapeutic purposes. Another advantage of a ‘green’ chemistry-based 
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nanoparticle is its low-pollutant, eco-friendly process of producing AgNPs while 

resulting in a similar yield as conventional chemical synthesis (Zhang B et al., 2016). In 

one study, extracted proteins from cyanobacterium Oscillatoria limnetica were able to 

synthesize spherical AgNPs from AgNO3, with size distribution recorded to be around 3-

17 nm (Hamouda et al., 2019). Changes in extract pH, metal precursor-extract 

concentration, and reaction time greatly influenced the size and shape of the 

aforementioned nanoparticles. Hamouda et al. also noted that the resulting diversity was 

due to the electrochemical reaction occurring between each nanoparticle component. 

Besides synthesis, modification to the AgNPs structure can be done to allow extrinsic 

properties such as low toxicity and drug loading capabilities to be appended. Such 

modifications include: changing the chemical composition in AgNPs, altering the 

physical structure of the nanoparticle, or attaching various other functional molecules that 

give specific activities (Zhang B et al., 2016). By performing surface functionalization, 

synthesized and ready-made AgNPs could be designed to be biocompatible and nontoxic 

(Vlasceanu et al., 2016). By conjugating fibronectin to the surface of AgNPs, Hung et al. 

(2021) showed biocompatible nanoparticles capable of facilitating growth, proliferation, 

and endothelial cell differentiation of Wharton’s jelly-derived mesenchymal stem cells. 

Surface functionalization also enables the fabrication of drug-delivering AgNPs by 

modification of their physical structure and chemical composition. Drugs or other cargo 

can be loaded to AgNPs by direct chemical conjugation to its surface, conjugation to its 

attached linker and coating agents, or encapsulation in nanoshell-like AgNPs. Anticancer 

drugs as well as other theranostic compounds can also be coupled to AgNPs during the 

synthesis of AgNP by conjugation in the presence of reducing and capping agents, which 

allows interaction between cargo with AgNPs, thus fully stabilizing the formation of 

drug-conjugated AgNPs solids as a drug delivery-capable nanocarrier (Gomes et al., 

2021).  
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2.7.2. AgNPs physicochemical properties and characterization  

Synthesized and modified AgNPs are characterized in various parameters to determine 

the specification and features of each nanoparticle. Among the available characterization 

selection, AgNPs used for drug delivery can be characterized according to their 

morphology, electromagnetic properties and spectrum, surface-chemical composition, 

degradation rate, biocompatibility, polydispersity, and particle size distribution, as well 

as drug loading-release (Ivanova et al., 2018; Gomes et al., 2021). 

Size-shape morphology is important for AgNPs as they can influence the toxicity and 

biodistribution of nanoparticles within organisms (Gomes et al., 2021). The size and 

shape of each nanoparticle can be visualized by transmission electron microscopy (TEM) 

to view the structure and integrity of each particle while scanning electron microscopy 

(SEM) is used to visualize the surface of nanoparticles. In one study, TEM was used to 

determine the effect of pH on the size and shape of AgNPs formation where the particle 

size of quasi-spherical AgNPs was documented at a range of around 30-70 nm (Qin et al., 

2010); while another study reported size variation of 30 to 100 nm in SEM after synthesis 

using Burst method with sodium borohydride reduction agent (Banne et al., 2017). 

Another piece of equipment that allows size-shape morphology characterization is atomic 

force microscopy (AFM) where the full 2D or 3D topography of viewed nanoparticles 

can be used for particle size distribution and uniformity determination. Visual results 

from TEM/SEM and AFM can also be complemented with characterization using 

dynamic light scattering (DLS) to determine the hydrodynamic size distribution of 

AgNPs suspended in colloids. By focusing light on the colloidal AgNPs, DLS can 

indirectly measure the dispersion rate of the nanoparticle as well as the uniformity of 

particle size in colloids (Gamboa et al., 2019). 

AgNPs surface properties must be characterized to determine the effectiveness of AgNPs 

delivery as well as the composition as well as confirmation of synthesized target 
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nanoparticles. Among some surface properties, several important properties used in the 

biomedical field are surface charge potential which is measured with zeta potential, 

surface chemical composition analyzed using multiple different characterizations, and 

binding structure or functional group. Surface charge potential relates to the stability of 

AgNPs in dispersed colloidal form, where the surface electrical charge contributes to 

repelling or attracting nanoparticles. The surface chemical composition of AgNP can be 

analyzed using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

nuclear magnetic resonance (NMR), and mass spectrometry (MS). XRD is used to 

identify the crystalline phase in AgNPs, with sharp Bragg’s peaks indicating crystalline 

structure while broad peaks indicating amorphous structure. XPS is used to identify 

elemental silver and other compounds, where pure silver elements can be detected under 

368.2 eV binding energy at region Ag3d (Gamboa et al., 2019). Surface chemical binding 

and functional group conjugation can be analyzed using Fourier transform infrared 

(FTIR) spectroscopy and surface-enhanced resonance Raman scattering (SERS) or 

Raman spectroscopy. Both FTIR and Raman spectroscopy detect absorbed or emitted IR 

radiation which tells the molecular vibration of a nanoparticle, with FTIR measuring 

changes in dipolar moments, whereas Raman measures polarizable moments (Gamboa et 

al., 2019). Functional groups of AgNPs and binding molecules can be scanned broadly in 

FTIR from 4000-500 cm-1, whereas functional groups of AgNPs can be scanned broadly 

in Raman spectroscopy from 2000-800 cm-1 Raman shift (Matsumoto et al., 2022). 

Another important characteristic notable for metallic nanoparticles especially AgNPs is 

in the form of optical and electronic properties which forms a phenomenon called surface 

plasmon resonance (SPR).  In principle, due to the energy state of the dispersed AgNPs, 

their electrons could oscillate in resonance when excited externally, primarily by light. 

The radiation would be partially absorbed by the electron shells and could be inverted 

into a different energy or the radiation could be redirected (Roduner, 2006). As a result, 
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colloidal AgNPs would exhibit unique color and differing light-absorbing capabilities 

depending on their customizations like size (Agnihotri et al., 2014), concentration, 

surface functionalization, and reaction time (Fu et al., 2021) as well as various external 

environments such as pH (Anigol et al., 2017). SPR can be characterized using UV-

visible (UV-vis) spectroscopy broadly around wavelength 300-800 nm, with AgNP 

presence-associated peak found generally at 400-450 nm. 

2.7.3. AgNPs toxicity and mechanism of action in cancer cells 

The mechanism of action of the cytotoxic activity of AgNPs is not yet fully understood, 

but it is widely known that AgNPs can produce oxidative stresses in cells as well as inhibit 

multiple carcinogenic-associated pathways (Zhang B et al., 2016). Besides the generation 

of ROS and subsequent DNA as well as organelle damage, AgNPs are also known to 

cause cell membrane leakage by chemically altering its structure and permeability, which 

has been documented to occur in some bacterial cells (Lee and Jun et al., 2019) (Figure 

2.4).  
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Figure 2.4 Possible mechanisms of AgNP-induced cytotoxicity in cancer cells, adapted 

from Zhang B et al. (2016); Lee and Jun (2019); and Yesilot and Aydin (2019). The image 

was created with BioRender.com 

Passively and actively targeting AgNPs are first taken up by cells which would then lyse 

the cells from within, causing the mechanism of cellular uptake of AgNPs to be referred 

to as a “Trojan-horse” type mechanism (Kovács et al., 2022). AgNPs can be internalized 

via endocytosis or direct penetration, which are then localized in the cytoplasm or nearby 

vital organelles such as mitochondrial and endoplasmic reticulum (ER). The AgNPs 

would then inhibit ER and mitochondrial-localized enzymes and growth factors 

associated with anti-apoptosis, angiogenesis, and cell proliferation (Zhang A et al., 2016). 

Yang et al. (2016) reported downregulation of VEGF-A and GLUT-1 protein in HUVEC 

and MCF-7 cells after being treated with 100 µg/mL AgNPs, suggesting anti-

angiogenesis and antiproliferation activity. 
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Related to apoptosis pathway cascade and oxidative stresses, another cytotoxic 

mechanism associated with AgNPs is cell cycle arrest and DNA damage. Internalized 

AgNPs by endocytosis are directed to lysosomes to be degraded, causing dispersion into 

reactive Ag+ ions which increases ROS amount in cells resulting in DNA damage (Kovács 

et al., 2022). The reactive ions are localized in mitochondria disrupting the electron 

transport chain in metabolism which results in mitochondrial respiration failure, 

generating free oxygen radicals that are reactive and damaging to surrounding proteins 

and DNAs. The resulting oxidative stresses would spread to nearby organelles and 

eventually trigger a cascade of pro-apoptotic proteins (Talarska et al., 2021). In one study, 

AgNPs increased the upregulation of pro-apoptotic protein Bax as well as an increase of 

detected LDH in rat neural stem cells, resulting in increased generation of ROS and 

apoptosis instances in cells (Liu et al., 2015).  

It was recently found that intact endocytosed AgNPs which were unable to be lysed and 

directly entering AgNPs would enter a different cytotoxic pathway compared to its 

reactive cation Ag+. In one study, silver ions were verified to mediate apoptosis and ROS 

generation in the form of H2O2, whereas cytotoxicity in non-degraded AgNPs was more 

attributed to necrosis and lipid peroxidation. Both silver products were also found to 

induce proteotoxicity, with protein oxidation in multiple organelles found after treatment 

(Rohde et al., 2021). This indicates that one of the main modalities of AgNPs' cytotoxicity 

stems from its reactive oxidation and lipid peroxidation, which can cause both necrotic 

and apoptotic cell death simultaneously depending on the degradation rate of AgNPs.  

Aside from initiating apoptotic and necrotic pathways, AgNP-induced oxidative stresses 

also contributed to immunomodulation, in the form of inflammatory protein markers 

activation. Pyroptosis pathways are induced by the activation of caspase-1 as well as the 

activation of inflammasome complexes and several cytokines (Zhang A et al., 2016). In 

one study, spherical albumin-coated AgNPs were able to stimulate increased levels of 
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multiple white blood cells in LACA albino mice, with around 5x fold significant increase 

of leucocytes, lymphocytes, and granulocytes at 9-10 mg/kg dose due to toxicity. 

Necrosis spots were seen in liver, spleen, and kidney cells exposed to albumin-AgNPs 

with 9 and 10 mg/kg doses, while little to no detrimental effects were seen in cells exposed 

to AgNP doses lower than 9 mg/kg. Fibrosarcoma tumor tissues in mice were found to 

generate twice the ROS when administered 4 mg/kg albumin-AgNP and levels of tumor-

associated cytokines in tissues such as IL-6, IL-1β, and TNF-α were also found to be 

significantly reduced (Chakraborty et al., 2016).  

Physicochemical properties as well as changes also contribute to cytotoxic modulation in 

AgNPs against cancer cells, as demonstrated by Hamouda et al., (2019). They reported 

that the spherical AgNPs synthesized using proteins from O. limnetica resulted in strong 

anticancer activity against MCF-7 breast cancer cells as well as antibacterial activity 

against MDR bacteria. 

Despite the apparent anticancer-associated activity exhibited, due to its non-specificity in 

targeting pathways and cells, a large dose of AgNPs can cause systemic toxicity and off-

targeting (Kovács et al., 2022). In addition, the size of AgNPs also affects the apoptosis-

inducing capability of nanoparticles, leading to variations in biodistribution and local 

toxicity in vital excretory organs (Talarska et al., 2021). 

2.8.Gold nanoparticles (AuNPs) 

Gold nanoparticles (AuNPs) are 1-100 nm-sized metallic nanoparticles made from gold 

that can be used for imaging, diagnostics, as well as for therapy in the biomedical field 

due to their properties and versatility (Carvalho et al., 2019). Similar to AgNPs, AuNPs 

exhibit several emergent properties due to their size, in the form of optical, magnetic, and 

electronic properties (Roduner, 2006). Because of this, AuNPs are capable of being used 

as a colorimetric analytical assay (Iriarte-Mesa et al., 2020), radio imaging, photoacoustic 
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monitoring (Her et al., 2017; Dreaden et al., 2014), and photothermal as well as 

photodynamic therapy (PTT/PDT), in which AuNPs absorb focused light at a certain 

wavelength range and heat cancer cells to denature them or cause ROS generation which 

can damage DNAs (Ahmad et al., 2020). 

2.8.1. AuNPs synthesis and surface modification 

As in the case of AgNPs, AuNPs can be categorized into physical, chemical, and 

biological or ‘green’ synthesis. In physical synthesis, AuNPs can be fabricated using 

external forces such as ultrasonic waves, laser ablation, and microwaves to transform bulk 

gold into nanopowders (Sztandera et al., 2019. Besides, AuNPs can be made by the 

reduction of Au ions into AuNPs using photochemistry in UV and IR or electrochemistry 

(Sani et al., 2021).  

One of the most common chemical synthesis methods used and studied, aside from ‘green’ 

chemistry, is a reduction chemical synthesis (Figure 3) called the Turkevich method, in 

which chloroauric acid (HAuCl4) or other gold-bearing salts are reduced by reducing and 

stabilizing agents, usually trisodium citrate in water-boiling temperature (Sztandera et al., 

2019). Another method called the Brust method uses organic solvents and water as the 

phase-transferring medium for gold salts, with tetraoctylammonium bromide used as the 

catalyst as well as NaBH4 as a reducing agent. The dissolved gold ions would be 

transferred from water to the organic solvent which results in catalysis and reduction of 

AuNPs (Iriarte-Mesa et al., 2020). Another method called seed-mediated growth is more 

advanced in that it is used to grow nucleate seeds from irregular or spherical into different 

geometrical shapes such as elongated rods (Amina and Guo, 2020). Several parameters 

such as concentration of reducing agents, presence of stabilizing agents, and 

environmental conditions can be changed to produce AuNPs with different sizes and 

shapes (Sani et al., 2021). 
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Recently, ‘green chemistry’ as well as the biological synthesis of AuNPs have been 

studied to produce environmentally friendly and non-toxic AuNPs, by using natural 

products as reducing and stabilizing agents or introducing gold salts to organisms for 

jump-starting reduction reactions respectively (Sztandera et al., 2019). Algae and 

bacterial microbes, fungi, as well as plants have been documented to mediate AuNPs 

synthesis (Sani et al., 2021). In one study, AuNPs were biosynthesized in mycorrhizal 

fungus Tricholoma crassum extract which resulted in spherical, extract protein-capped 

AuNPs which was used for delivering genes to Sarcoma180 cells (Basu et al., 2018). 

Size-shape morphology, as well as the surface charge of AuNPs, have been shown to 

affect AuNP toxicity, thus modification can be done to increase or reduce the toxicity of 

AuNPs (Wozniak et al., 2017). Surface modification can be done to apply various 

beneficial properties, such as using hyaluronic acid as an organic surface coating to 

increase biocompatibility by reducing thrombosis or functionalizing PVP to nanoparticles 

to increase hydrophilicity (Wyman, 2012). The surface of most nanoparticles could be 

functionalized by different types of polymer linkers, hybridized DNAs, proteins, cell 

membranes, or inorganic chemicals such as metals and ceramic coatings (Pinelli et al., 

2020). While coating agents and linkers are used interchangeably due to both being 

functionalized or modified to nanoparticles, linkers are more used as a surface 

modification to bridge or link between carrier nanoparticles and their target ligands, either 

as cargo in passive targeting or as a tracking agent for active targeting (Rahme and Dagher, 

2019).  

For metal-based nanoparticles, these surface modifications are mostly used to increase 

targeting efficacy, the overall stability of the colloid or solid system, biocompatibility of 

nanoparticles, improve mechanical properties like toughness and yield strength, as well 

as to provide spaces for ligands to anchor themselves to the vehicle (Umut, 2013). For 

AuNPs, functionalization could be done to tone down the cytotoxicity of some shapes, 
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for instance, large nanospheres as well as to increase nanoparticle circulation time in the 

bloodstream using coating agents and linkers made of biocompatible and biodegradable 

polymers (Guo et al., 2015; Mohd-Zahid et al., 2020). While gold particles are naturally 

inert and have a relatively good permeability due to their chemical composition, they can 

be further functionalized with biocompatible molecules and cell penetrants to increase 

the probability of cancer cell internalization, especially on MDR cancers (Martinelli and 

Biglietti, 2020; Madani et al., 2011). 

Aside from direct therapy and diagnostic lab assays, AuNPs can be used as a vehicle to 

deliver therapeutics or contrast agents for imaging and biomarker diagnosis. By taking 

advantage of the inherent ‘stealth-like attribute, researchers could fabricate an effect 

called enhanced permeability and retention (EPR) which is primarily used as a 

mechanism for most passive targeting in drug delivery systems (Pinelli et al., 2020). A 

hybrid delivery system in the form of encapsulation in another nanoparticle may also be 

done as a means of protection for both cargo and the primary vehicle (Rhim et al., 2008). 

By encapsulating the AuNP-pDNA complex in liposomes, system stability, and 

transfection efficiency increased despite higher concentrations of lipid layer to lower its 

cytotoxicity. Other polymers may also be used to coat the AuNPs in a method called 

Layer-by-layer (LbL), in which differently charged polymers coat the surface of a particle 

in thin films several times to create layers and load drugs or genes to the gap between 

each layer (Guo et al., 2010; Lee et al., 2011). By adding multiple layers of poly-L-lysine 

(PLL) known to be highly degradable, Lee et al. (2011) were able to fabricate a 

progressively degrading nanoparticle to gradually trigger the release of siRNA.  

For drug delivery, one well-known method for AuNPs functionalization due to its 

simplicity is by conjugating thiol-containing (SH–) chemicals to form partial 

electrostatic-covalent bonds made out of S-Au, which can allow drug loading and release 

(Her et al., 2017; Ding et al., 2014; Ajnai et al., 2014). Au-S bonding may also be used 
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as an anchoring mechanism for different types of polymers for surface coating as well as 

for carrying target ligands (Umut, 2013). Khutale et al. (2017) employed thiolated PEG 

as a foundational linker to AuNPs for increasing colloidal dispersion stability which could 

be extended with anticancer drug-carrying dendrimer; while Yeom (2013) utilized 

thiolated DNA oligonucleotides for conjugating mRNA cargo to spherical AuNPs 

towards HeLa cells and in vivo studies on mice models. In another study, synthesized 

nanorods were attached with partially thiolated PAMAM dendrimers and further 

functionalized with tumor-targeting peptide GX1 for a combinational therapy using PTT 

as well as gene therapy (Ye et al., 2021). 

2.8.2. AuNPs physicochemical properties and characterization  

As metallic nanoparticles, AuNPs are similar to AgNPs in that they can be uniquely 

shaped (rods, prisms, spheres). Other important physicochemical properties related to 

toxicity and drug delivery, besides size-shape morphology, include chemical composition, 

surface charge and stability, and dispersion rate. Another crucial characteristic that made 

them useful in diverse fields of study is light-heat conversion in SPR. As a result, colloidal 

AuNPs would exhibit unique color and differing light-absorbing capabilities depending 

on their customizations like size (Guo et al., 2015), shape, and surface functionalization 

(Wang et al., 2020) as well as various external environmental factors such as temperature 

and pressure (Iriarte-Mesa et al., 2020). Surface plasmonic bands can be read using UV-

vis spectroscopy at 500-1600nm, with an absorbance peak corresponding to spherical 

AuNPs found at ~520 nm, and more advanced size and shape can be found in higher 

wavelengths (Sztandera et al., 2019). 

For morphology and particle size distribution, several characterization methods could be 

performed, for instance: DLS for colloid dispersibility and hydrodynamic diameter, TEM, 

as well as SEM visualization. As mentioned earlier, the size of AuNPs could range from 

~2 nm to up to 100-200 nm (Bao et al., 2015; Steckiewicz et al. 2019). Surface potential 
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and aggregation or colloidal stability could be characterized in AuNPs using DLS as well 

as zeta potential measurements (Ke et al., 2017; Ielo et al., 2021).  

Other characterization in terms of surface modification and chemical composition can be 

performed in the same as characterization for AgNPs, which has been written in 

Subsection 2.7.2. regarding the characterization of AgNPs. For FTIR spectra, AuNPs 

could be observed and analyzed starting from 400-4000 nm wavenumber (Sobczak-

Kupiec et al., 2011). XPS spectroscopy could be performed to view elemental Au under 

95-80 eV binding energy at region Au4f (Oliveira et al., 2021; Jiang et al., 2001). Other 

specific properties related to degradation and composition such as thermal stability, 

resistance to environmental oxidation, and synthesis purity of AuNPs can also be tested 

using thermogravimetric analysis (TGA), where AuNPs would be subjected to pyrolysis 

(Ielo et al., 2021). 

2.8.3. AuNPs toxicity and mechanism of action in cancer cells 

AuNPs can be considered unique in that they are still able to retain inertness in colloidal 

nanoparticle form, which made it possible for stealth-like AuNPs to be used for drug 

delivery. However, some studies are contradictory to this statement, as size and shape can 

directly affect AuNPs toxicity by increasing cell uptake and biocompatibility. By 

modifying the AuNPs seeding and synthesis procedures, Woźniak et al. (2017) were able 

to form multiple shapes of AuNPs, including nanospheres, nanorods, nanoflowers, 

nanostars, and nanoprisms. Each AuNPs shape exhibits varying cytotoxicity levels, with 

spherical and nanorods showing stronger WST-1 reduction in higher incubation time and 

concentration compared to other shapes on HeLa and HEK293; while the more 

anisotropic-shaped AuNPs were more successfully internalized by cells and behaving less 

toxic. On the contrary, Steckiewicz et al. (2019) reported that nanostars at around 200 nm 

were the most cytotoxic via induction of apoptotic pathways whereas nanospheres at 

approximately 6 nm were the least cytotoxic. This suggests that shape and size alone 
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would not be significant enough to modulate AuNPs toxicity, with other factors such as 

functionalized ligands and coatings also playing an equal or perhaps larger role. 

Size has a significant impact on altering the toxicity of AuNPs. Small and ultra-small 

particles from 1-5 nm were suggested to be highly toxic due to their ability to further 

penetrate the nucleus and bind with the chromosomes (Bao et al., 2015; Zamora-Justo et 

al., 2019); while 10-200 nm are more preferable to pass cell membranes (Shah et al., 

2014; Dreaden et al., 2014). This was likely due to the low surface area-to-volume ratio 

in large-sized AuNPs which in turn decreased their surface bioactivity towards cells (Sani 

et al., 2021). However, in some cases, small AuNPs sizes would be a better alternative 

for in vivo studies as their size enabled longer circulation time on model animals and 

higher biodistribution in the bloodstream at a cost of localized toxicity to organs related 

to detoxification and excretion such as spleen, kidneys, liver, and intestines (Schmid et 

al., 2017; Ajnai et al., 2014). 

While the exact mechanisms of AuNPs cytotoxicity are not yet fully understood, there 

have been reports on AuNPs causing inhibition of angiogenesis, induction of 

inflammatory responses, genotoxicity, cell cycle arrest and apoptosis, necrosis, as well as 

autophagy. There was evidence suggesting that one of the main mechanisms of action for 

AuNPs toxicity, was oxidative stress generation (Figure 2.5). In a study conducted by 

Daei et al. (2021), 20nm citrate-stabilized AuNPs were able to increase ROS production 

in bladder cancer 5637 cells, with highly elevated expression of Bax proteins and activity 

of caspase-3 as well as caspase-7, suggesting apoptosis. However, the authors found that 

the apoptosis state and antiangiogenic activity caused by AuNPs were different in other 

reported cell lines, thus concluding that cell-type difference might also play a role. 
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Figure 2.5 Toxicity mechanism of differently-charged AuNPs and Au3+ ions in cancer 

cells, adapted from Schaeublin et al. (2011) and Sani et al. (2021). The image was created 

with BioRender.com. 

Another possible mechanism of AuNPs toxicity, aside from ROS generation, is protein 

corona formation. While Au ions can cause ROS production, AuNPs on their own are 

also a main contributor to free radical formation. AuNPs have some affinity to bind with 

proteins and DNAs due to their surface charge properties and the affinity of Au as an 

element towards amines as well as thiol groups (Sani et al., 2021). Small-sized AuNPs 

could form covalent or partially covalent bonds with DNA, resulting in DNA or protein 

damage as well as subsequent denaturation and cell cycle arrest, as seen in Figure 2.5. It 

was suspected that some of the toxicity caused by AuNPs such as angiogenesis inhibition 

and cytoskeletal disruption was associated with these AuNP-protein interactions, as seen 

in the binding of AuNPs with VEGFA and heparin-binding VEGF165 growth factor and 

(Daei et al., 2021; Sztandera et al., 2019).  
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Surface charge as a physicochemical property also played a role in modulating toxicity 

as it is related to the affinity of Au towards certain functional groups, thus it is necessary 

to decide on coating and stabilizing agents for AuNPs, as mentioned before (Umair et al., 

2016; Guo et al., 2015). Schaeublin et al. (2011) proposed the mechanism of cell death 

of differently charged AuNPs, where AuNPs were able to bind with the mitochondria 

through thiol-based surface charge binding. It was proposed that positively charged 

AuNPs would disrupt the mitochondrial membrane and result in apoptosis by 

mitochondrial outer membrane permeabilization (MOMP), whereas negatively charged 

AuNPs disrupted mitochondrial membrane potential which caused effluxion of Ca2+ ions 

and apoptosis induction (Figure 2.5). Interestingly, neutral-charged AuNP did not result 

in apoptosis but caused necrosis of HaCaT cells. 

2.9.Graphene oxide (GO) 

Graphene oxide (GO) is a carbon-based material that belongs to the graphene-family 

nanomaterials, with a size range of around 1-100 nm and a thickness of <10nm (Ou et al., 

2016). Structurally, GO is two-dimensional (2D) and made out of single-layered, planar 

carbon crystals arranged in a honeycombed array, with some presence of oxidized carbon 

atoms found randomly (Ou et al., 2016). The oxidized functional groups in GO are 

differentiated according to where in GO the oxidation is occurring, such as epoxides (-

O-) and hydroxyls (-OH) on its basal planes as well as carbonyls (C-O) and carboxylic (-

COOH) groups decorating the edges of the GO plane, as seen in Figure 2.6 (Munoz et al., 

2019). Similar to graphene, GO can form interactions between aromatic hexagonal 

molecules and π electrons in the hexagonal ring of the GO basal plane. This results in π-

π stacking, where GO appears to be conjugated or stacked on top of the other molecules 

and may lead to larger sandwiching molecules, as in the case of graphite and graphite 

oxide which are just multi-layered graphene or GO stacked one onto another (Liu et al., 

2021). However, due to their strong π-π bonds, graphene tends to conjugate with each 
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other, causing insolubility in water. On the other hand, GO can form dispersed colloids 

in water-based solvents because of its high hydrophilicity caused by its mostly polar 

functional groups, for example, carboxyls and hydroxyls (Munoz et al., 2019). 

 

Figure 2.6 Comparison between graphene, graphene oxide (GO), and reduced graphene 

oxide (rGO), adapted from Munoz et al. (2019). In GO, carboxyls are located on the edges 

while epoxides and hydroxyls are located in the center or basal plane 

2.9.1. GO Synthesis and modification  

There are broadly speaking two main methods of GO synthesis, which are called ‘bottom-

up’ and ‘top-down’. ‘Bottom-up’ refers to the construction of graphene-based molecules 

from simple carbon compounds, while ‘top-down’ refers to the breakdown of multi-

layered graphene or similar structures into single layers. As most ‘bottom-up’ methods 

such as chemical vapor deposition are known to have low time and yield efficiency, GO 

is more often produced using ‘top-down’ methods (Smith et al., 2019). Among the ‘top-

down’ methods, one conventional method is based on Brodie’s, Staudenmaier’s, and 

Hummers’-Offeman’s methods; where graphite sheets are oxidized using a combination 

of acids and oxidizing agents to make graphite oxides which would then be separated into 

single-layered GOs (Rhazouani et al., 2021).  

The “Hummers and Offeman” method uses sulfuric acid, sodium nitrate, and potassium 

permanganate; which would then be added with hydrogen peroxide to oxidize graphite 

into graphite oxide. The resulting graphite oxides would then be exfoliated using 
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sonication to fully disperse the layers into individual sheets of GO or GO precursors 

(Rhazouani et al., 2021; Priyadarsini et al., 2018). The “Hummers and Offeman” method 

can be further modified for studies according to the functionalization or GO specification, 

with the resulting method called “Modified or Improved Hummers”. The steps of the 

‘Modified or Improved Hummers’ are the same as before, with changes done on the type 

of protonated solvent or acids (in the form of sulfuric acid, phosphoric acid, or a mixture 

of both), parameter values such as mixing temperature and duration, presence of sodium 

nitrate, as well as the used concentration of hydrogen peroxide for metal ion removal 

(Smith et al., 2019). 

Functional groups in GO can be further reduced so that most of its oxygen-based 

functional groups are taken out. Due to its high surface reactivity from the oxygen 

functional group in the basal plane, GO sheets can be transformed into reduced GO (rGO) 

which contain far fewer groups on the edges and basal planes. Transformation to rGO can 

be done thermally where GO is heated directly or with wave irradiation, chemically where 

reducing agents such as hydrazine hydrate or NaBH4 is used, or a combination of thermal 

and chemical methods (Dideikin and Vul, 2019). rGOs are more resilient in terms of 

mechanical strength and wear, conductivity, and dispersibility in solvents as well as 

between sheets (Smith et al., 2019). 

GO can be functionalized by modification on their basal planes as well as on the edges, 

where there are oxygen-based moieties present. Some ligands and polymers may bind 

covalently to the functional groups or other noncovalent functionalization such as Van 

der Waals forces, ionic bonds, hydrogen bonding, hydrophobic interactions, or London 

forces. Most molecules are functionalized or loaded to GO by utilizing its strong π-π 

bonds, usually with polycyclic molecules or aromatics (Munoz et al., 2019). In one study, 

π-π stacked curcumin-GO was functionalized with polyethylene glycol (PEG) polymer 

on the carboxyls for biodistribution as well as for pH-controlled drug release (Charmi et 
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al., 2019). In another study, sulfonated nanoscale GO functionalized with folic acid was 

able to deliver Doxorubicin and Camptothecin to MCF-7 cells by π-π stacking (Zhang et 

al., 2010). 

2.9.2. GO physicochemical properties and characterization 

In the biomedical field, GO needs to possess several key properties to be used for drug 

delivery. Some of these characteristics are related to chemical composition as well as its 

morphology, while some are directly linked with biocompatibility and toxicity. Properties 

associated with composition and structure can be characterized using various optical and 

radiological approaches such as AFM, solid-state nuclear magnetic resonance (ssNMR), 

and UV-vis spectroscopy to measure GO particle size, specific surface area, 

hydrophilicity, and presence of functionalization (Rhazouani et al., 2021; Dideikin and 

Vul, 2019).  

Physical properties in GO relevant to biomedical studies, especially drug delivery, are 

particle size, size distribution, lateral dimension, and thickness. The dimensions of GO 

sheets can be observed and analyzed using TEM, SEM, DLS, and AFM. Generally, 

individual GO sheets have 1-10 nm thickness and a lateral size ranging from 500 nm – 

50 μm. TEM and SEM are also useful to observe the structure and possible 

functionalization occurring in the sheet (Rhazouani et al., 2021). 

The chemical composition of functionalized GO as well as its structure can be analyzed 

using Raman spectroscopy, FTIR spectroscopy, ssNMR, XRD, and XPS. Raman 

spectroscopy can be performed from 1200-3000 cm-1 for GO, with two broad peaks found 

for the D band or the disordered crystal structure phase vibration (carbon sp3
 at ~1350 

cm-1 Raman shift), G band or ordered crystal structure (carbon sp2), and 2D band or 

stacking order of graphene planes(harmonic step from D band) with Raman shift at ~1350 

cm-1, ~1580 cm-1, and ~2700 cm-1 respectively. In FTIR, functionalized group and their 
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bonds can be analyzed in GO from wavenumber 4000-400 cm-1. ssNMR of GO can 

analyze functional groups found in GO from chemical shift 200-0 ppm, with the more 

apparent peaks found in ~80-60 ppm for C-OH and C-O-C, as well as ~140 ppm for C-C 

sp2 (Rhazouani et al., 2021). XPS spectra of GO will yield 2 peaks, which correspond to 

the O1s element on binding energy ~530-520 eV and C1s on binding energy 300-280 eV 

(Aliyev et al., 2019).  

Other important characteristics of GO include thermal stability as well as SPR. TGA tests 

the thermal stability of GO as well as the quantity of oxygen-based moieties by pyrolytic 

degradation, where mass loss percentage over GO would significantly increase over the 

increase of temperature when compared with graphene as well as low-oxygen 

functionalized graphene-family nanoparticles which would not lose too much mass 

(Aliyev et al., 2019; Rhazouani et al., 2021). While SPR in GO is not as pronounced as 

in AgNP and AuNP, the UV-vis spectrum could be analyzed at wavelength ~200-800 nm, 

where peak absorbance would occur at ~230-270 nm. Increased oxidation in GO would 

shift the absorbance peak to a lower wavelength and higher absorbance value, with 

observed GO colloid color also changing depending on GO dimension as well as 

oxidation levels (Emiru and Ayele, 2017; Lai et al., 2012). 

2.9.3. GO toxicity and mechanism of action in cancer cells 

In terms of toxicity, there are contradicting reports on whether GO is toxic. However, 

some studies have shown that high doses of GO exhibit cytotoxicity and apoptosis 

induction toward cell models, including cancer cells (Rhazouani et al., 2021). While GO 

can be used to treat cancer directly or for delivering drugs, GO is considered toxic mostly 

due to its high oxygen composition, size, as well as their surface charge (Liu et al., 2021). 

GO and other graphene derivatives can induce acute and chronic toxicity by activating 

inflammatory responses within the system. GO can also result in hemolysis towards 

erythrocytes and various white blood cells (Ou et al., 2016).  
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Several possible mechanisms of GO cytotoxicity have been studied, with the majority of 

mechanisms related to apoptosis, necrosis, and pyroptosis pathways (Figure 2.7). These 

mechanisms were largely associated with the size of GO, its functional groups, ionic 

impurities intercalated within GO such as mutagenic Fe2+, and protein-GO interaction 

which forms protein corona that interrupts protein function. GO can increase ROS 

generation within cells, which would lead to mitochondrial damage, DNA damage, and 

inflammatory responses. By producing oxidative stresses, DNA damage-related 

cytokines are expressed which triggers further apoptosis signaling as well as 

inflammatory responses (Rhazouni et al., 2021; Ou et al., 2016). Jaworski et al. (2014) 

found that GO and rGO increased the expression of caspase-3 protein and ROS formation 

in U87 and U118 cells, suggesting apoptosis induction. However, it was also found that 

GO was less toxic than rGO as there was no apparent necrosis found in r-GO-treated cells. 

 

Figure 2.7 A schematic representation of the possible toxicity mechanisms caused by the 

GO, adapted from Ou et al. (2016). The image was created with BioRender.com. 
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Endocytosed GO can trigger a non-apoptotic cell death in the form of cellular self-

degradation, called autophagy. In autophagy, proteins such as Beclin 1 and LC3 activate 

the autophagosome complex which will degrade organelles within the cell. GO was also 

documented to elevate the intracellular Ca2+ in the cytoplasm and other organelles, which 

prompts autophagy, LDH leakage, mitochondrial dysfunction, as well as necrosis (Ou et 

al., 2016). In a study conducted by Shen et al. (2022), it was found that GO increased 

ROS generation which induced apoptosis as well as upregulating expression of 

AMPK/mTOR/ULK1 proteins, leading to autophagy in HCT116 colorectal cancer cells.  

GO toxicity is also associated with epigenetic regulation in cells due to its behavior in 

enhancing ROS formation. While the exact mechanism is still not well known, GO 

indirectly triggers gene silencing and also interferes with protein post-translational 

modification. It was reported that conjugated GO was able to upregulate DNMT3B genes, 

causing DNA hypermethylation and changing chromatin structure, silencing multiple 

gene regions (Ou et al., 2016). 

Another possible unique mechanism related to the morphology of GO is physical 

disruption. Due to its physical structure, GO and pristine graphene as anticancer 

nanomaterial can damage cells using their ‘blade-like single-layer shape by forming 

hydrophobic interactions with cell membranes. As mentioned earlier, GO can form 

protein corona with receptor proteins as well as cytoskeletons, enabling GO to direct 

insertion into the cell membrane. Similar to how it behaves in bacteria, the protein 

interaction results in cleavage in various membranes as well as organelles, causing 

intracellular leakage. (Ou et al., 2016). 

Due to cytotoxicity in GO being associated with its structure, modulation of cytotoxicity 

could be performed by GO structure modification (Ou et al., 2016). An example of this 

was using UV-B irradiation to modify the structure of GO as reported by Simon et al. 

(2021). In their study, UV-B irradiation at 10 minutes in high energy at around 5-50 
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mJ/cm2 resulted in a more reduced form of GO where most of the oxygen-containing 

moieties were gone from the basal plane as well as corners. Since it was also found that 

UV-B irradiation resulted in apoptotic death in breast cancer cells MCF-7, they compared 

the combination of GO-UV against single component GO or UV-B toxicity and revealed 

that synergistic activity was seen throughout UV-B irradiated GO treatment. Another 

study done by Gallegos-Perez et al. (2020) used UV-A irradiation on GO at higher energy 

irradiance at 37-74 µW/cm2 for 72h and 120h to evaluate the influence of UV irradiation 

on structure-associated GO cytotoxicity. The study suggested that the increase in overall 

cytotoxicity was correlated to multiple factors such as size reduction as well as the 

increase of sharp edge defects on the structure from GO reduction. While a decrease of 

oxygen moieties in GO should have resulted in lower cytotoxicity, stable reductions were 

more present on the basal plane while instances of re-oxidation would occur far more on 

the edges, resulting the sharp irregular shapes. Interestingly, they also found that the 

highest UV irradiance and longest UV exposure had resulted in lower cytotoxicity in 

monocytes which were still unexplained. 
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CHAPTER 3 – RESEARCH METHODOLOGY 

3.1.Materials 

3.1.1. Chemical and Reagents Materials 

Antineoplastic agents used in the research were cis-diammineplatinum(II) dichloride 

/Cisplatin (CDDP) (TCI, Japan), Paclitaxel (PTX) (MedChemExpress, USA), Alpha-

Mangostin (A-MG) (Chengdu Kanghong Pharmaceutics, China), and Andrographolide 

(Andr-G) (Chengdu Kanghong Pharmaceutics, China). Silver nitrate (AgNO3) (Systerm 

Chemicals, Malaysia) and gold (III) chloride trihydrate (HAuCl4•3H2O) (Sigma, USA) 

were used as metallic nanoparticle precursors for silver nanoparticle (AgNP) and gold 

nanoparticle (AuNP) synthesis, respectively. Sodium borohydride (NaBH4) (Merck, 

USA), Hydrazine hydrate 80%, and ascorbic acid (Sigma, USA) were used for reductants 

in nanoparticle synthesis. Solvents dimethylformamide (DMF) (Sigma, USA), dimethyl 

sulfoxide (DMSO) (Sigma, USA), and deionized water (DI H2O) were used for 

nanoparticle synthesis as well as reagent or buffer preparation. Sodium hydroxide 

(NaOH) (Sigma, USA) and hydrochloric acid (HCl) (Fisher Scientific, USA) were used 

for pH control in buffer and reagent preparation. Thiazolyl Blue Tetrazolium Bromide 

(MTT) (Sigma, USA) was used for the MTT cytotoxicity assay. Graphene oxide (GO) 

nanoparticle powder was kindly provided by Prof. Mohammed Khalid from the Graphene 

and Advanced 2D Materials Research Group (GAMRG) at Sunway University, Petaling 

Jaya, Malaysia. HCl and nitric acid (HNO3), (Sigma, USA) were used to make aqua regia 

(1:3 mixture) for washing glassware used in AuNP synthesis. 

3.1.2. Cell Culture Materials and Cell Lines 

Breast cancer cell models: human breast adenocarcinoma (MCF-7, ATCC-HTB-22™), 

Cisplatin-resistant human breast adenocarcinoma (MCF-7-CR, ATCC-HTB-22™) 

(Watson et al., 2007), triple-negative human breast adenocarcinoma (MDA-MB-231, 
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ATCC-CRM-HTB-26™) were used in the experiments. Cells were cultured in standard 

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA) supplemented with sodium 

bicarbonate (Sigma, USA), 10% fetal bovine serum (FBS) (Gibco, USA), 1x L-glutamine 

(Gibco, USA), 1x Penicillin/Streptomycin (PenStrep) antibiotic (Gibco, USA), and 1x 

non-essential amino acid (NEAA) (Gibco, USA). Dissociation reagents used in cell sub-

culturing were 0.05% Trypsin-EDTA (Gibco, USA) for MCF-7 and MCF-7-CR cells as 

well as TrypLE Express (Gibco, USA) for MDA-MB-231 cell lines. For washing, 

phosphate buffer saline (PBS) pH 7.4 was made using sodium chloride (NaCl) (Sigma, 

USA), potassium chloride (KCl) (Sigma, USA), disodium hydrogen phosphate 

(Na2HPO4) (Sigma, USA), and potassium dihydrogen phosphate (KH2PO4) (Sigma, 

USA). 

3.2.Research Plan and Design 

3.2.1. Evaluation of breast cancer cell drug-resistivity against therapeutics 

In the first phase of the research, three different breast cell lines were used to compare 

and evaluate the drug resistance of each cell. All cell lines were grown in 5% CO2 at 37°C 

temperature conditions in CelCulture® CO₂ Incubator Model CCL-170T-8 (Esco, 

Singapore). 

Among the three cell lines, MCF-7 was known to not confer MDR phenotypes and was 

only resistant to hormonal-related drugs such as tamoxifen (Comşa et al., 2015; Lee et 

al., 2015), thus was used for cancer cell control in this study as no hormonal drugs were 

used as samples. MDA-MB-231 was studied extensively for its ability to be resistant to 

multiple drugs to its poor prognosis, anti-apoptosis, drug effluxion, and EMT (Wang et 

al., 2017; Franchi et al., 2020; Huang et al., 2020); thus, was used for MDR model of 

breast cancer cell in this study.  
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FDA-approved drugs Cisplatin (CDDP) and  Paclitaxel (PTX) were supposed to be used 

for generating two different chemo drug-resistant MCF-7 breast cancer cells that had 

acquired therapeutic resistance over a short period, as both drugs had been used for 

advanced metastatic breast cancer treatment regimen (Wang et al., 2021; Gupta et al., 

2019). However, due to resource limitations, only chemo-drug-resistant MCF-7-CR was 

actualized as the current model.  

To compare the drug resistivity of each cell, four antineoplastic agents were used, which 

were: FDA-approved CDDP from the anti-alkylating agent group, FDA-approved PTX 

from the taxane group, alpha-mangostin (A-MG) from the naturally derived 

chemotherapeutic compounds, as well as andrographolide (Andr-G) from the naturally-

derived chemotherapeutic compounds. The treatment duration of antineoplastic agents 

was also investigated to determine whether the drug resistivity of each cell line reduced 

after a certain amount of time.  

3.2.2. Metallic nanoparticles synthesis, characterization, and cytotoxicity 

determination 

In the second phase of the research, two metallic nanoparticles synthesized from gold 

(AuNPs) and silver (AgNPs) were tested to see how they affect breast cancer cell lines 

and determine which of the two nanoparticles would reduce cancer cell viability. AuNPs 

and AgNPs were first synthesized from nanoparticle precursors HAuCl4•3H2O and 

AgNO3 in magnetic-stirrer mixing synthesis using three different reducing agents which 

were sodium borohydride (NaBH4), hydrazine hydrate, and ascorbic acid. The 

physicochemical properties of the synthesized nanoparticles would be characterized by 

their surface plasmon resonance (SPR), visual colloidal stability, surface 

functionalization, size-shape morphology, and zeta potential. The characterization was 

performed using UV-visible (UV-vis) spectroscopy for SPR, particle analyzer for zeta 

potential and particle size, FTIR spectroscopy for surface functionalization, and SEM for 
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size-shape morphology. The synthesized nanoparticles were also taken for treatment to 

three breast cancer cell lines to compare cell viability reduction, which were: the non-

MDR phenotype control breast cancer cell MCF-7, MDR phenotype chemo-drug-

resistant cisplatin-resistant breast cancer cell MCF-7-CR, and MDR phenotype triple-

negative breast cancer cell MDA-MB-231. 

3.2.3. Evaluation of graphene oxide (GO) as pre-synthesized organic nanoparticle 

as well as UV-B radiation exposure to breast cancer cells for synergistic 

effects 

In the third phase of the research, organic nanoparticle graphene oxide (GO) was tested 

against breast cancer cells MCF-7, MCF-7-CR, and MDA-MB-231 to compare 

cytotoxicity activity with metallic nanoparticles AgNPs and AuNPs. GO was treated on 

breast cancer cells to determine toxicity effects alongside UV-B radiation exposure which 

was previously studied by Simon et al. (2021). Multiple experiments were performed to 

further study in terms of parameter changes in GO treatment, UV-B exposure, and 

coupled GO UV-B treatment to investigate their influence on the cytotoxicity against 

cancer cells. In experimental order, the parameters changed in the GO treatment were: 

GO solvent treatment, GO treatment duration, and UV-B exposure dose. 

In the first experiment, non-chemo-drug-resistant, chemo-drug-resistant, and MDR 

model cancer cells were screened with GO in different concentrations to determine dose-

dependent toxicity effects. The follow-up second and third experiments were conducted 

to further evaluate treatment differences between solvent and media as well as their 

impact on the toxicity of GO in cells. Parametric change experiments were also performed 

in terms of GO treatment duration in addition to UV-B energy exposure. 

3.3.Experimental Procedure 
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3.3.1. Gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) synthesis and 

preparation 

3.3.1.1.Glassware cleaning by deionized water (DI H2O) and aqua regia rinsing 

Before synthesis, all glassware used for AuNPs synthesis was pre-treated with an acid 

wash. Glassware, magnetic-stirring rods, and glass pipettes were rinsed with DI H2O to 

clean off debris. The glassware was then rinsed in aqua regia (made by slowly adding and 

mixing one part HNO3 into three parts HCl). Further, glassware was re-rinsed in DI H2O 

to remove excess acid. The glassware was then oven-dried until use. 

3.3.1.2.AuNPs and AgNPs magnetic-stirring mixing synthesis for characterization 

The metallic nanoparticles were synthesized using a method adapted from Aqeel et al. 

(2016). Reducing agents 20 µL of 5 mM NaBH4 was added dropwise to 20 mL 

nanoparticle precursor 1 mM AgNO3. Reducing agents 50 µL of 5 mM NaBH4, 100 µL 

of Hydrazine hydrate 10%, and 500 µL of 5 mg/mL ascorbic acid were added dropwise 

each to separate Erlenmeyer flasks containing 20 mL nanoparticle precursor 1 mM 

AgNO3. The reducing agents were also added to three separate flasks containing 

nanoparticle precursor 1 mM HAuCl4•3H2O. The solutions were then mixed for 10 

minutes using magnetic-stirring rods and stirring hotplates (Fisher Scientific, USA) at the 

dialed speed of 350 RPM for 10 minutes at the standard room temperature of 25°C. 100 

µL of the freshly-synthesized AgNP and following synthesis reagents were taken to UV-

vis spectroscopic characterization as well as MTT cytotoxicity assay. 

3.3.1.3.AuNPs and AgNPs freeze drying for characterization 

Freshly synthesized AgNPs and AuNPs colloids were poured into several 50 mL 

centrifµge tubes in small amounts. The colloid-filled tubes were then put to -80°C to 

freeze, before placing into the vacuum chamber of -100°C freeze-dryer apparatus 

ScanVac CoolSafe 110-4 Basic 4lt Freeze Dryer (Labogene, Denmark) and RV5 Rotary 
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Vane Vacuum Pump (Edwards, Sweden), where the tube caps were replaced with filter 

paper fastened with rubber bands. The freeze-dryer was turned on for three days, before 

storing the dried nanoparticle powders and pastes in the dark, at room temperature. The 

freshly dried nanoparticle powders and pastes were then taken to FTIR, SEM, and DLS 

characterization. 

3.3.2. UV-vis spectroscopy nanoparticle characterization 

UV-vis spectroscopy characterization was performed using a method adapted from Aqeel 

et al. (2016). 100 µL of reducing agents of 5 mM NaBH4, Hydrazine hydrate 10%, and 5 

mg/mL Ascorbic Acid), nanoparticle precursors (1 mM AgNO3 and 1 mM 

HAuCl4•3H2O), blank solvent DI H2O, as well as freshly-made synthesized AuNP and 

AgNP colloidal samples were loaded to a transparent 96-well plate for analysis. The plate 

was read using Infinite M Plex plate reader (Tecan, Swiss) with sweeping absorbance 

ranging from 250-1000 nm wavelength. Plasmonic bands for AgNPs are detected around 

400 nm, whereas AuNPs are detected at around 500 nm. 

3.3.3. Fourier Transform Infra-Red (FTIR) spectroscopy nanoparticle 

characterization 

FTIR spectroscopy characterization was performed using a method adapted from Simon 

et al. (2021). Spectrum Two FT-IR Spectrometer (Perkin Elmer, USA) was calibrated to 

reduce background noise. Then freshly freeze-dried synthesized AgNP powders and 

AuNPs pastes were mounted on top of the FTIR spectrometer detector plate to be read.  

3.3.4. Scanning Electron Microscopy (SEM) nanoparticle characterization 

SEM characterization was performed using a method adapted from Anwar et al. (2019). 

50 µL drops of freshly-synthesized AgNPs and AuNPs colloids were placed on top of a 

microscope slide to be freeze-dried in ScanVac CoolSafe 110-4 Basic 4lt Freeze Dryer 

(Labogene, Denmark) and RV5 Rotary Vane Vacuum Pump (Edwards, Sweden). The 
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resulting freeze-dried microscope slides were then ion-sprayed using platinum coating 

using SPT-20 (Coxem, Korea) for preparation of SEM analysis. The microscope slides 

were then mounted on Tescan Vega 3 (Tescan, Czech) and observed under 15000x 

magnification. Images taken were then analyzed using image analyzer ImageJ Software. 

3.3.5. Dynamic Light Scattering (DLS) for nanoparticle characterization 

DLS characterization was performed using a method adapted from Anwar et al. (2019). 

1.5 mL of freshly synthesized AgNPs and AuNPs colloids were prepared in two different 

cuvettes: omega cuvettes and disposable plastic cuvettes. The cuvettes were then taken to 

particle analyzer LiteSizer 500 (Anton Paar, Germany) for reading, with nanoparticle-

filled omega cuvettes for measuring zeta potential while disposable cuvettes were used 

for measuring particle size. 

3.3.6. Cisplatin-resistant MCF-7-CR breast cancer cells preparation 

The method to prepare MCF-7-CR cells was adapted from the method described by 

Watson et al. (2007). MCF-7 cells were grown in 10% FBS-completed DMEM and were 

gradually treated with Cisplatin (CDDP) from 1 µM until the final concentration of 50 

µM where surviving cells started to grow back. Concentrations of 50 µM were further 

used for 7x cycles of 24h. The cells were then re-incubated in untreated media for 30 days 

to let CDDP-resistant viable cells further proliferate.  

3.3.7. MTT cytotoxicity assay for antineoplastic agents and synthesized 

nanoparticles 

Cell culture protocol and MTT cytotoxicity assay were performed using the method 

adapted from Simon et al. (2021). MCF-7, MCF-7-CR, and MDA-MB-231 cell lines at 

passage p7-p20 were seeded to transparent 96-well plates at a calculated 15000 cell 

count/well and were left to adhere and grow overnight. Cells were then treated 

appropriately for 24h or more. Treated cells were then washed in 1x PBS pH 7.4 and 
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further incubated in 10% FBS completed DMEM media containing 0.5 mg/mL MTT for 

2h. The media was then disposed and cells were added with 100 µL of DMSO to dissolve 

formed formazan crystals. The plates were then read with Infinite M Plex plate reader 

(Tecan, Swiss) at 570 nm wavelength. 

Cytotoxicity of the sample was calculated using the cell viability equation: 

%𝑉𝐼𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐴𝑆𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙  
 × 100% 

where the %viability of each sample was used to plot the %viability vs. concentration 

graph to determine the correlation of each sample. Asample is the absorbance of the sample 

after calibrated against blank solvent absorbance, while Acontrol is the absorbance of 

experiment control (untreated cells).  

For experiments related to the influence of antineoplastic agents in Subchapter 3.2.1., 4 

different antineoplastic agents were diluted into 1% sample concentration in 10% FBS 

completed DMEM media and taken for treatment to cells for 24h, 48h, and 72h. 

Antineoplastic agents used in the experiment were CDDP with final treatment 

concentrations 0 (solvent control DMF), 1.5625, 3.125, 6.25, 12.5, 25, 50, 100 µM; PTX 

dissolved in DMSO with final treatment concentrations 0 (solvent control DMSO), 

15.625, 31.25, 62.5, 125, 250, 500, and 1000 nM; A-MG with final treatment 

concentration 0 (solvent control DMSO), 1.5625, 3.125, 6.25, 12.5, 25, 50, 100 µM; and 

Andr-G with final treatment concentration 0 (solvent control DMSO), 1.5625, 3.125, 6.25, 

12.5, 25, 50, 100 µM.  

For experiments related to the influence of synthesized AuNPs as well as AgNPs in 

Subchapter 3.2.2., cells were treated for 24h in two synthesized nanoparticles 1 mM 

AgNP or 1 mM AuNPs. All instances of samples were diluted with DI H2O at final 
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concentrations 0 (solvent control DI H2O), 2, 4, 6, 8, and 10 µM in 10% FBS completed 

DMEM media. 

3.3.8. MTT cytotoxicity assay for graphene oxide (GO), UV-B exposure, and 

synergistic effect treatment 

Cell culture protocol and MTT cytotoxicity assay were performed using the method 

adapted from Simon et al. (2021). As written in Subchapter 3.3.7., MCF-7, MCF-7-CR, 

and MDA-MB-231 cell lines at passage p7-p20 were seeded to transparent 96-well plates 

at a calculated 25000 cell count/well and were left to adhere and grow overnight. Cells 

were then treated appropriately for 24h. Treated cells were then washed in 1x PBS pH 

7.4 and further incubated in 10% FBS completed DMEM media containing 0.5 mg/mL 

MTT for 2h. The media was then disposed and cells were added with 100 µL of DMSO 

to dissolve formed formazan crystals. The plates were then read with Infinite M Plex plate 

reader (Tecan, Swiss) at 570 nm wavelength.  

Cytotoxicity of the sample was calculated using the cell viability equation: 

%𝑉𝐼𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐴𝑆𝑎𝑚𝑝𝑙𝑒

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙  
 × 100% 

where the %viability of each sample was used to plot the %viability vs. concentration 

graph to determine the correlation of each sample. Asample is the absorbance of the sample 

after calibrated against blank solvent absorbance, while Acontrol is the absorbance of 

experiment control (untreated cells).  

For the experiment related to screening of GO concentration toxicity in different cancer 

cell lines and GO dose-dependent toxicity effect in Subchapter 3.2.3., DI H2O-dissolved 

10 µg/mL GO was diluted with 100 µL of 10% FBS completed DMEM media into 0 

(solvent control DI H2O), 25, 50, 75, and 100 µg/mL of media-diluted GO. MCF-7, MCF-

7-CR, and MDA-MB-231 cells were treated and incubated for 24h. 
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For experiments related to GO concentration dose in the presence of PBS in Subchapter 

3.2.3., DI H2O-dissolved 10 µg/mL GO was diluted with 30 µL of 1x PBS pH 7.4 into 0 

(solvent control DI H2O), 25, 50, 75, and 100 µg/mL of PBS-diluted GO. Cells were 

treated and incubated for 3h before being added with 100 µL of 10% FBS completed 

DMEM media to be incubated for 24h. 

For experiments related to UV-B energy exposure dose in the presence of PBS in 

Subchapter 3.2.3., DI H2O-dissolved 10 µg/mL GO was diluted into 30 µL of 1x PBS pH 

7.4 in 0, 5, 10, 25, and 50 µg/mL final concentrations of PBS-diluted GO. Cells were 

treated and incubated for 3h and 6h before being exposed to UV-B energy at energy 0 

mJ/cm2 (non-irradiated), 5 mJ/cm2, and 10 mJ/cm2. After irradiation, cells were added 

with 100 µL of 10% FBS completed DMEM media to be further incubated for 24h. 

3.4.Statistical Analysis 

Tests were done in three sets of biological replicates, where the data points were 

calculated and presented in the form of Mean ± Standard Deviation. Statistical analysis 

for GO results was performed using Student’s t-test with Type-I error set at 5%, 1%, and 

0.5% as the level of significance; where results at p-value ≥ 0.05 are considered as not 

significant, results at 0.01 ≤ p-value < 0.05 is considered as partially significant (*), 

results at 0.01 ≤ p-value < 0.05 is considered as significant (**), and results at p-value < 

0.005 is considered as highly significant (***). All calculations and graphical analyses 

were performed using Excel software from Microsoft Office. 
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CHAPTER 4 – RESULTS 

4.1.Chemo-resistivity of breast cancer cell lines against various antineoplastic agents 

Breast cancer cells MCF-7, Cisplatin (CDDP) -resistant MCF-7-CR, and triple-negative 

breast cancer MDA-MB-231 cells were treated with different chemotherapeutic agents 

such as Cisplatin (CDDP), Paclitaxel (PTX), Alpha-mangostin (A-MG), and 

Andrographolide (Andr-G) to compare the degree of chemo-drug resistance of cells. Cells 

were exposed to chemotherapeutic agents for 24h, 48h, and 72h incubation with different 

concentration doses.  

4.1.1. Breast cancer cell lines against Cisplatin (CDDP)  

CDDP exposure was found to be toxic in MCF-7-CR cells at all incubation times, whereas 

the drug only resulted in reduced cell viability on MCF-7 and MDA-MB-231 at 48h and 

72h incubation (Figures 4.1a, 4.1b, and 4.1c). At 24h incubation, increased concentration 

of CDDP did not result in MCF-7 viability lower than 100% and most concentrations 

resulted in high outliers, however, dose-dependent effects were seen at 48h and 72h where 

the lowest concentration of 1.5625 µM had even resulted in 60% cell viability and 50% 

cell viability reduction was found to be at the range of 12.5-25 µM (Figure 4.1a). MDA-

MB-231 cells were also found to have no viability reduction at 24h and apparent dose-

dependent effects on 48h and 72h incubation, where the cell viability reduction was first 

seen in 1.5625 µM for 48h and 3.125 µM for 72h (Figure 4.1c). For MCF-7-CR, dose-

dependent effects were seen in all incubation time instances, where 50% cell viability was 

reached after 50 µM for 24h, around 25 µM for 48h, and 12.5 µM for 72h (Figure 4.1b). 

By comparing the starting viability reduction and trend between MCF-7, MCF-7-CR, and 

MDA-MB-231 cells, CDDP toxicity effects were found to be highly apparent in MCF-7, 

then MCF-7-CR, and least toxic in MDA-MB-231 cells in 48h and 72h. The results 

suggested that MDR cancer cells were more resistant to CDDP compared to MCF-7 cells. 
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Figure 4.1. Dose-dependent effects of Cisplatin (CDDP) treatment on breast cancer cells 

(a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different exposure times. 

a 

b 

c 
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4.1.2. Breast cancer cell lines against Paclitaxel (PTX)  

Treatments of PTX at 48h and 72h were also found to be toxic in MCF-7, MCF-7-CR, 

and MDA-MB-231 cells with no toxicity found in both MCF-7 and MDA-MB-231 cells 

at 24h incubation (Figures 4.2a, 4.2b, and 4.2c) as seen with CDDP treatments (Figures 

4.1a, 4.1b, and 4.1c). MCF-7 viability increase was seen for 24h incubation treatment 

proportional to PTX concentration but higher concentrations had inconsistent results as 

illustrated by the error bars. While on 48h and 72h incubation, treatments resulted in 

around 30% cell viability for most concentrations (Figure 4.2a). Despite the high outlier 

at 62.5 nM concentration for 24h incubation, treatment of MCF-7-CR in all incubation 

times was found to result in cell death increase proportional to concentration. The lowest 

cell viability in 24h was seen at 1000 nM, while 50% MCF-7-CR cell viability was seen 

at 125 nM and below 15.625 nM concentration at 48h and 72h, respectively (Figure 4.2b). 

PTX resulted in inconsistent and non-cytotoxicity for 24h treatment in MDA-MB-231 yet 

cell death was seen on both 48h and 72h at about 55% and 30% cell viability respectively. 

In terms of 48h, cell viability increased slightly proportional to the concentration of PTX 

from 40% to just below 60% but PTX increased in toxicity for 72h incubation where 40% 

viability was reduced to 20% from lowest concentration to highest concentration (Figure 

4.2c). Based on Figures 4.2a until 4.2c, it was suggested that PTX was most potent against 

MCF-7 and MDA-MB-231 cells in 48h, but PTX then increased in toxicity against MCF-

7-CR for 72h and became desensitized in MDA-MB-231 cells even starting at 48h 

incubation. The results for Figures 4.1a-c and 4.2a-c suggested that FDA-approved CDDP 

and PTX became less effective with more prolonged exposure in MDR cancer cells when 

compared with longer exposure in MCF-7 cells. 
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Figure 4.2. Dose-dependent effects of Paclitaxel (PTX) treatment on breast cancer cells 

(a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different exposure times. 

4.1.3. Breast cancer cell lines against Alpha-mangostin (A-MG)  

a 

b 

c 
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A-MG was found to cause cell death on MCF-7, MCF-7-CR, and MDA-MB-231 cells 

for all incubation time. At concentrations of 25 µM and higher, the viability of all breast 

cancer cells reached more than 50%, even almost 0% cell viability for MDR cancer cells 

at 24h, 48h, and 72h (Figures 4.3a, 4.3b, and 4.3c). Interestingly, at very low 

concentrations of 1.5625-6.25 µM and longer time incubations A-MG seemed to increase 

cell viability to up to 40% for MCF-7 and MCF-7-CR as well as around 20% for MDA-

MB-231 cells. A-MG resulted in 50% cell death in cancer cells starting at concentration 

ranges of 12.5-25 µM for 24h, 48h, and 72h incubation, where in MCF-7 the 

concentrations were at the higher spectrum, in MCF-7-CR the concentrations were at the 

lower spectrum, and in MDA-MB-231 the concentrations were around the middle of the 

concentration ranges. Based on the dose-dependent curves in the figures, A-MG was most 

potent on MDR cancer cells MCF-7-CR and MDA-MB-231 on longer time incubation 

and higher concentration. 

 

Figure 4.3. Dose-dependent effects of Alpha-Mangostin (A-MG) treatment on breast 

cancer cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different exposure 

times. 

a 
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Figure 4.3., Continued, Dose-dependent effects of Alpha-Mangostin (A-MG) treatment 

on breast cancer cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different 

exposure times. 

4.1.4. Breast cancer cell lines against Andrographolide (Andr-G)  

Similar to A-MG, Andr-G was found to cause cell death in MCF-7, MCF-7-CR, and 

MDA-MB-231 cells for all incubation times. At 24h incubation, low concentrations of 

Andr-G on 1.5625-6.25 µM resulted in a small increase in cell viability as seen with A-

MG treatment for longer incubations. It was also found that Andr-G was less effective in 

reducing the viability of MCF-7 cells when compared with MDR cancer cells (Figures 

4.4a, 4.4b, and 4.4c). Even at the highest concentration of 100 µM, treatment of MCF-7 

b 

c 
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in 24h incubation time did not result in viability lower than 70%, while viability was 

reduced to up to 40% in MCF-7-CR and MDA-MB-231 cells. At longer time incubation 

such as 48h and 72h, Andr-G induced high cytotoxicity in MCF-7-CR and MDA-MB-

231 cells as seen in Figures 3.4b and 3.4c, where 50% viability was reached at range 6.25-

12.5 µM for MCF-7-CR and 25 µM for MDA-MB-231 cells. When compared to Figure 

11a, 50% MCF-7 viability in 48h and 72h was only achievable using more than 25 µM 

concentration treatment. This suggested that Andr-G was more effective against MDR 

cancer cells as also seen in the case of A-MG treatment. 

 

 

Figure 4.4. Dose-dependent effects of Andrographolide (Andr-G) treatment on breast 

cancer cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different exposure 

times. 

b 

a 
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Figure 4.4., Continued, Dose-dependent effects of Andrographolide (Andr-G) treatment 

on breast cancer cells (a) MCF-7, (b) MCF-7-CR, and (c) MDA-MB-231 under different 

exposure times. 

4.2.Characterization of gold nanoparticles (AuNP) and silver nanoparticles (AgNP) 

for metallic nanoparticle-based therapeutics 

Inorganic nanoparticles were synthesized using noble metals in the form of gold 

nanoparticles (AuNPs) and silver nanoparticles (AgNPs). Nanoparticle synthesis was 

done by chemical reduction, with reducing agents hydrazine hydrate, ascorbic acid, as 

well as sodium borohydride (NaBH4). Synthesized nanoparticles were characterized 

using UV-vis spectroscopy, with UV-vis spectra for AuNP found at around 520nm 

(Figure 4.5a) whereas UV-vis spectra AgNPs were found at around 400nm (Figure 4.5b). 

AuNP synthesized using ascorbic acid was more stable compared with other reducing 

agents, while AgNPs were more stable when synthesized in the presence of reducing 

agent NaBH4. In both AuNPs and AgNPs instances, syntheses in the presence of 

hydrazine hydrate were highly unstable and did not result in a well-dispersed colloid, with 

a large number of aggregates forming within several seconds of mixing. This resulted in 

noise-heavy spectra recorded in AgNPs UV-vis (Figure 4.5a) and no detectable plasmonic 

c 
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bands in AuNPs UV-vis (Figure 4.5b). Hydrazine hydrate was hence not used for 

subsequent experiments due to its inability to form stable enough nanoparticles. 

 

 

Figure 4.5 Synthesized metallic nanoparticles UV-vis spectra characterization, with (a) 

AuNPs and (b) AgNPs synthesized using reducing agents NaBH4, hydrazine hydrate, as 

well as ascorbic acid. 

By comparing the general spectral peaks and stability in Figures 4.5a and 4.5b, the most 

stable and highest SPR peaks between each nanoparticle were found to be AuNPs 

a 

b 
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synthesized in Ascorbic acid 5 mg/mL and AgNPs synthesized in NaBH4 5mM. 

Therefore, both aforementioned nanoparticles were selected for further measurement 

such as in Fourier Transform Infra-Red (FTIR) Spectroscopy, Scanning Electron 

Microscopy (SEM) observation, and Dynamic Light Scattering (DLS) as they had higher 

nanoparticle presence and overall synthesis yield. The spectral results for the AuNPs and 

AgNPs in FTIR spectroscopy could be seen in Figures 4.6a and 4.6b respectively. Figure 

4.6a showed the spectral peaks for synthesized AuNPs at 3340, 1723, 1620, 1421, 1054, 

508, and 441 cm-1. The strong and broad peak at 3,340 cm-1 confirmed O–H stretching of 

hydroxyl groups which signified traces of hydrates from gold (III) chloride. Other peaks 

were found to be traces of ascorbic acid such as peaks on 1723 cm-1 and 1620 cm-1 which 

were confirmed to be C=O stretching, the small peak at 1421 cm-1 which was C–H 

bending, and C–O–C stretching on 1054 cm-1 (Panicker et al., 2006). Figure 4.6b showed 

the spectral peaks for synthesized AgNPs at 2669, 2354, 2042, 1753, 1283, 800, and 732 

cm-1. The strong peaks at 1283 cm-1, 800 cm-1, and 732 cm-1 corresponded surface 

chemical fingerprint of nanoparticles, which was confirmed to be highly similar to peaks 

for silver nitrate (Oves et al., 2013). Another small peak at 2354 cm-1 also corresponded 

to B-H stretching, signifying traces of NaBH4 found in the surface of AgNPs (Mao et al., 

2015). Both IR spectra for AuNPs and AgNPs were compared to the FTIR reference of 

H2O for background noise and control, with only one peak corresponding to O–H 

stretching for AuNPs which was confirmed to be traces of hydrates in the salt precursors 

(Coblentz Society, 2023).  
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Figure 4.6. Synthesized metallic nanoparticles FTIR spectroscopy characterization, with 

(a) AuNPs synthesized using reducing agent ascorbic acid and (b) AgNPs synthesized 

using reducing agent NaBH4.  

Figures 4.7a and 4.7b showed ascorbic acid-reduced synthesized AuNPs and NaBH4-

reduced synthesized AgNPs observed at 15000x magnification using SEM. AuNPs were 

observed to be successfully synthesized at an observed mean size of 171 ± 53 nm using 

ImageJ Analyzer (Figure 4.7a), with clear spherical morphology. While AgNPs were also 

observed to be synthesized, morphology was determined to be highly irregular and the 

observed mean size was 680 ± 188 nm (Figure 4.7b). Flocculation was seen throughout 

the AuNPs particulates and was more apparent in AgNPs, with most quasi-spheres 

forming connections with the surrounding nanoparticles, resulting in an irregular mesh of 

AgNPs. 

a 

b 



 

89 

 

Figure 4.7. Synthesized metallic nanoparticles SEM characterization at 15000x 

magnification, with (a) AuNPs synthesized using reducing agent ascorbic acid and (b) 

AgNPs synthesized using reducing agent NaBH4.  

Particle analysis was performed using dynamic light scattering (DLS) to measure the zeta 

potential of selected AuNPs and AgNPs. The zeta potential and polydispersity of AuNPs 

and AgNPs were found to be low, with the zeta potential of AgNPs only about -21 mV 

and the polydispersity index as low as 15% (Table 4.1). Coupled with the SEM images, 

synthesized AgNPs were suggested to be unstable and easily react with surrounding 

nanoparticles; whereas synthesized AuNPs were able to maintain stable nanospheres but 

were indicated to be prone to coagulation due to polarity attraction. 

Table 4.1 Synthesized metallic nanoparticle size and zeta potential characterization for 

AuNPs synthesized using reducing agent ascorbic acid and AgNPs synthesized using 

reducing agent NaBH4. Mean Observed Size was calculated from Figures 4.7a-b and was 

analyzed in ImageJ. 

Samples Polydispersity index (%) Mean Observed Size (nm) Mean Zeta Potential (mV) 

AuNP-Ascorbic 17.91 ± 0.90 171 ± 53 -36.08 ± 0.77 

AgNP-NaBH4 15.24 ± 3.86 680 ± 188 -21.35 ± 0.20 

 

a b 
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4.3.Cytotoxicity of gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) against 

breast cancer cell lines 

Inorganic metal nanoparticles synthesized in different reducing agents were then tested 

for toxicity in different cancer cells. Ascorbic acid-reduced and NaBH4-reduced 

synthesized AuNPs were found to exhibit toxicity to MCF-7, MCF-7-CR, and MDA-MB-

231 cells (Figures 4.8a and 4.8b). NaBH4-reduced AuNPs were found to be slightly more 

toxic than ascorbic acid-reduced AuNPs. Both AuNPs were more toxic in MCF-7 and 

MDA-MB-231 cells when compared with MCF-7-CR, with cell viability on MCF-7 and 

MDA-MB-231 for 10 µM NaBH4-reduced reaching about 75% and 80% while ascorbic 

acid-reduced reaching about 80% and 90%. However, the viability of MCF-7-CR was 

seen to be reduced significantly in both instances of ascorbic and NaBH4-reduced AuNPs 

to about 20% reduction on the lowest concentration.  

 

Figure 4.8. Dose-dependent effects of synthesized AuNPs treatment on MCF-7, MCF-7-

CR, and MDA-MB-231 with AuNPs synthesized using reducing agents (a) NaBH4 and 

(b) ascorbic acid. Student’s t-test was performed for AuNPs concentrations compared to 

the solvent control for p-value α < 0.05, α < 0.01, and α < 0.005 (* is partially significant, 

** is significant, and *** is highly significant). 

a 
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Figure 4.8., Continued, Dose-dependent effects of synthesized AuNPs treatment on MCF-

7, MCF-7-CR, and MDA-MB-231 with AuNPs synthesized using reducing agents (a) 

NaBH4 and (b) ascorbic acid. Student’s t-test was performed for AuNPs concentrations 

compared to the solvent control for p-value α < 0.05, α < 0.01, and α < 0.005 (* is partially 

significant, ** is significant, and *** is highly significant). 

Synthesized AgNPs were also tested in breast cancer and MDR breast cancer cell lines 

(Figures 4.9a and 4.9b). It was found that all synthesized AgNPs samples were able to 

induce cytotoxic effects in MCF-7 cells, with the strongest viability reduction seen in the 

highest concentration of ascorbic acid-reduced synthesized AgNPs at 50% cell viability. 

In terms of MCF-7-CR, ascorbic acid-reduced AgNPs had slightly stronger cytotoxic 

effects than NaBH4-reduced AgNPs, however, both AgNPs samples at the highest 

concentration only resulted in around 15% cell death. Interestingly, only NaBH4-reduced 

AgNPs were found to be toxic to MDA-MB-231 cells among the AgNPs samples, albeit 

still less potent than in MCF-7 and MCF-7-CR cells.   

b 
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Figure 4.9. Dose-dependent effects of synthesized AuNPs treatment on MCF-7, MCF-7-

CR, and MDA-MB-231 with AgNPs synthesized using reducing agents (a) NaBH4 and 

(b) ascorbic acid. Student’s t-test was performed for AgNPs concentrations compared to 

the solvent control for p-value α < 0.05, α < 0.01, and α < 0.005 (* is partially significant, 

** is significant, and *** is highly significant). 

When comparing with the cytotoxicity results for AgNPs and AuNPs (Figures 4.8a, 4.8b, 

4.9a, and 4.9b), ascorbic acid-reduced AgNPs were found to have the strongest 

cytotoxicity compared to most nanoparticles against MCF-7 and MCF-7-CR. However, 

in terms of cytotoxicity against MDR breast cancer cells such as MCF-7-CR and MDA-

b 
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MB-231, NaBH4-reduced AuNPs were the more potent nanoparticles, indicating a higher 

potential for both inorganic metallic nanoparticles to be used as the basis for therapeutics 

on MDR breast cancer cells. 

4.4.Cytotoxicity of graphene oxide (GO) nanoparticles as organic nanoparticle-

based therapeutics against breast cancer cell lines 

Graphene Oxide (GO) nanoparticles were used as the organic nanoparticle-based 

therapeutics to contrast against the metallic inorganic nanoparticles. GO samples were 

synthesized and provided by Prof. Khalid’s team (Simon et al., 2021), where GO samples 

were characterized by UV-vis spectroscopy, FTIR spectroscopy, Raman spectroscopy, 

and FESEM analysis.  

To characterize GO suitability as an organic nanoparticle-based therapeutic, GO 

nanoparticles were first screened for toxicity against breast cancer cells. Breast MDR 

cancer cell lines were also tested to see whether GO as a treatment could affect the 

viability of MDR phenotype-exhibiting cancer cells. DI H2O-dissolved GO, further 

diluted in PBS solvent was used for the treatment of breast cell line MCF-7 as well as on 

MDR cancer cells MCF-7-CR and MDA-MB-231 (Figure 4.10). While the treatment 

resulted in cell viability reduction in both MCF-7 and MDA-MB-231 cells, the treatment 

did not result in cell death for MCF-7-CR. Student’s t-test was also performed for the 

highest GO concentration treatment against solvent control to determine the significance 

of cell viability reduction or treatment in cells, with the GO treatment at the highest 

concentration in MCF-7 deemed to be significant at α < 0.05 and MDA-MB-231 to not 

be significant (α < 0.05). At lower concentrations, GO treatment on both cells was found 

to not be potent, with the cytotoxic threshold noted to start around 25 µg/mL. Interestingly, 

GO increased the viability of MCF-7-CR even with only PBS solvent treatment at 3h 

incubation. 
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Figure 4.10 Dose-dependent effect of DI H2O-dissolved GO on MCF-7, MCF-7-CR, and 

MDA-MB-231. Cells were treated in GO diluted in PBS for 3h before being added with 

completed DMEM media for additional incubation of 24h. Student’s t-test was performed 

for GO concentration compared to the solvent control for p-value α < 0.05, α < 0.01, and 

α < 0.005 (* is partially significant, ** is significant, and *** is highly significant). 

Based on Figure 4.10, GO was more cytotoxic in MCF-7 instead of the other chemo-

drug-resistant cancer cells. To determine whether the toxicity of GO was influenced by 

different solvent treatments, GO was further tested against the standard breast cancer cell 

line non-chemo-drug-resistant MCF-7 instead of the other cell lines. One sample revolved 

around treatment by DI H2O-dissolved GO dilution in PBS for 3h incubation treatment 

before supplemented with completed DMEM media for an additional 24h, while another 

sample worked with DI H2O-dissolved GO dilution in 10% completed DMEM for 24h 

incubation treatment. Based on Figure 4.11a, 3h treatment of PBS+GO reduced viability 

to about 85% at 25 µg/mL but did not result in further reduction of cell viability on 

increasing concentration. In the other experiment (Figure 4.11b), 24h incubation 

treatment of DMEM+GO was confirmed to have dose-dependent effects on MCF-7 with 

cell viability reduced to up to 60% at the highest concentration. 
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Figure 4.11 Dose-dependent effect of DI H2O-dissolved GO treatments on MCF-7, where 

(a) cells were treated in GO diluted in PBS for 3h before being added with completed 

DMEM media incubation for 24h and (b) GO diluted in completed DMEM media for 24h 

incubation treatment. Student’s t-test was performed for samples GO concentration 

compared to the respective solvent control for p-value α < 0.05, α < 0.01, and α < 0.005 

(* is partially significant, ** is significant, and *** is highly significant). 

a 
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To determine whether UV-B irradiation could modulate the cytotoxicity of GO and 

further reduce cell viability, UV-B irradiation experiment on PBS+GO treatment was 

conducted (Figures 4.12a and 4.12b). DI H2O-dissolved GO diluted in PBS were treated 

to cells for at least 3h and 6h before exposure to UV-B irradiation and subsequent 

incubation in culture media for an additional 24h.  As seen in Figure 4.12a, samples would 

have GO dose-dependent effects as well as UV dose-dependent effects on MCF-7, where 

a higher concentration of GO and UV-B exposure energy would increase cell death. At 

3h incubation using GO 50 µg/mL, viability was reduced to around 50% for UV-B at 10 

mJ/cm2 which was 30% and 20% lower than 0 and 5 mJ/cm2. The results suggested some 

indication of synergistic or possible additive toxicity from both UV-B and GO treatment. 

In Figure 4.12b, the same GO dose-dependent effect was seen for 6h GO incubation but 

not entirely for UV dose-dependent effect as the cell viability of UV-B exposure at 10 

mJ/cm2 for 50 µg/mL was not lower than 0 and 5 mJ/cm2. While additive toxicity effects 

were indeed seen on both occasions of 3h and 6h incubation on 0 and 5 mJ/cm2, the 

resulting cell viability discrepancy was not too high. Another thing to note was the 

cytotoxicity on 6h of PBS treatment, where all MCF-7 viability was seen to be reduced 

by 20%, which suggested that PBS may attenuate GO incubation at lower duration 

incubation but would become more toxic as time progresses. 
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Figure 4.12 Dose-dependent effect of DI H2O-dissolved GO coupled with UV-B 

irradiation exposure on MCF-7. Cells were treated in GO diluted in PBS for (a) 3h and 

(b) 6h before being irradiated in UV-B at 0 mJ/cm2, 5 mJ/cm2, and 10 mJ/cm2. Cells were 

then added with completed DMEM media for 24h incubation. Student’s t-test was 

performed for samples GO concentration compared to the respective solvent control for 

p-value α < 0.05, α < 0.01, and α < 0.005 (* is partially significant, ** is significant, and 

*** is highly significant). 

a 

b 
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CHAPTER 5 - DISCUSSION 

5.1.Cytotoxicity of breast cancer cell lines against various antineoplastic agents 

Cisplatin (CDDP) treatment effects on cell viability revealed that while initially, all cell 

lines did not die in response to different drug doses, cells eventually were affected by 

CDDP and were shown to die in higher concentrations starting from MCF-7, MDA-MB-

231, and MCF-7-CR (Figures 4.1a, 41b, and 4.1c). MCF-7-CR and MDA-MB-231 were 

known to be breast cancer cell lines with chemoresistance against specific drugs, with 

MCF-7-CR being resistant to CDDP; while the MDA-MB-231 cell line was 

nonresponsive against hormonal-related drugs due to their lack of hormone receptors 

(Theodossiou et al., 2019). As a DNA-alkylating agent, CDDP has been widely used as 

a treatment for metastatic breast cancer mainly due to how it can force apoptosis, DNA 

damage, and intracellular Ca2+ gradient imbalance due to ROS generation. However, 

prolonged exposure to CDDP resulted in heightened resistance for MCF-7 in the form of 

MCF-7-CR cells (Al-Taweel et al., 2014; Ajabnoor et al., 2012) as well as in TNBCs 

such as in MDA-MB-231 cells (Koh et al., 2021; Wawruszak et al., 2015).  

Intriguingly, results for CDDP cytotoxicity in MCF-7-CR were not dissimilar to MCF-7 

even at 48h and 72h (Figures 4.1a and 4.1b), unlike the results reported by Al-Taweel et 

al. (2014), Ruiz-Silvestre et al. (2024), as well as Watson et al. (2007) where even at 24h 

significant resistance were seen at about two-fold compared from MCF-7 and MCF-7-

CR. In the procedures performed by Al-Taweel et al., Ruiz-Silvestre et al., and implied 

performed by Watson et al., the MCF-7 cells were initially subjected to sublethal doses 

of CDDP and the remaining surviving cells were treated with increasing CDDP dosage 

until their final differing concentrations at about 1 or 50 µM. Using the highest 

concentration, MCF-7-CR cells were further treated up to 7 times to maintain the 

artificially conferred MDR phenotype in the cells. While the low-dose resistance could 

be explained by how MCF-7 cells are highly prone to mutation and short-term MDR 
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phenotype expression (Comşa et al., 2015; Lee et al., 2015); it was highly speculated that 

the MCF-7-CR cells generated in this study was not as stable or had not expressed enough 

MDR-associated proteins and genes as the ones reported in the other studies due to 

technicalities such drug degradation which would also explain the inconsistent and 

unremarkable cytotoxicity results on MCF-7 and MDA-MB-231 in Figures 4.1a-c. CDDP 

was not freshly prepared upon treatment and was roughly used in the study for about 7-8 

months in 4°C storage, which may have resulted in further degradation for each drug to 

the extent of reduced lethality. For CDDP, it was reported that while DMF solvent 

coupled with 4°C temperature was a highly appropriate environment for storage, 

cytotoxicity was found to be slightly reduced in A2780 ovarian cancer cells after cold-

stored for 57 days (Yi and Bae, 2011). Sub-culture issues may also be another factor that 

resulted in lower MCF-7-CR stability, as MCF-7 cells are generally known to be 

genotypically unstable and can morph into variants rapidly, resulting in more finicky 

situations on sub-culturing MCF-7 cells even in lower cell passages (Comşa et al., 2015). 

Therefore, the results for most MCF-7-CR cells as well as CDDP cytotoxicity in this 

study should not be taken at face value and may need to be appropriately retested to 

confirm whether such technical errors had occurred. 

Similar to CDDP, treatment of paclitaxel (PTX) resulted in increased cell death 

percentage proportional to increased concentration and exposure time, albeit reaching 

stagnation at a faster rate than CDDP in most cell lines (Figures 4.2a, 4.2b, and 4.2c). In 

terms of mechanism of action, the key cytotoxic principle of PTX is through the 

stabilization of microtubules, thereby resulting in mitotic arrest (Kim et al., 2015) as well 

as subsequent apoptosis due to the disruption of mitochondrial ionic homeostasis 

(Saunders et al., 1997; Martins et al., 2020). Treatment of PTX was studied to result in 

high apoptosis in MCF-7, yet apoptosis and necrosis were not induced in MDA-MB-231 

cells (Calaf et al., 2018). Prolonged exposure to PTX in breast cancer was recorded and 
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reviewed to result in MDR phenotype acquisition, with MCF-7 cells recorded to produce 

MDR1 protein thereby increasing PTX efflux, whereas expression of key proteins and 

RNAs resulted associated with some cancer hallmarks were upregulated in MDA-MB-

231 cells after prolonged exposure to PTX (Zhao et al., 2022; Samaan et al., 2019).  

In all cell lines, alpha-mangostin (A-MG) and andrographolide (Andr-G) resulted in cell 

death reduction starting from 24h (Figures 4.3a and 4.3a), especially MDR phenotype cell 

lines MCF-7-CR and MDA-MB-231 where cells were found to be more sensitized 

compared to non-MDR MCF-7 (Figures 4.3b, 4.3c, 4.4b, and 4.4c). Both A-MG and 

Andr-G are considered antineoplastic-behaving phytochemical compounds which can 

induce apoptosis signaling as well as cell cycle arrest in breast cancer cells, despite not 

yet being designated as FDA-approved anticancer drugs (National Center for 

Biotechnology Information B and C, 2023; Zhu et al., 2021; Tohkayomatee et al., 2022). 

It was reported by Simon et al. (2022) that A-MG was able to inhibit MCF-7 and MCF-

7-CR growth by regulating certain apoptotic-related proteins, with prolonged exposure 

resulting in highly increased cell death. A-MG was also further studied to treat MDA-

MB-231 cells by inhibiting the important FAS pathways that were related to the 

metabolism of intracellular free fatty acids and cell membrane lipids (Li et al., 2014). 

Andr-G was confirmed to be effective as a cytotoxic agent as shown and discussed by 

Tohkayomatee et al. (2022). It was reported that the compound was able to specifically 

target Luminal A-subtype breast cancer cells such as MCF-7 due to possessing an anti-

estrogenic activity against the ERα receptors in MCF-7 cells and interestingly inhibited 

the already low-leveled ERβ estrogenic receptor in MDA-MB-231 cells. Besides MDA-

MB-231 (Peng et al., 2018), Andr-G was also found to suppress cell metastasis and 

proliferation in MCF-7 by inhibiting NF-κB and VEGF signaling (Li et al., 2021).  

By comparing the cytotoxicity of each antineoplastic agent on multiple cell lines, PTX 

was still the strongest even among the more novel compounds in terms of used 
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concentration at the nM scale. In the higher concentration µM scale, A-MG was more 

toxic than Andr-G and CDDP, with the least cytotoxic inducing drug being Andr-G on 

MCF-7 cells (Figure 4.4a). However, in terms of cell sensitization over treatment duration, 

A-MG and Andr-G were the most potent, with the least potent being PTX where both 

drug-resistant cancer cells were shown to become more desensitized over time (Figures 

4.2b and 4.2c). As seen with PTX treatment in MCF-7-CR and MDA-MB-231, toxicity 

was not enough as the criterion for selecting antineoplastic drugs. Besides inherent 

cytotoxic activity, anticancer drugs need to have high cancer sensitization and low 

resistivity capability for use in MDR breast cancer cases, which may be able to be 

evaluated by noting the effects of drug treatments on various cancer parameters over 

periods such as cell viability or proliferation. Novel targeted drugs can bypass the MDR 

mechanisms in cancer (Bukowski et al., 2020), as in the case of the A-MG and Andr-G 

which are still not much studied against cancer cells. The results on each antineoplastic 

agent cytotoxicity against MCF-7-CR and MDA-MB-231 showed that despite breast 

cancer cells becoming more resistant to two commonly used FDA-approved anticancer 

drugs in the long run, there are still many novel potential anticancer drugs that are highly 

sensitive and can be found throughout nature as in the case for A-MG and Andr-G. 

5.2.Synthesis and characterization of gold nanoparticles (AuNPs) and silver 

nanoparticles (AgNPs) as metallic nanoparticle-based therapeutics 

UV-vis spectroscopy can be used for the measurement or more specifically, the 

observation of SPR in nanoparticles which enables the determination of various other 

characteristics such as size-shape morphology, nanoparticle colloidal stability, and 

nanoparticle purity (Kovacs et al., 2022). This can be achieved by the measurement of 

changes in plasmonic peak shifts, absorbance amplitude change, and specific changes in 

certain absorbance ranges. Metallic nanoparticles in the form of gold nanoparticles 

(AuNPs) and silver nanoparticles (AgNPs) were able to be synthesized using different 
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types of reducing agents, with different reducing agents resulting in various changes in 

SPR plasmonic characteristics (Figures 4.5a and 4.5b). As reducing agents, ascorbic acid, 

NaBH4, and hydrazine hydrate are used in the chemical synthesis of metallic 

nanoparticles in certain quantities to keep the balance between particle dispersal stability 

and particle agglomeration. All three reducing agents were confirmed to be able to 

synthesize AgNPs and AuNPs based on the observed SPR of both nanoparticles. While 

hydrazine hydrate was able to reduce Ag and Au into solids in higher amounts than 

NaBH4 and ascorbic acid, the hydrate also increased ionic interactions which caused 

AgNPs and AuNPs synthesized by hydrazine hydrate to form large precipitates (Figures 

4.5a and 4.5b).  

Further characterization of AgNPs in strong reducing agent NaBH4 and AuNPs in strong 

reducing agent ascorbic acid revealed that despite the successful synthesis of 

nanoparticles as shown in UV-vis spectroscopy with traces of intermolecular surface 

interaction and surface moieties in FTIR spectroscopy (Figure 4.5a, 4.5b, 4.6a, and 4.6b), 

SEM showed that dried AuNPs were attracted to others (Figure 4.7a). The Zeta potential 

and polydispersity of AuNPs synthesized in ascorbic acid (Table 4.1) suggested that the 

nanoparticles did not have high enough electrokinetic potential to form a shielding layer 

between Au solid against the ionic solvent. Zeta potential corresponds to colloidal 

stability and dispersity of nanoparticles, with higher zeta potential associated with higher 

nanoparticle dispersal (Rasmussen et al., 2020). The surface functional groups also 

contributed to stability, as the moieties impacted the polarity of the nanoparticle and 

resulted in changes in the weakly charged outer nanoparticle region. Size-shape 

morphology also influences colloidal stability due to the inversely proportional 

relationship between size and zeta potential (Nakatuka et al., 2015; Malvern Instruments, 

2015). This was more apparent in SEM analysis and DLS on synthesized AgNPs in 

NaBH4, where most nanoparticles had combined resulting in an irregular mesh with a 
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very large diameter (Figure 4.7b and Table 4.1). The surface charge of AgNPs was also 

far lower than the general zeta potential threshold for electrostatically stable suspension 

of ±30 mV, which was determined to be highly unstable and easily agglomerated 

(Gumustas et al., 2017). In some studies, AgNPs were able to be synthesized with similar 

and lower zeta potential than threshold ±30 mV albeit in the presence of stabilizing agents 

such as PVA for the spherical NaBH4-AgNPs with zeta potential -11.10 mV and particle 

size of around 30 nm (Roto et al., 2018) as well as trisodium citrate capping agent for the 

spherical NaBH4-AgNPs with zeta potential -22.2 mV and particle size of around 50 nm 

(Kaur et al., 2013). 

To regulate particle size-shape formation, surface charge, and aggregation, stabilizing 

agents such as polymers are an important additive as they control surface contact between 

the outer nanoparticle crystalline structure and ionic solvent through steric and 

electrostatic blocking (Javed et al., 2020). Roto et al. (2018) reported that AgNPs 

synthesized with the three aforementioned reducing agents were stabilized with PVA and 

resulted in plasmonic peak shift as well as particle morphology change.  

Aside from SPR peak shift and size-shape morphology change, differences in reducing 

agents would also result in different characteristics. It was noted that AgNPs synthesized 

in NaBH4 and ascorbic acid resulted in more negatively charged zeta potential as well as 

overall more shelf-stable colloids than AgNPs synthesized in hydrazine hydrate even in 

the presence of stabilizers (Roto et al., 2018), confirming our hypothesis that AuNPs and 

AgNPs made from hydrazine hydrate (Figure 4.5a and 4.5b) were less stable due to the 

inherent property of the reducing agent itself. Demchenko et al. (2020) investigated 

changes in electrical, thermomechanical, and morphological properties of AgNP-polymer 

nanocomposite synthesized in different reducing agents and found that due to the different 

reducing strengths of each agent, nanoparticles unique from one another were synthesized 

with different antimicrobial levels. 
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5.3.Cytotoxicity of gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) 

against breast cancer cells 

In our study, AuNPs and AuNPs synthesized in ascorbic acid were found to exhibit 

different levels of cytotoxicity against breast cancer cells MCF-7, MCF-7-CR, and MDA-

MB-231 compared with nanoparticles synthesized in NaBH4. In all types of cell models, 

NaBH4-reduced AuNPs were relatively more toxic than ascorbic acid-reduced AuNP 

(Figures 4.8a, and 4.8); whereas ascorbic acid-reduced AgNPs were more toxic than 

NaBH4-reduced AgNPs, except in MDA-MB-231 cells where ascorbic acid-reduced 

AgNPs did not result in any cell deaths (Figures 4.9a and 4.9b). In terms of cytotoxicity 

in MCF-7 cells, the most to least cytotoxic nanoparticles were ascorbic acid-reduced 

AgNPs > NaBH4-reduced AuNPs > NaBH4-reduced AgNPs > ascorbic acid-reduced 

AuNPs. In terms of cytotoxicity in MCF-7-CR cells, the most to least cytotoxic 

nanoparticles were NaBH4-reduced AuNPs > ascorbic acid-reduced AgNPs > NaBH4-

reduced AgNPs > ascorbic acid-reduced AuNPs. In terms of cytotoxicity in MDA-MB-

231 cells, the most to least cytotoxic nanoparticles were NaBH4-reduced AuNPs > 

ascorbic acid-reduced AuNPs > NaBH4-reduced AgNPs > ascorbic acid-reduced AgNPs. 

The disparity in different breast cancer cell models was likely due to the size-shape 

morphology of each nanoparticle, zeta potential, the surface composition of each 

nanoparticle which contained traces of reducing agents working as capping agents, or 

even the inherent toxicity of the base metals used for each nanoparticle (Kaur et al., 2013).  

While there were conflicting reports on the mechanism of action of ascorbic acid cancer 

toxicity, ascorbic acid was known to affect breast cancer cells and was also found to 

synergize with other anticancer drugs (Hong et al., 2007). In one recent study, ascorbic 

acid was able to induce apoptosis and generate oxidative stresses in TPC-1 thyroid cancer 

(Tronci et al., 2021). Although meager studies were found on the cytotoxicity of NaBH4, 

it is regarded as a toxic and corrosive chemical, possibly due to its highly reducing 
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properties similar to ascorbic acid and how it can decompose into hydrogen gas and 

sodium hydroxide in the presence of water (Schlesinger et al., 1953; National Center for 

Biotechnology Information A, 2023). 

AuNPs made from both reducing agents were indicated to have some cytotoxicity activity 

against MCF-7 breast cancer (Figure 4.8a and 4.8b), which is supported by Woźniak et 

al. (2017) where spherical AuNPs synthesized in tannic acid were able to kill HeLa 

cervical cancer within 24h starting from 16 µM of nanoparticles. In a study where NaBH4 

was used as both a reducing and capping agent, spherical AuNPs were able to exhibit 

cytotoxicity comparable with cisplatin to induce apoptosis and DNA damage in A549 

lung cancer while not targeting normal cell line HBL100 (Ramalingam et al., 2017). 

Synthesized AuNPs in our study showed cytotoxic effects in chemo-drug-resistant cancer 

cell MCF-7-CR (Figures 4.8a and 4.8b), which were in line with a study done by Jiang et 

al. (2020) that used a different chemo-drug-resistant breast cancer derivative MCF-

7/ADR that was resistant to adriamycin. Jiang et al. (2020) reported that NaBH4-reduced 

AuNPs induced apoptosis and bypassed MDR efflux receptors in cells due to its larger 

size than the protein binding pocket at around 5.4 nm, showing that size morphology 

impacted MDR-related chemotherapy. The cytotoxicity of NaBH4-reduced AuNPs in 

MDA-MB-231 cells was also supported by a study done by Balakrishnan et al. (2017) 

where the dose-dependent activity of AuNPs was seen on both MCF-7 and MDA-MB-

231 treatment. In the highest concentration 125 µM, both treatments resulted in about 

75% cell viability and detected apoptotic cell death. 

While not as strong as in both chemo-drug-resistant breast cancer cells, AgNPs were 

confirmed to be more toxic than AuNPs in MCF-7 cells (Figures 4.9a and 4.9b), likely 

due to the same mechanism of action in AuNPs treatment. NaBH4-reduced AgNPs were 

found to be toxic to non-MDR cancer cells similar to several reported studies, where 

Kovacs et al. (2020) were able to inhibit MCF-7 growth and reduced viability at IC50 
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approximately 50 µM AgNPs; while Kaur et al. (2013) found that NaBH4-reduced AgNPs 

were toxic to A431 skin carcinoma despite not as toxic as tannic-acid-reduced AgNPs. In 

terms of mechanism of action, AgNPs were recorded to be able to induce necrosis and 

lipid peroxidation; while Ag+ ions were more capable of inducing apoptosis and DNA 

damage in cancer cells (Rohde et al., 2021). An investigation in doxorubicin-resistant, 

drug efflux transporter-overexpressing chemo-drug-resistant breast cancer cell derivative 

MCF-7/KCR was performed by Gopisetty et al. (2019), where it was revealed that 

cytotoxicity and MDR phenotype attenuation exhibited by NaBH4-reduced AgNPs was 

size-dependent. Smaller AgNPs were more prone to be removed from cancer cells but 

were more toxic to cells due to the higher amount of reactive silver, while larger AgNPs 

were less cytotoxic due to not being well uptaken but caused MDR phenotype attenuation 

through endoplasmic reticulum stress which increased protein misfolding, including 

MDR receptor proteins. The cytotoxicity results for both AgNPs on MDA-MB-231 cells 

were also found to be far less effective than in one study done by Roszak et al. (2017), 

likely due to the multiple reducing agents and stabilizers used which resulted in key 

characteristics that could induce genotoxicity such as size-shape morphology. Their 

investigation found that the synthesized AgNPs were more sensitive against MDA-MB-

231 cells rather than MCF-7, likely due to some endocytic activity from Ag+ ions as well 

as smaller endocytosed AgNPs.  

Types of solvents may also have some effects on the cytotoxicity of AgNP and AuNP 

towards cancer cells, however, the nanoparticles were prepared and constituted in water 

solvent which is known to be non-toxic even at the tested sample concentration. 

Investigations on various solvent effects were also not performed in this study. For one, 

certain solvents influence the size-shape morphology, surface charge, toxicity, as well as 

stability of synthesized nanoparticles due to polarity, as in the case of the use of organic 

polar aprotic solvent DMSO in synthesis. In one study performed by Xu and Han (2016), 
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DMSO was used as a solvent for the synthesis of AgNPs and they noted that DMSO 

resulted in more stable particle formation and less colloidal aggregation due to the high 

solvent polarity. Besides AgNPs, the geometric shape of AuNPs was also found to be 

affected by DMSO solvents as an additional capping agent due to the Au-S partial 

conjugation bonds (Niu et al., 2017). The use of other solvents was also suggested to 

influence the cytotoxicity of nanoparticles by changing size-shape morphology as well as 

additive toxicity effects from the solvents, as reported by Amgoth et al. (2019). Amgoth 

et al. (2019) found that AuNPs made from DMF at size 10 nm were more toxic than N-

methyl-2-pyrrolidone AuNP at size 40 nm when treated with K562 leukemia cancer cells, 

likely due to the ease of internalization for smaller AuNP and subsequent accumulation 

of the more toxic organic solvent DMF. 

5.4.Graphene oxide (GO) as organic nanoparticle-based therapeutics 

As a type of both organic and ceramic-nanoparticle, Graphene oxide (GOs) and their 

derivatives or functionalized GOs have been a large interest in the cancer therapeutic field 

of study, particularly with the toxicity mechanism of action towards various cancer 

hallmark signaling. The structure of GO and its moieties allow the generation of 

intracellular ROS, which is a well-known therapeutic means to treat cells as they can 

induce immune responses, DNA repair mechanism, as well as organelle breakdown 

(Rhazouani et al., 2021; Ou et al., 2016). In a study performed by Shen et al. (2022), GO 

induced ROS formation inside HCT116 colorectal cancer cells which triggered specific 

pathways associated with autophagy and apoptosis. GO was also reported to reduce breast 

cancer cell viability for non-chemo-drug-resistant MCF-7 cells by inducing apoptosis 

(Simon et al., 2021) and for MDR MDA-MB-231 cells by increasing ROS formation (Wu 

et al., 2015). Our study also showed that GO exhibited cytotoxicity effects on MCF-7 and 

MDA-MB-231 cells, likely due to similar apoptotic signaling (Figure 4.10). However, 

GO did not exhibit toxicity in MCF-7-CR and even increased viability, thus indicating 
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that the GO had triggered some MDR phenotype signaling in the Luminal A subtype 

MCF-7-CR that was different from basal-like subtype MDA-MB-231.  

Due to its structure and high solubility, GO nanosheets, or more specifically the moieties 

of GO nanosheets are prone to intermolecular interactions with other charged particles 

and electrolytes in certain solvents. PBS and cell culture media have been documented to 

affect GO aggregation and solubility which also impacted cancer cell uptake as well as 

toxicity, in the form of cell membrane ruffling and shedding without causing damage 

(Bussy and Kostarelos, 2017). Franqui et al. (2019) and Cho et al. (2016) suggested that 

GO nanosheet multi-layered stacking had also contributed to cell uptake and toxicity, as 

the singular hydrophobic GO sheets would be covered and adsorbed proteins such as FBS 

from cell culture media which made them highly dispersed and easily exhibit cytotoxicity. 

However, multi-layered, protein-covered, hydrophobic GO sheets with large hydrophilic 

edge regions would result in larger GO aggregates which lowered cytotoxicity due to 

lower cell uptake. Results from our study also showed different cytotoxicity levels 

between GO in salt-bearing PBS and FBS-impregnated DMEM culture media, which 

further suggested that the selection of appropriate treatment solvent is crucial (Figures 

4.11a and 4.11b). 

5.5. Influence of UV-B irradiation on cytotoxicity of Graphene oxide (GO) against 

non-chemo-drug-resistant MCF-7 breast cancer cell 

UV-B irradiation has been long studied as a prospective non-chemotherapy. Prolonged 

UV-B (280-320nm) exposure can reduce cell viability by increasing ROS generation 

which damages DNAs as well as disrupting organelles, thereby inducing apoptosis. While 

cell death was not seen immediately post-irradiation, after 24h a large percentage of 

HaCaT skin cancer cells were dead (Khalil and Shebaby, 2017). In breast cancer MDA-

MB-468 and MCF-7, cell migration and structural motility were reduced with apoptosis 

seen in cells treated after UV-B irradiation, particularly MDA-MB-231 cells which were 
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highly sensitized to UV-B irradiation even without additional drugs (Sarkar et al., 2013). 

This was also seen in our results for the UV-B energy at 5 and 10 mJ/cm2 albeit not too 

pronounced, suspected due to the presence of Phenol-Red in some cell culture media 

which were irradiated by UV-B (Figures 4.12a and 4.12b). Phenol-red is a photoactive 

estrogen-based hormone that can form ROS and it was primarily known to be 

controversial concerning how it affects cell proliferation, including MCF-7 

(Kuncharoenwirat et al., 2020; Morgan et al., 2019). 

Interestingly, the cell viability result for 5 and 10 mJ/cm2 UV-B irradiation in the presence 

of GO was lower than only using UV-B as well as only GO, indicating an additive or 

synergistic activity in terms of cytotoxicity between UV-B irradiation and GO (Figure 

4.12a). As both treatments were known to induce intracellular ROS formation and 

subsequent apoptosis, the coupling of both treatments might synergistically affect treating 

cells that are more resilient to either cytotoxic mechanism. In one study, UV-A irradiation 

to GO resulted in structural change, particularly the removal of most hydroxyl and 

carbonyl functional groups which increased toxicity on monocytes by around 40% for 

72h incubated GO 50 µg/mL (Gallegos-Perez et al., 2019). Both UV-B and GO 

treatments showed proportional time- and dose-dependent toxicity effects to toxicity in 

MCF-7 cells, with coupled treatment found to increase ROS activity and show proper 

synergistic effect by calculation in combination index (Simon et al., 2021).  

5.6.Cytotoxicity comparison between AuNPs, AgNPs, and GO against various breast 

cancer cell lines 

Toxicity results between the metallic nanoparticles AuNPs, AgNPs, and organic-ceramic 

nanoparticle GO treatments on the three cancer cell lines were compared with each other 

(Figures 4.8a, 4.8b, 4.9a, 4.9b, and 4.10). All nanoparticles were seen to exhibit 

cytotoxicity towards breast cancer cells albeit attenuated in the case of MDR phenotype-

behaving cancer cells such as MCF-7-CR and MDA-MB-231. GO was more toxic against 
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MCF-7 and MDA-MB-231 compared to both metallic nanoparticles, with the cytotoxicity 

of GO being easily influenced or even increased by UV-B treatment and solvent used. 

Regardless, AuNPs and most AgNPs were also toxic to all breast cancer cell models tested, 

as they were also shown to be easily synthesized and versatile in terms of tunability of 

physicochemical properties. From the results, these nanoparticles show a promising 

future for use in MDR-related therapy as all three nanoparticles have only been 

extensively studied in other publications using standard breast cancer cell models in terms 

of mechanism of action, combinational therapy such as carrier for chemotherapeutic 

delivery and photothermal therapy, as well as biodistribution study in an in vivo model 

(Zhang et al., 2019; Liu et al., 2021). While the results could not be compared 

quantitatively with the four antineoplastic agents due to concentration and treatment 

procedure differences, all seven treatments, especially the three nanoparticles and two 

novel bio-derived compounds were highly potential for further studies on MDR breast 

cancer treatment. 

Nevertheless, this study still has a major flaw, in which no tests were performed against 

normal cell models as well as toxicologic experiments. While the three nanoparticles were 

potent against breast cancer cells, there is still the possibility that the cytotoxicity was 

non-selective enough and may lead to systemic toxicity when exposed to normal tissue. 

In a study conducted by Chen et al. (2012), GO was treated in multiple models such as 

cell lines and zebrafish embryos. They found that GO resulted in lower acute cytotoxicity 

compared to multiwalled-carbon nanotubes due to their structures, with instances of 

apoptosis locally seen in the forehead and eye region of embryos. While GO was less 

toxic than carbon nanotubes, GO still resulted in defective morphological phenotypes 

such as bent spine and stunted growth. In another study, GO-induced autophagy and 

subsequent apoptotic cell death were found even in non-cancerous endothelial cells due 
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to increased Ca2+ in mitochondria and ER, with upregulation of c-Jun N-terminal kinase 

and reduced levels of Bcl-xL as well as Bcl-2 detected (Lim et al., 2016).  

Even at a mean size range of 20-100 nm, AgNPs purchased from Nanux were also found 

to induce acute toxicities and accumulate over time in the lungs, liver, kidneys, and 

immune organs such as spleens when tested on Sprague-Dawley rats (Wen et al., 2017). 

Multiple intracellular biomarkers were also detected in the bloodstream after single-dose 

administration, suggesting tissues accumulated with AgNPs had died after internalization.  

Genomic malignancies were also increased in AgNPs-affected tissues, with the suggested 

reason being increased ROS formation which disrupted the cell cycle.  

In a study done by Fraga et al., (2014), 16 nm-sized polypeptide-capped AuNP 

nanospheres were administered in single-dose intravenously to Wistar rats to evaluate 

short- and long-term systemic toxicity. AuNPs were found to leave the bloodstream at a 

high rate and accumulate around the liver and spleen within 24h, with minimal to no 

detection in other vital organs. No organ-based local toxicities were seen throughout the 

monitoring, except for spleen tissue mass plummeting after 28 days, likely due to AuNP 

agglomeration in splenic blood vessels. Interestingly, systemic toxicity was seen after 28 

days post-administration, where hemolytic phenomenon was detected. 
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CHAPTER 6 – CONCLUSION 

The breast cancer MCF-7 cell line is a luminal A subtype cancer cell that is susceptible 

to anticancer drugs. However, the acquisition of the MDR phenotype in breast cancer and 

the rise of TNBC such as MDA-MB-231 cell lines made breast cancer cells insensitive to 

conventional, FDA-approved chemotherapeutic drugs and are becoming harder to treat. 

The development of novel ways to treat MDR breast cancer is crucial, particularly in the 

field of chemically synthesized anticancer compounds as well as bio-derived anticancer 

compounds. With regards to chemically synthesized compounds, nanoparticles can be 

used therapeutically to target breast cancer cells, especially against MDR phenotype 

cancer cells by bypassing MDR phenotype-associated key cancer hallmarks and 

mechanisms.  

In this study, we have briefly investigated two novel bio-derived anticancer agents called 

A-MG and Andr-G alongside FDA-approved anticancer drugs PTX and CDDP to 

evaluate the cytotoxicity of each drug and the degree of chemo-drug resistivity of breast 

cancer cell lines against such drugs. We have found that the FDA-approved anticancer 

drug PTX was still the most potent among all four drugs tested on MCF-7 and MDR 

breast cancer cell lines, with the least powerful compound being Andr-G. However, PTX 

was found to be easily desensitized in cancer cells, especially just after 48h and 72h in 

MCF-7-CR and MDA-MB-231 MDR breast cancer cell lines. A-MG and Andr-G were 

regarded to be much harder to be desensitized in cancer cells and were able to retain the 

same levels of cytotoxicity even after 48h and 72h in MDR breast cancer cells.  

We have synthesized metallic nanoparticles AgNPs and AuNPs against breast cancer 

cells. AuNPs and AgNPs were successfully synthesized in NaBH4 and ascorbic acid, 

while hydrazine hydrate was not able to yield stable nanoparticles. NaBH4-synthesized 

AgNPs and ascorbic acid-reduced AuNPs were characterized to be present in colloidal 

forms and were ascertained to have functional groups associated with their metal ion 
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precursors as well as reducing agents. Ascorbic acid-reduced AuNPs were found to have 

a low polydispersity index, spherical shape at around 170 nm, and zeta potential -36 mV. 

Compared with the AuNP, NaBH4-reduced AgNPs were found to have a lower 

polydispersity index, a highly irregular shape at around 680 nm, and a low zeta potential 

at -21 mV. While both instances of nanoparticles were successfully synthesized as 

colloidal, they were highly prone to flocculation and agglomeration  

We have also investigated the cytotoxicity of both metallic nanoparticles synthesized in 

NaBH4 and ascorbic acid. NaBH4 and ascorbic acid-reduced nanoparticles were toxic 

against non-chemo-drug-resistant MCF-7 breast cancer cells and slightly toxic against the 

chemo-drug-resistant MCF-7-CR and MDR MDA-MB-231 cells. The most cytotoxic 

nanoparticles against MCF-7 and MCF-7-CR found were ascorbic acid-reduced AgNPs 

as well as NaBH4-reduced AuNPs, where the AgNPs tested were able to cause about 50% 

MCF-7 cell death while AuNPs were found to reduce MCF-7 cell viability to up to 25-

30% when using 10 µM concentration. The most cytotoxic nanoparticles against MDA-

MB-231 cells were also NaBH4-reduced AuNPs, with AgNPs not as effective against 

MDA-MB-231 and no toxicity even observed for ascorbic acid-reduced AgNPs. 

Organic ceramic-based nanoparticles GO were also studied for toxicity, the influence of 

UV-B irradiation on toxicity, and synergistic activity between nanoparticles and UV-B 

irradiation towards breast cancer cells. To summarize our study, GO was revealed to 

exhibit cytotoxicity to cancer cell lines except for MDR cancer cell line MCF-7-CR, with 

most cytotoxicity seen on MCF-7 where cell viability was reduced to around 70% when 

treated in 100 µg/mL GO. Solvents were seen to affect GO cytotoxicity, where the 

presence of PBS resulted in attenuation of toxicity on all GO concentrations to about 80-

90% MCF-7 cell viability. GO incubation time and UV-B irradiation dose were also 

found to influence the cytotoxicity of GO by increasing toxicity via additive effects in 

MCF-7 cells, with the highest GO concentration 100 µg/mL in 3h GO incubation and 10 
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mJ/cm2 UV-B energy as well as in 6h GO incubation and 5 mJ/cm2 UV-B energy resulted 

in 50% and 40% cell viability respectively. 

Limitations and Future Perspective 

Unfortunately, the nanoparticles tested in this study (GO, AgNPs, and AuNPs) were not 

assayed on healthy human cell models nor in vivo models, which limits the understanding 

of whether the nanoparticles could off-target to healthy human cells or even cause 

significant toxicity after administration. Of the three planned MDR phenotype breast 

cancer cells (including the originally planned paclitaxel-resistant MCF-7-PTR), only two 

MDR phenotype models were used in this study as the study was subjected to a limited 

timeframe. The drug-resistant-acquired MCF-7-CR was even found to be limited in being 

desensitized due to short-term exposure as well as several other factors briefly discussed 

related to chemical degradation as well as MCF-7 sub-culture heterogeneity. 

Hence, more studies for in vitro models such as 3D spheroid model, monolayer healthy 

breast cell models, and incorporation of paclitaxel including other drug-resistant MCF-7 

cells, as well as different subtype breast cancer cell lines should be performed. Tests 

would need to be conducted using nanoparticles with different size-shape morphologies, 

FTIR spectrum, and SPR to further understand the influence of nanoparticle 

characteristics changes in the toxicity as well as the mechanism of action on MDR breast 

cancer cells. Other artificially MDR-induced breast cancer subclone cell models should 

also be prepared and quality-controlled in a longer drug time exposure to better control 

the experiments and investigate different arrays of drug resistance in MCF-7-derived 

MDR phenotype cell lines against nanoparticles and antineoplastic bio-derived agents.  

Further studies should also be conducted to better investigate the mechanism of action for 

each chemotherapeutic agent used as well as the MDR mechanism of each cell against 

the chemotherapeutic agents, particularly in the subject of drug effluxion, metastasis, 
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EMT, as well as apoptosis pathway repression. With regards to the cytotoxicity results of 

antineoplastic agents as well as nanoparticles, another multi-modal-based study should 

be performed with more therapies such as the addition of previously studied 

antineoplastic agents A-MG and Andr-G, or gene-targeting treatments. This is to be done 

on GO, AgNPs, and AuNPs to better capture the application of nanoparticles in 

combinational therapies to sensitize MDR phenotype breast cancer cells, especially to 

help increase clinical usage of combined anticancer drugs and nanoparticles for breast 

cancer cases.  
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