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     Abstract 

Off late by 2020, breast cancer (BC) has superseded lung cancer incidences globally. Being the 

most aggressive subtype of BC, triple-negative breast cancer (TNBC) is difficult to tackle with 

conventional treatment approaches. Even though side effects restrain the use of contemporary 

methods; still, surgery, chemotherapy and radiation remain in the mainstream. At the beginning 

of the 19th century, improvements in organic chemistry unveiled active compounds from plants 

called phytochemicals, found to have excellent therapeutic efficacy against cancer. 

Nevertheless, low bioavailability and hydrophobicity limit the potential of these plant-derived 

compounds. It is well evident that nanotechnology tools could effectively bypass these 

limitations. Therefore, in the current study, phytochemical conjugated gold nanoparticles 

(AuNp) were prepared to target TNBC cells via EPR effect passively. Phytochemicals such as 

ethyl ferulate (EF), ellagic acid (EA), coronarin D (CD) and epoxy azadiradione (EAZD) were 

used to reduce gold chloride into AuNps. Formation of EF-AuNp, EA-AuNp, CD-AuNp and 

EAZD-AuNp were confirmed by UV-visible spectroscopy, XRD, EDX, TEM and FT-IR 

spectra. Our in-vitro analysis using MTT assay, colony-formation assay, PI-FACS and live and 

dead assay evidenced the anti-cancer potency of these phyo-nano complexes. Conclusively, 

EAZD-AuNp induced superior anti-proliferative and cytotoxic effects in MDA-MB-231 cells 

than other nanoparticles. Hence, it is worthwhile to proceed with the in-vivo studies and the 

molecular pathway analysis of this meritorious compound which would help this drug journey 

to the clinic. 
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1.1 Introduction  

In the recent past, breast cancer (BC), the most common malignancy afflicting   

women, has surpassed lung cancer and become the highest-diagnosed cancer globally 

(11.7%). It is also the fifth major cause of cancer related deaths among both sexes 

(Sung et al., 2021). The worldwide age-adjusted rate for BC incidence is 48/100000, 

while in developed countries, it goes up to 70/100000. In 2020, BC accounted for 

685,000 deaths among women, worldwide. Two third of these are happening in 

economically backward regions. Interestingly, the 5-year survival rate for BC in 

developed countries is much above 80%. In India, it is less than 70% and in South 

Africa survival rate from BC is only 50% (Wilkinson and Gathani, 2022). Fortunately, 

western countries have been able to lower BC-related deaths in recent times owing to 

proper screening programs, early diagnosis and treatment methods (Igene, 2008; Sun 

et al., 2017). Moreover, the majority of BC reports in advanced countries are in stage 

I or II. On the contrary, in India, almost 47.5% of cases are in advanced stages, where 

the health care system is virtually inaccessible to most of the population (Kakarala et 

al., 2010). Bangalore ranks the topmost position in India for BC incidences (age-

adjusted incidence rate or AAR per 100,000 is (36.6%). In North-East region, Aizawl 

recorded the maximum number of cases (30.3%) and Kamrup Urban district 22.8% 

(National Cancer Registry Programme, 2009-2011) (Sharma et al., 2014). These facts 

lead to the lack of proper diagnostic and treatment tools in India. 

On account of heterogeneity and varied etiopathology, BC can be stratified into five 

subtypes such as luminal A, luminal B, estrogen receptor (ER) and progesterone 

receptor (PR) positive, human epidermal growth factor receptor 2 (HER2) positive, 
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and triple-negative breast cancers (Kumar et al., 2020; Thakur and Kutty, 2019). 

Triple-negative BC (TNBC) is one of the most aggressive subtypes of BC and 

accounts for more than 15-20% of the total BC incidences (Shen et al., 2020; Vagia 

et al., 2020). 

Majority RI�71%&¶V exhibits basal-like phenotype, accounting for 75% of the TNBC-

reported cases (Jain et al., 2020). As the name suggests, TNBC lacks surface receptors 

and exhibits poor clinical outcomes with high tumor relapse, poor overall patient 

survival, and frequent metastasis to distant organs (Thakur et al., 2021).  

 

Additionally, its incidence is reported in premenopausal women of younger age  
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Due to the lack of receptors, most conventional hormonal therapies are ineffective in 

circumventing TNBC. Therefore, chemotherapy tools are prevalent in the current 

treatment regime, mainly in association with other treatment methods. Major concerns 

about chemo drugs are non-targeted nature, drug resistance, toxic effects and tumor 

recurrence. Treatment strategies for TNBC commonly include vascular endothelial 

growth factor A (VEGF-A) inhibitors, androgen receptor inhibitors, poly-ADP-ribose 

polymerase (PARP), mammalian target of rapamycin (mTOR) inhibitors, and 

immune checkpoint modulators (Bergin and Loi, 2019; Cao and Niu, 2020). Though 

these treatment strategies have increased the overall survival of TNBC patients, still 

the disease is lethal for advanced or late-stage patients. Hence, a lacuna exists in 

identifying novel therapeutic agents and integrating them with revolutionary 

technologies to develop novel therapeutic regimens combating TNBC. 

As well documented, medicinal plants have been used since ancient times to treat 

various ailments (Ahmed et al., 2021; Amalraj et al., 2017; Buhrmann et al., 2021; 

Daimary et al., 2021; Girisa et al., 2019; Gupta et al., 2017; Kunnumakkara et al., 

2017; Roy et al., 2019). Natural compounds isolated from these medicinal plants were 

reported to possess immunomodulatory, pleiotropic, pharmacological and anti-cancer 

properties  (Choudhury et al., 2016; Girisa et al., 2021a; Girisa et al., 2021b; Kumar 

et al., 2021; Kunnumakkara et al., 2021; Nair et al., 2019; Verma et al., 2021).  

Interestingly, an estimate of 50% of approved anticancer drugs in 1981-2010 

originated from natural products (Mushtaq et al., 2018). Allicin, gingerol, apigeninm, 

dicumarol, epigallocatechin, genistein are few phyto chemicals that are under 

preclinical trials; lycopene, resveratrol, sulforaphhane, epigallocalechin are some of 
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the phytochemicals evaluated in clinical trials (Choudhari et al., 2020). Vinca 

alkaloids, taxane diterpenoids, camptothecin derivatives, and epipodophyllotoxin. 

vinblastine, paclitaxel, docetaxel, topotecan, etopside are some of phytochemicals 

used for cancer treatment successfully (Choudhari et al., 2020). Therefore, 

phytochemicals still remain the crucial source for developing successful drugs for 

cancer treatment.  

 

 

 

 

 

 

 

 

 

 

It is broadly accepted that the anti-oxidant and anti-inflammatory activity of 

phytochemicals carries a vital role in their anticancer activity (Barbieri et al., 2017). 

However, the major limitations of these phytochemicals are their poor bioavailability 

�&KRXGDUL�$6�HW�DO������ 
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and rapid clearance and resistance to cancer cells (Aqil et al., 2013; Mazurakova et 

al., 2022). Nanotechnology tools can efficiently bypass these limitations of 

phytochemicals by improving the pharmacokinetics, bio-distribution and therapeutic 

index of these agents. Presently, gold nanoparticles (AuNps) have received greater 

attention in contemporary research due to their high biocompatibility, low toxicity, 

good surface plasmon resonance, uncomplicated synthesis approaches and easy to 

functionalise with different materials (Kalashgrani and Javanmardi, 2022). Therefore, 

the present study was aimed at synthesising, characterising and examining the anti-

cancer properties of some of the known phytochemicals for TNBC treatment.  

1.2 Breast cancer (BC) 

BC is the abnormal growth of breast cells, which divide faster than healthy cells, pile 

up together and form a lump. Based on the location where it develops, BC can be 

classified as ductal carcinoma (carcinoma of milk ducts), lobular carcinoma 

(carcinoma of breast lobules), inflammatory BC (affects breast skin) and Paget disease 

(effects nipple and areola) (Watkins, 2019). Mammography and sonography are the 

primary diagnosis techniques; however, MRI is also used in particular if any 

abnormalities are suspected in first two techniques. 

1.2 1 Different grades of BC 

The histological grade of tumors is based on the degree of differentiation of tumor 

tissue. The grade is usually complementary to Lymph node status (LN) as well. 

Grading is generally determined by the morphological features suggested by 

Nottingham Grading System, which is based on (a) the degree of tubule or gland 

formation, (b) nuclear pleomorphism, and (c) mitotic count (Rakha et al., 2010). 
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Determining histological grade is a relatively simple, low-cost method that requires 

only hematoxylin-eosin-stained tumor tissue sections assessed by a trained 

pathologist using a standard protocol. Grade 1 tumors were found to be less than 2cm 

in size, showed good prognosis and have a 5-year survival rate of 99% (Henson et al., 

1991). Only 4% of grade 1 tumor patients were found to be developed distant 

metastasis or died without developing a recurrence of higher-grade tumor (Henson et 

al., 1991). Grade 2 tumors are about 2-5cm in size, and LN involvement is 

comparatively low (Goldhirsch et al., 2009). In short-term follow-up, grade 2 tumors 

showed the intermediate outcome, recurrence and impaired outcome in the long term 

(Rakha et al., 2008a; Rakha et al., 2008b). Grade 2 tumors show intermediate risk, 

and this criterion hints toward the chemotherapy regime. Further, Grade 2 tumors are 

classified into the ³Jrade 1 like´ subgroup and ³grade 3 like´ subgroup. ³Grade 1 like´ 

shows very good outcome and usually gets treatment without chemotherapy, while 

grade 3 like are more aggressive subtype and requires systemic chemotherapy for 

treatment (Rakha et al., 2010). Grade 3 breast tumors are primarily found in larger 

size (Anderson et al., 2000). Most of the HER2 positive and triple negative tumors are 

higher grade (grade 3) and show poor prognosis (Desmedt et al., 2008; Wirapati et al., 

2008). Grade III tumors need aggressive treatment methods and mostly exhibit nodal 

involvement.  

1.2.2  Stages of BC 

BC's stages are defined by the size of the tumor and the infiltration of tumor cells into 

the breast tissue (Heim et al., 1997). 
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Stage 0: In this stage, breast tumors are non-invasive, i.e., cancerous and non-

cancerous cells are seen in the boundary of tumor. No evidence of invasion into the 

surrounding tissues of the breast. Ductal cell carcinoma in situ (DCIS) is an example 

of a stage 0 tumor (Akram et al., 2017). Usual treatment strategies are mastectomy or 

lumpectomy followed by radiation and/or hormone therapy to prevent the further 

development of cancer. 

Stage 1: This particular subtype describes invasive breast carcinoma and includes two 

subtypes, stage 1A and 1B. Stage 1A describes 2cm tumors with no lymph node 

involvement, while stage 1B has smaller tumors (<2cm), and small clusters of cancer 

cells are of found in lymph nodes (0.2mm) (Akram et al., 2017). The major treatment 

option for this stage is surgery followed by radiation. Systemic therapy is also 

recommended for stage 1 tumors. 

Stage 2: Stage 2 tumors are also divided into two distinct subgroups. Stage 2A 

represents tumors found in axillary lymph nodes or sentinel lymph nodes, but no 

tumor is found in the breast, and the tumour size is around 2cm. Stage 2B tumors are 

larger than 5cm but not seen in lymph nodes. Stage 2 tumors are generally treated with 

systemic therapy or hormone therapy before surgery and also recommended for 

radiation in case of nodal involvement (American Cancer Society). 

Stage 3: Stage 3 BC has been subcategorized into Stage 3A, 3B and 3C. Stage 3A 

tumors are not found in breast tissues but develop in 4-9 axillary or sentinel lymph 

nodes. Stage 3B tumors are of variable size, can spread up to axillary or sentinel lymph 

nodes and also show swelling or ulcer on the skin of the breast. Hence, 3B is also 
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)LJXUH�����'LIIHUHQW�VWDJHV�RI�EUHDVW�FDQFHU 

considered as inflammatory BC with red swollen breasts. Stage 3C includes more than 

10 lymph node involvements and lymph nodes below or above the clavicle as well 

(Jacquillat et al., 1990). Surgery is the first option for stage 3 patients, followed by 

radiation; systemic neoadjuvant chemotherapy is also recommended. In case of 

hormone-positive tumors, targeted hormone therapies such as trastuzumab and 

pertuzumab are also recommended (American Cancer Society) 

 

 

 

 

 

 

 

 

 

Stage 4: Stage 4 is the advanced metastatic stage of cancer, characterised by 

metastasis towards the vital organs such as lungs, bones, liver and brain (Neuman et 

al., 2010). Chemotherapy, hormone therapy or immunotherapy combined or 

separately are used to treat or reduce the uneasiness of patients in Stage 4 (WebMD 

Editorial Contributors). 

)LJXUH�����'LIIHUHQW�VWDJHV�RI�EUHDVW�FDQFHU 
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1.2.3 Subtypes of BC 

BC, being a heterogeneous and complex disease, can be classified based on 

parameters such as tumor size, nodal involvement, histological grade, presence of 

various genes and proteins, intrinsic subtypes and extrinsic subtypes, etc. Since 2011 

intrinsic subtypes of BC have been widely accepted for adjuvant systemic therapies 

in early stages (Goldhirsch et al., 2013). These intrinsic subtypes are further classified 

into luminal A, luminal B, HER2 enriched and basal-like tumors. Out of these, luminal 

A and luminal B are in ER positive branch; and HER2-enriched and basal-like tumors 

are in ER-negative branch (Yersal and Barutca, 2014). These molecular classifications 

help to predict the outcome of clinical practises and provide information regarding the 

patient-specific prognosis and risk factors (Malhotra et al., 2010). 

Luminal A 

Luminal A subtype is the most common subtype of BC and constitutes 50-60% of the 

total. These particular tumors are characterised by the expression of genes activated 

by ER factor commonly found in the luminal epithelial lining of the mammary duct 

(Eroles et al., 2012). The luminal subtype is defined by ER and/or PR positive and 

HER2 negative. Luminal A tumors are also defined by low Ki-67 labelling index 

(<14%) and/or nuclear grade 1 or 2 (Inic et al., 2014); low Ki-67 index correlates with 

better prognosis and late recurrence (Nishimura et al., 2010). Moreover, it is 

characterised by the expression of a high GATA3 marker. Nevertheless, patients with 

this subtype express good prognosis and relapse rate, significantly higher than other 

subtypes of BC (Kennecke et al., 2010) This disease has clear metastatic patterns with 

a higher incidence in bone, followed by lung, liver and brain (Guarneri and Conte, 
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2009). Treatment modalities for this particular subtype include third-generation 

hormonal aromatase inhibitors (AI) and selective estrogen receptor modulators 

(SERMs) like tamoxifen (Guarneri and Conte, 2009). 

Luminal B 

Luminal B tumors account for 10-20% of all BCs (Eroles et al., 2012). Luminal B 

tumors show aggressive relapse, poor prognosis, higher histological grade and 

proliferation index compared to luminal A. Even though the bone is the most common 

site for distant relapse, its recurrence pattern differs from other subtypes.  It shows a 

higher recurrence rate at liver; also, the survival from relapse is lesser for this subtype 

than luminal A (Kennecke et al., 2010). The main biotic difference between this 

luminal A and luminal B is the expression of proliferative genes MKI67 (Marker of 

Proliferation Ki-67) and cyclin B1. Luminal B also often expresses GFR (Glomerular 

filtration rate) and HER2. Even though 6% of luminal tumors are ER- and HER2- , 

luminal B tumors are characterised by the expression of ER+, HER2+/- and high Ki67 

(Eroles et al., 2012). Despite the fact that luminal B tumor shows worse prognosis 

towards tamoxifen and AI, its response towards neoadjuvant therapy is much better 

(Paik et al., 2004) with pathological complete response (pCR) 17%, which is higher 

than luminal A (7%), lower than HER2+ (36%) and basal-like (43%) (Parker et al., 

2009). Hence, the treatment for this particular subtype is still challenging and many 

clinical trials are going on the inhibitory molecular pathways at different levels. 

HER2 positive 

Approximately, 20 to 30% of all BCs are HER2 positive (Ross et al., 2009). The main 

feature of these tumors is the overexpression of HER2 genes and the genes associated 
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with HER2 pathways.  It also overexpresses proliferation-related genes, worse 

prognosis and poor disease-free survival (Ross and Fletcher, 1998). Though some 

HER2+ tumors are ER+, the immunohistochemistry (IHC) profile for this subtype 

shows ER-/HER2+ pattern. Since it is a challenging group of tumors, worldwide 

researchers have made a tremendous effort to discover targeted therapy for this 

particular disease. The first FDA-approved monoclonal antibody against HER2+ BC 

is trastuzumab. 

Tastuzumab causes anti-tumor effect via different mechanisms such as inducing 

apoptosis, induction of cell cycle arrest, and antibody-dependent cell-mediated 

cytotoxicity (ADCC) (Baselga et al., 2001; Spector and Blackwell, 2009). Other 

monoclonal antibodies and their conjugates approved by FDA are pertuzumab, 

trastuzumab emtansine (T-DM1), and fam-trastuzumab deruxtecan. Eventhough these 

monoclonal antibodies successively diminish the effect of metastatic tumors, there is 

still a great demand for a more efficient treatment approach that can pull down the 

adverse impact of metastatic tumors. 

Basal like 

Basal-like subtype accounts for 10-20% of all BCs. The presence of high molecular 

weight cytokeratins, P-cadherin, caveolin 1 and 2, nestin, and epidermal growth factor 

(EGF) resembles basal-like tumors to normal breast myoepithelial cells. The most 

relevant feature of these tumors is the absence of crucial ER, PR and HER2 receptors. 

Another notable feature of basal-like tumors are mutations in TP53 and BRCA1/2 and 

deregulation in immune response (Schneider et al., 2008). Basal-like 
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tumors are usually seen in premenopausal women, especially African origin, mostly 

higher grade with nodal involvement (Bosch et al., 2010). Its metastatic pattern 

includes lung, brain and lymph nodes, also shows worse prognosis (Kennecke et al., 

2010). TNBC and basal-like tumors are usually considered as surrogates, but all basal-

like tumors are not TNBC. Because of the absence of receptors, this subtype is very 

difficult to target actively as HER2+. Even though targeting DNA response pathways 

is a reasonable approach for basal-like tumors. Luckily, these tumors are very much 

sensitive to platinum drugs and PARP inhibitors (Robson et al., 2017; Silver et al., 

2010). 
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1.2.4 Triple negative breast cancer (TNBC) 

TNBC accounts for 10-17% of all BCs, and it is the most aggressive subtype with 

poor clinical outcome, metastatic behaviour towards vital organs, and poor prognosis 

and mainly occurs in premenopausal women (Carey et al., 2007; Fulford et al., 2007; 

Van De Rijn et al., 2002). Recent advancements helped to properly understand 

intrinsic molecular and immunological heterogeneity in TNBC. Although PARP 

inhibitors and checkpoint inhibitors set new standards for treating TNBC, mainstream 

treatment still remains chemotherapy (Maqbool et al., 2022).  According to gene 

expression profiles, Lehman et al (Lehmann et al., 2011) classified TNBC into six 

subtypes, including 2 basal-like (BL1 and BL2), immunomodulatory (IM),  

mesenchymal (M),  mesenchymal stem-like (MSL), and  luminal androgen receptor 

(LAR) subtype. Burstein MD eW� DO� DOVR� FRQILUPHG� /HKPDQQ¶V� VXEW\SLQJ�� DV� WKH\�

identified four stable subtypes of TNBC luminal-AR (LAR), mesenchymal (MES), 

basal-like immune-suppressed (BLIS), and basal-like immune-activated (BLIA) 

(Burstein et al., 2015). 

Basal like (BL1 and BL2) 

BL1 subtype is characterised by high DNA damage pathways (ATR/BRCA), and high 

Ki67 mRNA expression indicates the highly proliferative nature of this subtype 

(Hubalek et al., 2017). BL2 subtype expresses growth factor signalling pathways, 

including glycolysis and gluconeogenesis. Growth factor receptors such as EGFR, 

MET (Mesenchymal Epithelial Transition), and EphA2 (hepatocellular receptor 

tyrosine kinase class A2) are peculiar to BL2 subtype as well (Lehmann et al., 2011). 
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In addition, nearly all BL subtypes are associated with BRCA1/2 gene mutation 

(Stefansson et al., 2009). 

Immunomodulatory Subtype (IM) 

IM subtype is closely related to immune regulation pathways. These regulatory 

functions depend on the interaction between cytokines and cytokine receptors 

(cytokine signalling pathways), T cell and B cell receptor pathways and Nuclear factor 

kappa B (NF-ț%) signalling pathways (Yin et al., 2020). It also shows STAT signal 

transducer and activators transcription factor-mediated pathways. Despite its higher 

grade, this subtype shows a better prognosis than other subtypes of TNBC (Burstein 

et al., 2015). 

Mesenchymal (M) and Mesenchymal Stem-Like Subtypes (MSL) 

M and MSL subtype share some typical gene enrichments, such as cell motility, 

cellular differentiation, and growth pathways. MSL subtype also expresses some 

unique pathways, including growth factor signalling pathways, EGFR, PDGF 

Platelet-derived growth factor (PDGF), calcium signalling and G-protein coupled 

receptor (Hubalek et al., 2017).  

Luminal Androgen Receptor Subtype (LAR) 

LAR is the most peculiar subtype of TNBC, and these ER-negative tumors show 

molecular evidence of AR activation also. Androgen receptor mRNA is over-

expressed in these subtypes, on an average nine-fold higher than other subtypes. 

Almost all studies suggested that the LAR subtype comprises AR overexpressed 
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tumors (Lehmann et al., 2011).  Antiandrogen, enzalutamide has been tested 

effectively for advanced TNBC patients with AR positivity (Gucalp et al., 2013).  

 

 

 

 

 

 

 

 

 

1.2.5 Risk factors of breast cancer 

Approximate of 1 in 9 women develop BC by the age of 85 though the level of risk is 

not uniformly distributed across the population (Singletary, 2003). Some individuals 

are entirely out of danger, and some are at high risk of developing BC. Some of the 

main risk factors for BC are gender, age, physical activity, diet, weight, smoking, 

alcohol consumption, immoderate exposure to estrogen and oral contraceptives, 

family history and radiation exposure (Momenimovahed and Salehiniya, 2019; Ross 

et al., 2000; Thakur et al., 2017; Yousef, 2017). Various risk factors that effects BC 

are discussed below: 

Gender 

Major risk factor for BC is obviously being female. This particular malignancy is rare 

in men, almost less than 1% of all BC cases (Giordano et al., 2002). In men, it usually 

)LJXUH�����'LIIHUHQW�VXEW\SHV�RI�71%& 
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occurs at an older age, who had hormonal imbalance, exposure to radiation and a 

family history of BC. Further, the most common risk factor for men to develop BC is 

BRCA gene mutation (Yousef, 2017). 

Age 

Next to gender, age is the most critical risk factor for BC (Thakur et al., 2017). The 

incidence rate for BC increases with age and reaches a maximum by the age of 

menopause, then decreases slowly and remains constant. Most BC incidences are 

reported after menopause (Seidman et al., 1985). Though the chances of developing 

BC in younger women is comparatively low (~2.5%), it develops at an advanced stage 

with positive lymph nodes also expresses weak prognosis and survival (Assi et al., 

2013; Seidman et al., 1985).  

Physical activity 

Increased physical activity correlates with decreased incidence of BC in post-

menopausal women. Most of the studies have reported an inverse relationship 

between BC and physical activity, while some studies stated that there is no relation 

between the two factors. Many studies have proven that calorie restriction could 

reduce mammary carcinogenesis development (Boissonneault et al., 1986; Cohen et 

al., 1988).  Moreover, increased energy level stimulates the cumulative hormone level 

and enhances the risk of BC (Harlow and Matanoski, 1991). It is even verified that 

physical activity after diagnosis of BC can increase the survival time (Holmes et al., 

2005; Momenimovahed and Salehiniya, 2019). 
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Diet and body mass index (BMI) 

The correlation between BC and nutrition has been studied widely. It has been proved 

that carbohydrates, red meat and fat could significantly increase the risk of BC (Linos 

et al., 2010; Michels et al., 2007; Romieu, 2011). High carbohydrate intake causes 

constant insulin demand by increasing insulin levels in the body, which might increase 

the availability of insulin-like growth factor 1 (IGF-1) (Calle and Kaaks, 2004).  The 

proliferative and anti-apoptotic effect of IGF-1 in breast tissues is already validated 

in many studies (Yanochko and Eckhart, 2006). Fat intake affects breast 

carcinogenesis via increasing sex hormone levels and weight gain. Though the exact 

molecular pathway that leads to carcinogenesis is unknown, experimental evidences 

have shown that low-fat diet reduces BC risk by about 9%. Red meat also increases 

the risk of carcinogens due to high bioavailable iron content, growth hormones used 

in animal growth and carcinogenic heterocyclic amines formed during the cooking 

processes (Romieu, 2011). However, some case-controlled studies have shown 

conflicting correlations between red meat and BC. Some recent studies suggest the 

relationship between red meat or processed meat with hormone receptors (ER and PR 

receptors) in BC (Cho et al., 2006). Fibre-containing food products such as fruits and 

vegetables are known to reduce the risk of BC. Many studies have proven the  

protective effect of fruit and vegetable, and their components including vitamin E and 

D on BC (Cui and Rohan, 2006; Pierce et al., 2007; Van Gils et al., 2005; Wang et 

al., 2018b). 

Numerous studies were performed on the association of BMI and BC, which indicate 

that BMI greater than 30 elevate the BC risk in pre and post-menopausal 
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women (Sonnenschein et al., 1999; Tehard and Clavel-Chapelon, 2006; Tian et al., 

2007). Though some studies suggest that high BMI reduces the risk of BC in 

premenopausal women and increases it in post-menopausal women, there is no clear 

evidence of the dependence of BMI in BC (Mathew et al., 2008; Montazeri et al., 

2008; Palmer et al., 2007). 

Alcohol consumption and smoking 

Different studies have verified the positive correlation between alcohol consumption 

and smoking (Al-Sader et al., 2009; Reynolds, 2013). Daily alcohol consumption 

increases the risk of BC by about 30-40% compared to non-drinkers (Smith-Warner 
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et al., 1998). Alcohol-associated risk is more profound in postmenopausal women 

compared to premenopausal women (Feigelson et al., 2001). Even, moderate 

consumption of alcohol can increase the amount of oestrogen levels in the blood 

(Grant, 1997). BC cells depend on oestrogen and progesterone for growth. It has been 

reported that high level of oestrogen can trigger the growth of cancerous cells. 

Alcohol-related BC risk is almost same for premenopausal and post-menopausal 

women (Dorgan et al., 1994).  

Tobacco increases the risk of almost all cancers, and the most eminent organ is the 

lung, where tobacco-induced cancer is more prevalent. Many research groups have 

studied involvement of tobacco in BC (Alberg et al., 2014; Band et al., 2002; Johnson 

et al., 2011; Kawai et al., 2014; Macacu et al., 2015; Rosenberg et al., 2013). Tobacco 

directly correlates with BC, as the breast tissue can take up tobacco carcinogens (Di 

Cello et al., 2013; Reynolds, 2013; Terry and Goodman, 2006). It is also evident that 

tobacco induces DNA damage and p53 gene mutations in breast tissues in smokers 

compared to non-smokers (Conway et al., 2002; Li et al., 1999). Smoking generally 

increases the premenopausal BC risk rather than the risk in postmenopausal women 

(Johnson, 2005). 

Family history 

Family history of BC is a significant risk factor, which has been verified in various 

studies (Lalloo et al., 2003; McPherson et al., 2000; Pharoah et al., 1997). Women 

having a first-degree relative (mother, daughter, sister) with BC are expected to have 

a 13-19% higher chance of getting BC than women without any family history 

(Shiyanbola et al., 2017). People with history of BRCA gene mutation showed 11 
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times more chance of getting BC (Metcalfe et al., 2009). Transformation in BRCA1/2 

genes also plays an essential role in BC; 55%±65% of BRCA1 gene mutation carriers 

and 45% of BRCA 2 gene mutation carriers are prone to develop BC by the age of 70 

(Godet and Gilkes, 2017).  

Oral contraceptives 

Oral contraceptives increase the risk of BC in premenopausal women below 45 years 

(Stadel et al., 1985). However, BC risk due to oral contraceptives is still in conflict 

among researchers, as it varies from no risk to 20-30% elevated risk. Kamani et al., 

showed that intake of oral contraceptives in individuals with high estrogen and 

progesterone levels increases BC risk as it can stimulate the proliferation of cells in 

the breast tissues (Kamani et al., 2022). 

Exposure to radiation  

Exposure to different types of radiation increases BC risk (Ronckers et al., 2004).  

Women who were exposed to radiation below 20 years are more prone to BC than 

those who have been exposed to radiation at an older age (Preston et al., 2002). 

Moreover, the patients who are monitored by X-ray for scoliosis or tuberculosis, 

received radiotherapy for benign disorders, treated with X-rays for BBD (Bladder & 

Bowel Dysfunction) or acute post-partum mastitis are at high risk for BC. In addition, 

childhood cancer survivors exposed to high dose chest radiation and adult cancer 

survivors treated with radiation therapy were also found to have significant radiation-

related risk (Boice Jr et al., 1991; Howe and McLaughlin, 1996; Kenney et al., 2004; 

Lundell et al., 1999; Mattsson et al., 1993; Storm et al., 1992) 
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Other risk factors  

Pregnancy, abortion (not natural abortion), breast density, benign breast diseases, 

obesity, overweight, vitamin D, air pollution and diabetes are other known risk factors 

for BC (Brasky et al., 2013; Byrne et al., 2017; Innes and Byers, 2004; Nazari and 

Mukherjee, 2018; Román et al., 2017; Wolf et al., 2005). 

1.2.6 Warning Signs, symptoms and clinical features of BC 

Early detection is very crucial in any cancer therapeutics, including BC. One of the 

most important signs of BC is painless lump in the breast or armpit (Hadi et al., 2010; 

Schettino et al., 2006). Another major sign of BC is nipple discharge and nipple 

retraction (Dimpled, inward pulling, sores and flaky skin) (Montazeri et al., 2008; 

Okobia et al., 2006). Discolouration of nipple skin and changes in breast skin (size, 

texture, contour or temperature) are also reported by women (Parsa et al., 2008). 

1.2.7 Treatment modalities for TNBC 

Even though, TNBC being the most aggressive and heterogeneous subtype of BC, no 

scientifically proven targeted therapy exists. The lack of ER, PR and HER2 receptors 

makes the discovery of better treatment approaches tiresome (Maqbool et al., 2022). 

TNBC subtype is associated mainly with BRCA1 mutation (Lakhani et al., 2002). 

Other major features of TNBC are younger age at diagnosis and nodal positivity (Dent 

et al., 2007). Even though TNBC patients respond to anthracycline and taxane-based 

neoadjuvant therapy, it shows a higher recurrence rate and worse prognosis than other 

subtypes (Dent et al., 2007). Fortunately, most TNBC tumors respond to neoadjuvant 

chemotherapy better than other subtypes. 
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Chemotherapy 

TNBC has been evidenced for a very good response to chemotherapy regimens, 

including anthracyclines and taxanes (Carey et al., 2007; Esserman et al., 2009; 

Liedtke et al., 2008; Rouzier et al., 2005). Even though the initial response towards 

neoadjuvant therapy is good, it shows tumor recurrence and poor overall survival. 

This conflictual behaviour is called TNBC paradox (De Laurentiis et al., 2010). The 

subtypes of TNBC explain this paradox; more than 50-60% of TNBC¶s intrinsically 

resistant to chemotherapy. While the high pCR rate accounts for the remaining TNBC 

subtypes, these subtypes exhibit high chemosensitivity and better outcome (De 

Laurentiis et al., 2010). Various studies have reported the potency of platinum-based 

chemotherapy regimens against TNBC. Docetaxel and weekly carboplatin 

administration reported a pCR rate of 22%; weekly paclitaxel and carboplatin every 4 

weeks showed a pCR rate of 67% as well (Byrski et al., 2010; Sikov et al., 2009). 

Further, cisplatin triweekly obtained a high pCR rate of 87% in premenopausal 

women with BRCA mutations (Byrski et al., 2010). Hence platinum-based 

neoadjuvant therapy is also considered effective for TNBC patients. 

Surgery and radiation 

Local control for any solid tumor including TNBC is surgery. Though breast 

conservation and sentinel node biopsy are considered the sensible treatment 

approaches for TNBC patients, mastectomy would be the better option for patients 

with BRCA gene mutations as the tumor recurrence chance is high in those patients 

(Wang et al., 2018a). Adjuvant radiation therapy is recommended after surgery to kill 

the remaining cancer cells. 
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Radiotherapy refers to the use high-energy radiation to constrain the growth and 

proliferation of malignant cells with minimal damage to normal cells. Breast 

conservation therapy and postoperative radiotherapy are recommended for patients 

ZLWK����D[LDOO\�QRGDO� LQYROYHPHQWV�WR�PLQLPLVH�WKH�ORFDO�UHFXUUHQFH�ULVN. However, 

mastectomy and adjuvant radiation therapy are advisable for more than four axillary 

nodal involvement or stage III patients. 

Novel targeted therapies for TNBC 

In targeted therapy, ideally there is no damage to healthy cells in contrast to 

chemotherapy. Nevertheless, current targeted therapies (tamoxifen and AIs) are 

ineffective for TNBC. Novel targeted therapies under clinical are PI3K inhibitors, 

PARP inhibitors, EGFR inhibitors, VEGF inhibitors and androgen (AR) inhibitors 

(Lin et al., 2010). 

Androgen receptor (AR) inhibitors: AR receptors are found in 30% of TNBC 

patients and 80% of invasive BCs (Rampurwala et al., 2016). Patients with positive 

AR profiles show better prognoses than those with negative AR profiles.  High 

expression of AR is found in the luminal AR (LAR) subtype of TNBC. While in-vitro 

and in-vivo studies proved that AR inhibitors play critical role in the invasion and 

proliferation of non-LAR subtype of TNBC (Barton et al., 2015).  Bicalutamide is an 

FDA-approved AR inhibitor that is orally bioavailable (Osguthorpe and Hagler, 

2011), 2011). Further, enzalutamide is another androgen inhibitor under clinical trial 

(Phase II), and apalutamide and darolutamide are also promising AR inhibitors under 

phase III trials (Clegg et al., 2012). 
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Poly- (ADP) -Ribose polymerase (PARP) inhibitors: PARP inhibitors are DNA 

repairing enzymes which promote the repair of single stranded DNA (Gunn et al., 

2016). PARP inhibitors suppress DNA repair through homologous recombination 

pathway, which induces cytotoxicity. In effect, PARP inhibitors can make a great 

outcome in TNBC patients with a BRCA1/2 mutation. FDA-approved PARP 

inhibitors are olaparib and talazoparib (Han et al., 2020). The other two PARP 

inhibitors rucaparib and niraparib are under clinical trials. 

Epidermal growth factor receptor (EGFR) inhibitors and Vascular endothelial 

growth factor receptor (VEGFR) inhibitors: A large number of TNBC tumors 

overexpresses EGFR and VEGFR; hence these are important targeting tools for 

)LJXUH�����7UHDWPHQW�PRGDOLWLHV�IRU�71%& 
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TNBC (Rakha et al., 2009). The only FDA-approved EGFR inhibitor is lapatinib, 

which is recommended in combination with chemotherapy or hormone therapy (Iancu 

et al., 2022). The first FDA-approved EGFR-targeted antibody is cetuximab, proposed 

in combination with chemotherapy (Chen et al., 2019). Apatinib and lenvatinib are 

novel VEGFR inhibitors, and camrelizumab is another VEGFR inhibitor under Phase 

II clinical trial (Chen et al., 2019; Fan et al., 2014; Lo et al., 2020). 

Phosphoinositide 3-kinase/ Ak strain transforming/ Mammalian target of 

rapamycin (PI3K/AKT/mTOR) pathway inhibitors: PI3K/AKT/mTOR pathway 

contributes crucially for the chemo resistance and survival of TNBC (Khan et al., 

2019). 25% of the TNBC tumors carry abnormalities in PI3K/PTEN/AKT pathways, 

hence targeting this pathway is a good strategy for TNBC treatment (Chin et al., 2014; 

Pascual and Turner, 2019; Shah et al., 2012). The efficacy of gedatolisib as a PI3K 

and mTOR inhibitor is under phase II clinical trial (NCT03911973). In addition, other 

PI3K/AKT/mTOR inhibitors under clinical trial are ipatasertib (an AKT inhibitor), 

buparlisib (a PI3K inhibitor), everolimus (an mTOR inhibitor), and capivasertib (an 

AKT inhibitor) (Li et al., 2022). 

Immunotherapy 

TNBC is suited for immunotherapy due to its high-level expression of immune 

markers, such as Programmed death-ligand 1 (PD-L1) and programmed cell death 

protein-1 (PD-1), that are firmly related to tumor response and overall outcome (Li et 

al., 2022). Atezolizumab is an FDA-approved drug for PD-L1 against TNBC; FDA 

also proved pembrolizumab in combination with chemotherapy. Other immune 
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checkpoint inhibitors under clinical trial are pembrolizumab or atezolizumab 

monotherapy (Emens et al., 2019; Nanda et al., 2016).  

Being highly heterogeneous, combinational therapies are highly recommended to 

ameliorate TNBC patients, including targeted therapy and immunotherapy regimes.  

Other treatment options for TNBC 

Other contemporary research areas for TNBC therapeutics are adoptive cell therapy 

(ACT), antibody-drug conjugates, cancer stem cell-related strategy, epigenetic 

modifications inhibitors, fibroblast growth factor receptor inhibitor (FGFR) etc 

(Charafe-Jauffret et al., 2009; Corti et al., 2022; Pearson et al., 2016; Su et al., 2021; 

Turner et al., 2010; Yang et al., 2001). 

1.2.8 Challenges with TNBC therapies 

Owing to its high mortality rate TNBC is the point of convergence in BC research. 

The occurrence rate for TNBC is only 12.7%, while its mortality rate is over 40% 

(Doval et al., 2015; Haffty et al., 2006). Also, almost 50% of TNBC patients are below 

40 years, and the 5-year survival rate of TNBC patients is below 30% even after being 

treated with chemotherapy tools (Sharma et al., 2013; Sparano et al., 2015). Tumor 

recurrence and chemo resistance are the pre-eminent snags that prevent TNBC 

treatment outcomes.  

Tumor recurrence 

Tumor recurrence risk is maximum in TNBC patients, 1 to 3 years after surgery; 

metastasis to vital organs within five years after the first diagnosis is also seen in 

TNBC patients (Dent et al., 2009). Further, the recurrence rate is high in stage III 
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patients and is found to be lesser in older patients (Bayraktar et al., 2011). The 

possibility of recurrence is also disparate in TNBC. Surprisingly, TNBC shows high 

distant metastatic rate within four years of surgery, and then the rate declined for 

another eight years of follow-ups. Most of the recurrent or metastatic tumors are found 

to be chemo resistant; in effect, it increases the mortality rate (Khan et al., 2019). 

Hence the invention of targeted therapy for TNBC is in high demand in contemporary 

cancer therapeutics. 

Chemo resistance 

An alarming fact in cancer treatment is that, almost 90% of the currently available 

drugs are ineffective in metastatic cancer owing to chemo resistance (Longley and 

Johnston, 2005). Chemo resistance is meant by the ability of cells to maintain their 

viability through different cellular fates even after being treated with 

chemotherapeutic agents. Tumor microenvironment and cellular fates play a vital role 

in the chemo resistance of TNBC cells. Six known mechanisms for the chemo 

resistance of TNBC cells are 1) APC (Amino acid, polyamine and organic cation) 

transporters�� ��� ȕ-tubulin III, 3) mutations in DNA repair enzymes such as 

topoisomerase II and DNA mismatch repair enzymes, 4) alter-actions in genes 

involved in apoptosis, 5) ALDH1 (Aldehyde dehydrogenase 1) and glutathione 

(GSH)/Glutathione-S-transferase (GST) and 6) NF-ț% signalling pathways �2¶5HLOO\�

et al., 2015). 

1.3 Phytochemicals for cancer treatment 

At the beginning of the 19th century, improvements in organic chemistry unveiled a 

non-traditional route of extraction and characterization of active compounds from 
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plants. Between 1981 and 2014, more than half of the approved drugs were derived 

directly or indirectly from plants (Newman and Cragg, 2016). Moreover, almost 50% 

of the approved anticancer drugs from 1940 to 2014 originated from natural products 

or were directly isolated from plants (Newman and Cragg, 2016). Flavonoids, 

polyphenols, terpenoids, alkaloids, saponins, coumarins are some of the 

phytochemicals, identified for their anticancer effect in various tumors (Zheng et al., 

2022). Most of the phytochemicals exhibit anti-cancer activity by targeting multiple 

pathways. They induce programmed cell death by modulating different 

pathways/proteins that are dysregulated in cancer cells (Zheng et al., 2022)).  

1.3.1 Barriers limits the therapeutic potential of phytochemicals 

In contemporary research, various phytochemicals are thoroughly scrutinised for their 

medicinal properties. Despite its potency in cancer therapy, certain limitations of these 

compounds need to be addressed before administrating into the physical system. 

Major constraints are poor solubility, adverse pharmacokinetic properties and rapid 

uptake by normal cells (Son et al., 2019; Xie et al., 2016).  

Generally, phytochemicals exhibit poor water solubility, including paclitaxel, 

docetaxel and cabazitaxel (Ali et al., 1997; Hamada et al., 2006; Mastropaolo et al., 

1995; Song et al., 2014). These drugs need the help of surfactants for parental infusion. 

However, these surfactants also show various side effects (Fjällskog et al., 1993; 

Kubis, 1979). Further, taxol and taxotere have hypersensitivity reactions such as 

neutropenia, gastrointestinal toxicity etc. (Eisenhauer et al., 1994; Grem et al., 1987; 

Ho and Mackey, 2014; Piccart et al., 1995; Weiss et al., 1990). Additionally, being 

small-molecule drugs, phytochemicals show low pharmacokinetic parameters. For 
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example, vincristine a backbone for treating solid tumors and hematologic 

malignancies exhibits a poor distribution half-life, (Escobar et al., 2003; Silverman 

and Deitcher, 2013). 

1.4 Nanotechnology tools to overcome the hurdles in phytochemical therapy 

Contemporary research on phytochemicals focuses on targeted delivery with 

nanotechnology gadgets. Nanoparticles can increase the solubility of phytochemicals 

and improve the pharmacokinetic index. The primary mechanism of targeting cancer 

cells by nanoparticles is the EPR effect (Maeda H et al., 2003). By the EPR effect, 

nanoparticles can preferentially leak into the tumor cells and remain there as the tumor 

lacks lymphatic clearance. The particle size is a critical factor in EPR effect; 

nanoparticles in the size range 5-50nm are suitable for this effect as they overcome 

the renal clearance range of 40KDa (Xie j et al., 2016). Therefore, nanoparticles can 

improve the circulation time of low molecular weight phytochemicals, enhancing 

efficacy. Other approaches to improve therapeutic potential of phytochemicals are 

antibody-drug conjugates and nano vehicles to subdue the multidrug resistance in 

cancer cells (Chari et al., 2014; Patel et al., 2013; Peetla et al., 2013). 

1.4.1 AuNps in cancer therapy 

Tunable size and shape 

Gold is a biocompatible metal, well utilised for many biomedical applications. While 

discussing about nanogold, its physical and chemical properties are extremely 

different from the bulk counterpart, since it obeys quantum mechanics, not classical 

mechanics. The foremost feature of nanogold that makes it a suitable commodity for 

cancer treatment is tunable size and shape (Dreaden et al., 2012). The size of AuNps 
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varies in different preparation methods. In 7XUNHYLFK¶V� FLWUDWH-mediated chemical 

reduction method produced monodisperse spherical AuNps of 16±150 nm (Turkevich 

et al., 1951).  After that, many studies have reported on the size-controlled synthesis 

of AuNps. Since the chemical route for synthesizing nanoparticles often produces 

toxic byproducts. Contemporary research is focused on the green synthesis of AuNps 

for biomedical applications. 

Shape-controlled synthesis of nanoparticles attracted attention in the early 90s; since 

then, different nanoparticle structures have been successfully synthesized such as 

spherical, triangular, hexagonal, cubical and rode-shaped etc. The shape of the 

nanoparticles is also crucial in cancer treatment as they exhibit distinct therapeutic 

parameters (Chithrani et al., 2006; Elbialy et al., 2010; Suarasan et al., 2022; Sun et 

al., 2011).  

Toxicity and cellular uptake 

Essential parameters of AuNps that need to be addressed before administrating into 

the physical system are cellular uptake and toxicity. Just like any pharmaceutical 

agent, AuNps are also anticipated to have adverse effects upon administration to the 

biological system. The toxicity of AuNps has been studied extensively in-vitro and 

in-vivo (Alkilany and Murphy, 2010a; Khlebtsov and Dykman, 2011; Lewinska et al., 

2017; Nel et al., 2006). Generally, gold nano particles at low concentrations (320±

�����ȝg/kg/day) are found to be non-toxic in vivo system in the size range 10-100nm. 

Studies showed that gold core is generally biologically inert; even though, it is not 

valid for all sizes. Being very small-sized nanoparticles (>2nm), it is showing 

exceptional chemical reactivity. Due to the very high surface to volume ratio, less than 
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2 nm AuNps act as chemical catalysts, leading to unwanted chemical reactions and 

side effects (Alkilany and Murphy, 2010a; Turner et al., 2008). For example, 

researchers have already proved the catalytic property of 1.4nm (50 gold atoms in a 

cluster) AuNps (Pan et al., 2009). Usually, AuNps used for anticancer properties are 

above 10nm, and their core is found benign (Longmire et al., 2008); above 10nm 

particles can also exclude the renal clearance limit. Nonetheless, most toxicity studies 

on AuNps are in-vitro; more size and shape-dependent in-vivo studies should be 

performed before moving to clinical use. 

The cellular uptake of AuNps has been thoroughly investigated so far, and it is widely 

accepted that size, shape and surface charge are the main criteria that determine the 

cellular uptake. Also, the cellular level, enhanced uptake of AuNps are explained by 

the adsorption of media /plasma proteins on the surface of nanoparticles to reduce the 

surface free energy of nanoparticles (Cedervall et al., 2007). As a result, these growth 

media/plasma proteins (protein corona) can mediate the uptake of the nanoparticles 

through receptor mediated endocytosis (Connor et al., 2005). In the biological system, 

it has shown that, gold nanoparticles can accumulate in tumor tissue micro 

environment via EPR effect. Further, adsorption of plasma proteins on the surface of 

gold nanoparticles helps in the increased internalization of AuNp. According to Jiang 

et al., the cellular uptake of AuNps is maximum at 40-50nm size than smaller-sized 

particles (Jiang et al., 2008). In a particular study, triangular nanoparticles showed 

three times more cellular uptake than spherical nanoparticles with a similar surface 

area (RAW264.7 cells). For HeLa cells, triangular nanoparticles expressed 20 times 

more effective internalization than spherical nanoparticles (Nambara et al., 2016). 
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Another study reported the high mass internalisation of hexagonal AuNps in the Calu-

3 cells, compared with spherical and triangular gold nanoparticles  (Tian et al., 2015). 

ThH�³DQJOH�RI�DWWDFN�FRQFHSW�H[SODLQs this´��ZKHQ�WKH�nanoparticles interact with the 

cellular surface, total parallel component of the kinetic energy produced gets 

accumulate to the cutting wear (Buzea et al., 2007; Neilson and Gilchrist, 1968). 

Hexagonal nanoparticles could involve in small angle attack on the cell surface and 

results in greater internalisation.  The surface chemistry of AuNps also significantly 

affects cellular uptake; various studies have shown that cationic nanoparticles could 

internalise more easily than anionic nanoparticles (Alkilany and Murphy, 2010a; 

Hauck et al., 2008). 

1.4.2 Phytofabricated AuNps for anticancer therapy 

Present studies focus on phyto-nanoto concomitant therapy to improve the 

disadvantages of phytochemicals in cancer therapy. Recently, AuNp-conjugated 

phytochemicals acquired remarkable space in cancer research.  Resveratrol 

conjugated nanoparticle shows anticancer properties in BC (Thipe et al., 2019).  

Moreover, AuNp conjugates of curcumin, turmeric, quercetin, and paclitaxel were 

tested in BC cells (MCF7 and MDA-MB-231), show significant anticancer effects 

(Vemuri et al., 2019). 

In the current work, we aim to prepare phytochemical conjugated AuNps. After a 

thorough literature survey of phytochemicals, we selected ethyl ferulate (ethyl 4-

hydroxy-3-methoxycinnamate) (EF), ellagic acid (EA), coronarin D (CD) and epoxy 

azadiradione (EAZD) based on their anticancer activity, availability and structural 

properties such as the presence of carbonyl and enol group (Sreelakshmi et al., 2013). 
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While administrating phyto-nano complexes in to the biological system, nanoparticles 

in the size range 10-50nm can exclude the limit of renal clearance limit (40KDa) (Iyer 

et al., 2006). It increases the circulation time of nanoparticles. Hence these 

nanoparticles can easily accumulate in the tumor microenvironment via EPR effect 

DQG�UHWDLQ�WKHUH�DV�WKH�WXPRU�ODFNV�O\PSKDWLF�FOHDUDQFH��)XUWKHU��WKH�³SURWHLQ�FRURQD´�

adsorbed in the surface of AuNp helps in the faster internalisation of phyto-nano 

complexes inside the tumor cells.  

1.5 Importance of the study 

Accumulating evidence has established the promising potential of phytochemicals as 

anti-cancer agents. A few factors that limit its efficacy are hydrophobicity and rapid 

clearance due to low molecular weight (Aqil et al., 2013; Mazurakova et al., 2022). 

Therapeutic use of phytochemicals along with nanoparticles can bypass the 

constraints of phytochemicals. Nanoparticles in size range of 10-50 nm exceed the 

limit for renal clearance (40KDa), thus improving the circulation time and target site 

accumulation. Owing to the EPR effect, the gap in the tumor vasculature is 100nm- 

2µm, enabling nanoparticles to easily permeate through these gaps and retain in the 

tumour site, as it lacks lymphatic clearance (Lee et al., 2014).  

With this background, ethyl ferulate (EF), ellagic acid (EA), coronarin D (CD) and 

epoxy azadiradione (EAZD) were used as a precursor (reducing agent) for the 

preparation of Au nanoparticles. Moreover, ethyl ferulate AuNp complex (EF-AuNp), 

ellagic acid AuNp complex (EA-AuNp), coronarin D AuNp complex (CD-AuNp) and 

epoxy azadiradione AuNp complex (EAZD- AuNp) were used to target the TNBC 

cells passively via EPR. This is the first report on the synthesis and characterization 
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of EF, EA, CD and EAZD based nanoparticle systems for the treatment of TNBC. 

Our results demonstrated that the EF-AuNp, EA-AuNp, CD-AuNp and EAZD-AuNp 

exhibited anti-tumorigenic effects by reducing cell growth and survival, and inducing 

cell death of TNBC cell lines. 

 

 

 

Objectives: 

¾ To prepare AuNps using plant-derived phytochemicals Epoxy azadiradion, 

Coronarin D, Ellagic acid, and Ethyl ferulate. 

¾ To characterize Phyto-nano complexes by various methods. 

¾ To determine the biological activity of Phyto-nano complex in TNBC cancer cells.
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Synthesis, Characterization and 
Biological Activities of EF-AuNp 
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2.1 Introduction 

Ethyl ferulate (EF) (ethyl 4-hydroxy-3-methoxycinnamate) is an alkyl ester derivative 

of ferulic acid, usually found in forage crops such as rice, maize and other grains 

(Cunha et al., 2019). It is already identified for its antioxidant, anti-inflammatory and 

neuroprotective activities (Pang et al., 2022). EF has been found to inhibit acute lung 

injury by regulating inflammatory pathways (Wu et al., 2021). EF was also studied 

for its suppressive effect in diabetes-induced oxidative stress and inflammation 

(Kaikini et al., 2021). It also has protective effects on oxidative and neurodegenerative 

conditions in brain cells and age-related macular degeneration by regulating retinal 

degeneration (Kohno et al., 2020; Scapagnini et al., 2004).  Moreover, EF was shown 

anticancer effect in patient-derived oesophagal tumor growth by inhibiting the 

mTOR/AKT/p70S6K signalling pathway and on the growth of HepG2 cells mainly 

by inducing cellular apoptosis (Pang et al., 2022). 

As it is well known that natural compounds have lower bioavailability and 

pharmacokinetics, we aimed to develop nanoparticles to improve the performance of  

EF as an anticancer agent. Accumulating evidence has established the promising 

potential of nanoparticles as effective therapeutics because of their high surface area, 

EPR, surface modifications, high accumulations, and targeted delivery (Chaturvedi et 

al., 2019; Ding et al., 2020; Kourani et al., 2022; Kumar et al., 2022; Shi et al., 2017; 

Swaminathan et al., 2021). The conventional chemotherapeutic drugs are primarily 

low molecular weight (less than 1KDa). It create adverse pharmacokinetics, 

suboptimal biodistribution, and non-targeted accumulation in various vital organs 

(Golombek et al., 2018). Nanoparticles in size range 10-50 nm exceed the limit for 
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renal clearance (40KDa), thus improving the circulation time and target site 

accumulation. Owing to the EPR effect, the gap in the vasculature of tumors is 100nm- 

2µm, enabling nanoparticles to easily permeate through these gaps and retain in the 

tumour site as it lacks lymphatic clearance (Lee et al., 2014). AuNps are being 

developed as prospective cancer therapeutic agents, with applications including drug 

transporters, contrast agents, photothermal agents, and radio sensitizers (Jain et al., 

2012; Lim et al., 2011). 

With this background, EF is used as a precursor (reducing agent) for preparing Au 

nanoparticles. In the present study, EF AuNp complex (EF-AuNp) was used to target 

the TNBC cells passively via EPR. This is the first report of using EF based 

nanoparticulate system for the treatment of TNBC. Our results demonstrated that the 

EF-AuNp exhibited anti-tumorigenic effects by reducing cell growth, and survival 

and inducing cell death of TNBC cell lines.  
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����0DWHULDOV�8VHG� 

Gold (III) chloride trihydrate obtained from (HAuCl4. 3H2O) Himedia, India. 

Dimethyl sulphoxide was purchased from Merck (Cat No. 1.16743.0521, Darmstadt, 

Germany) and trypsin from Gibson 2500-1072. 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyl tetrazolium bromide (MTT), and propidium iodide (PI) was obtained from 

Sigma-Aldrich, Missouri, USA). Crystal violet was purchased from SRL Pt. Ltd Cat 

No: 548-6209, Mumbai, India. MDA-MB-231 cells were procured from National 

Centre for Cell Sciences (NCCS), Pune, India. The cells were maintained in 

'XOEHFFR¶V� 0RGLILHG� (DJOH� 0HGLXP� �'0(0�� *LEFR��� /LIH� 7HFKQRORJLHV�� 1<��

USA), supplemented with 10% fetal bovine serum (FBS; Gibco®, NY, USA) and 1× 

Pen-Strep (Invitrogen, CA, USA) at 37 °C, 5% CO2 and 95% humidity. Ethyl 4-

hydroxy-3-methoxycinnamate (EF, C12H14O4) was purchased from Tokyo chemical 

industry CO.LTD, Tokyo, Japan). 

2.3 Method of preparation 

As previously mentioned, the direct reduction method was used to prepare AuNps. In 

this chemical reduction method, EF is the reducing agent to reduce gold chloride into 

AuNps. 

A stock solution of 5mM gold chloride was prepared in Milli Q water, and 0.01Methyl 

ferulate was also made in DMSO separately. Further, 1ml EF was added dropwise 

into 10ml gold chloride while stirring and heating (40oC). This solution was heated 

for 10 minutes, then diluted with 30ml water. This was again heated for 10 minutes, 
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(B) 

which resulted in a change in colour to purple. The obtained colloidal solution was 

kept at -80oC for 24hrs and lyophilised for two days to obtain powdered nanoparticles. 
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2.4 Characterization of AuNps  

The prepared nanoparticles were further processed for characterization and 

morphology analysis. The formation of AuNps was confirmed by UV-visible 

spectroscopy, X-ray diffraction spectroscopy, Energy dispersive X-ray analysis 

(EDX), and Selective area diffraction pattern (SAED) studies. Morphology studies 

were done using Transmission electron spectroscopy (TEM). Fourier Transform 

Infrared- Spectroscopy (FT-IR) analysed the formation mechanism of AuNps. The 

biological effect of EF-AuNps on the MDA-MB-231 was analysed using MTT assay, 

(A) 
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colony formation assay, PI, fluorescence-activated cell sorting (FACS) assay, and 

live/ dead assay. 

 2.4.1 UV-visible spectroscopy 

UV-Visible spectroscopy was performed to analyze the surface plasmon peak for 

AuNps (Tecan Infinite 200 PRO multimode reader (Switzerland), within the 

wavelength range 400-800nm. Upon irradiation with the visible spectrum, the 

oscillating electric field induces the oscillation of conduction band electrons. As the 

conduction band electrons get displaced from the nuclei, a restoring columbic 

attraction arises to pull it back. Depending upon the size, shape, and the surrounding 

medium a resonance oscillating condition generates in the electron cloud. This 

oscillation is called localized surface plasmon resonance (LSPR) (Alkilany and 

Murphy, 2010b; Eustis and el-Sayed, 2006; Kelly et al., 2003).  

2.4.2 X-Ray Diffraction Spectroscopy (XRD) and selective area diffraction 

pattern (SAED) 

XRD is a very powerful tool to characterize AuNps. XRD data confirms the formation 

of AuNps as it matches with the JCPDS (Joint Committee on Powder Diffraction 

Standards) file no No.00-004-0784 for AuNps. XRD patterns were recorded on a 

powder X-ray diffractometer (Rigaku, Japan Model: Micromax-007HF) ZLWK�&X�.Į��

UDGLDWLRQ��Ȝ� ���������c��ZLWK�WKH� instrument being operated at 40kV and 40 mA. 

SAED pattern shows bright circular rings corresponding to the crystalline planes of 

AuNps. SAED was performed in Model: JEM 2100 Jeol, Peabody, MA, USA. XRD 

and SAED pattern confirms the crystalline nature of the prepared AuNp without phase 

impurity. 
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2.4.3 Energy dispersive X-ray analysis (EDX) 

EDX was performed using JEOL, Model: JEM 2100, Peabody, MA, USA. to confirm 

the formation of EF-AuNps. 

2.4.4 Transmission electron microscopy (TEM) 

TEM image was acquired to study the size and surface morphology of the prepared 

AuNps using JEOL, Model: JEM 2100, Peabody, MA, USA, which was operating at 

a maximum accelerating voltage of 200keV. For the transmission electron microscopy 

(TEM) analysis, 1�ȝ/�RI�WKH�VDPSOH�ZDV�GURS-cast to a carbon-coated copper grid and 

air-dried overnight.  

2.4.5  Fourier Transform Infrared- Spectroscopy (FT-IR) 

FT-IR patterns of EF and EF-AuNp were recorded to analyze the mechanism of 

formation of AuNps. FT-IR measurements were taken from 400 to 4000 cmí��with a 

Perkin Elmer spectrum 2 device. 

2.4.6 Cell proliferation assay 

The cell viability of MDA-MB-231 cells on treatment with EF and EF-AuNp was 

determined using MTT assay. In short, 2,000 cells per well were seeded in 96 well 

plates and incubated for 24 hours and added different concentrations of EF and EF-

AuNp (10, 50, and 100µg/ml). The MTT assay was performed fort 24 hours and 72 

hours. After incubation, 10µl of 5mg/ml of MTT solution was added to each well and 

again incubated for 2 hours. Subsequently, culture medium was removed and 100µl 

of DMSO was added to all the wells and incubated at ambient temperature for one 

hour to liquefy the MTT-formazan product. Finally, the absorbance of the colour 
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solution was measured with Molecular Devices Spinco Biotech Plate reader at 570nm. 

The inhibition induced by EF and EF-AuNp on the growth of MDA-MB-231cells 

represented as the percentage of viability. 

2.4.7 Colony-forming assay 

The clonogenic potential of MDA-MB-231 cells was analysed with the help of a 

colony formation assay. Briefly, a 6 well plate was seeded with MDA-MB-231 cells 

cultured in DMEM media (500cells/well). The cells were treated with EF and EF-

AuNp in two different concentrations 5µg and 15µg each. Untreated wells were 

considered as control and monitored for colony formation for 7 days. After the 

formation of colonies, the media was discarded and given a gentle wash with PBS 

(1X). Ethanol fixation was done for two hours. Afterwards, crystal violet stain was 

added to each well and incubated for 2 hours. The extra stain was removed by washing 

with PBS (1X), and the photograph was taken. The plating efficiency was calculated 

as follows: 

PE, Plating efficiency = (Number of colonies counted/ Number of cells plated) × 100 

SF, Survival fraction = (PE of treated sample/ PE of control) × 100 (Bordoloi et al., 

2020) 

2.4.8 PI-FACS assay 

To verify the efficacy of EF and EF-AuNp on cytotoxicity of MDA-MB-231 BC cells, 

PI-FACS assay was performed. Precisely, 6-well plate was seeded with 5X 104 cells 

and incubated for 24 hours, and subsequently treated with EF and EF-AuNp in two 

different concentrations (25 and 75µg/ml) for 72 hours. Next to incubation, the cells 
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were washed with 1X PBS, trypisinised, and then collected. Further, the cell 

suspension was centrifuged at 4000 rpm for 10 minutes at 40oC. The supernatant was 

discarded, and the pellet was washed with 1mL 1X PBS and centrifuged again, and 

the step was repeated twice. Final pellet was resuspended in 495 µl of PBS, and 5 µl 

of PI dye was added. The cells were then analysed in the flow cytometer (BD FACS 

&HOHVWD���%HFWRQ-Dickinson, New Jersey, USA) (Aswathy et al., 2021).  

2.4.9 Live and dead assay 

To further confirm the effect of EF and EF-AuNp on cell death of MDA-MB-231 BC 

cells, the live and dead assay was performed using an inverted fluorescence 

microscope. Approximately, 2x103 cells were seeded in a 96-well plate and incubated 

for 24 hours, followed by treatment with EF (75µg/ml) and EF-AuNp (75 µg/ml) for 

72 hours at 37°C. After the incubation time, the cells were stained with the live and 

dead UHDJHQW� ���ȝ0�HWKLGLXP�KRPRGLPHU�DQG���ȝ0�FDOFHLQ-AM) and incubated at 

37°C for 20 minutes. Cells were then analysed, and images were captured using an 

inverted fluorescence microscope (Olympus, Japan) (Aswathy et al., 2021). 

2.4.10 Statistical analysis 

Graph pad prism (version 9.2) was used for statistical analysis. Experiments were 

carried out in triplicates, with data reported as mean r standard deviation. Statistical 

significance was denoted as * p<0.05, ** p<0.01, *** p<0.001. 

2.5 Results 

2.5.1 Synthesis and characterization of EF-AuNp complex 
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EF has been reported to possess wide pleiotropic and pharmacological properties. 

However, its high hydrophobic nature and poor bioavailability limit its potential as an 

anti-cancer drug. In the present study, we synthesized EF AuNps using green 

synthesis approach by mixing 0.01M EF with gold chloride solution and continuous 

stirring and heating at 400C. The shift in colour of the solution from pale yellow to 

purple indicates the reduction of Au3+ to Au°. The UV-visible spectrum of EF-AuNps 

validated this result, showing the characteristic absorption peak at 560nm (Figure 

2.3A).  

To confirm the formation of AuNps and their crystal structure, XRD was performed, 

which reported distinct peaks at 38.18o, 44.39o, 64.58o, 77.55o, 81.7o corresponding to 

face-centred cubic AuNps as shown in Figure 2.3B. The diffraction peak at 38.1o 

indicates the preferred growth of Au0 gold was preferred in the (111) direction. 

Notably, one intense unassigned peak at 58o corresponded with the crystallization of 

the bio-organic phase on the surface of nanoparticles (Juibari et al., 2015; Kumari and 

Philip, 2013). 

SAED pattern of EF-AuNp showed (Figure 2.3B) four diffraction rings corresponding 

to four different crystal planes in the face-centred cubic structure. Rings from inner to 

outside correspond to the standard Braggs reflection of (111), (200), (220), and (311) 

lattices. The TEM images and the HR-TEM of EF-AuNp are represented in Figures 

2.3D and E. 
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TEM images indicated that most of the particles had triangular morphology. Though 

the particles are polydispersed, all are below 100nm. The fringe spacing measured 

from the HR-TEM image was around 0.144 nm, corresponding to the (220) plane of 

the face-centered cubic (FCC) (Figure 2.3 D-F). 

 

The FT-IR spectrum of EF showed a carbonyl group stretching peak at 1687 cm-1. In 

contrast, the FT-IR spectrum of EF-AuNp showed a suppressed carbonyl peak at 1710 

cm-1 and a O-H broadened peak at 3432cm-1 as in Figure 2.4, validating the successful 

synthesis of the nanoparticle systems. The shift in the carbonyl group peak in a wide 

band indicates the shift in the frequency of the group after the oxidization of the 

carbonyl group into the hydroxyl group during the bio reduction of Au3+ to Au° (Basha 

et al., 2010; Kasthuri et al., 2009b; Sreelakshmi et al., 2013).  
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2.5.2 Anti-proliferation effect of EF-AuNp complex, 

Following the successful synthesis of AuNp, we tested the antiproliferative effect of 

EF-AuNp on aggressive triple-negative BC cell line MDA-MB-231. MTT assay 

revealed that treatment with increasing concentrations of EF and EF-AuNp reduced 

the proliferation rate of MDA-MB-231 cells as indicated in Figure 4A. Interestingly, 

a drastic reduction of cell proliferation rate with increasing drug concentration (30% 

greater reduction at 10 Pg, 75% at 50Pg and 80% at 100 Pg/ml) were observed with 

the treatment of EF-AuNp compared to EF treatment. The IC50 for EF-AuNp complex 

was found to be 18Pg/ml in MDA-MB-231 cells (Figure 2.5A). 

Further, we determined the effect of EF and EF-AuNp on the clonogenic potential of 

MDA-MB-231 cells. Colony formation assay revealed that both EF and EF-AuNp 

treatment at 5Pg/ml concentration reduced clonogenicity of MDA-MB 231 cells to 

40% while treatment at 15 Pg/ml concentration showed 50% reduction in EF treated 

MDA-MB-231 cells and 90% in EF-AuNp treated MDA-MB-231 cells (Figure 2.5B-

4). This indicates that EF-AuNp systems have higher anti-clonogenic potential that 

bare EF treatments. These results showed that the EF-AuNp complex inhibits the 

proliferation and survival of TNBC cells.  

2.5.3. Effect of EF AuNp complex on cell viability 

Subsequently, we performed PI-FACS to determine the effect of EF-AuNp complex 

on MDA-MB-231 cells viability. Our analysis showed EF at 25Pg/ml concentration 

induced ~10% cell death whereas EF-AuNp at the same concentration showed 35% 

cell death. 
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The increase in the concentration of EF-AuNp to 75µg induced 70% of cell death 

while EF at this high concentration was able to induce only 10% cell death (Figure 

6A-F). Hence, this flow cytometry analysis revealed that EF-AuNp induced around 

3.5-7-fold greater cell death compared to the phytochemical EF alone. Furthermore, 

live/dead cell assay revealed EF AuNp induced greater cell death compared to EF at 

75 Pg/ml concentration as represented in Figure 6G-I. Taken together, our results 

demonstrated that the EF-AuNp complex possesses a significant cytotoxic effect 

compared to EF alone on the MDA-MB-231 cell line. 

2.6. Discussion 

This is the first report on the use of EF as a reducing agent in the synthesis of AuNps. 

The completion of synthesis of EF-AuNp in the solution was indicated initially by the 

transformation from yellow to purple colour. This color shift is due to the surface 

plasma resonance (SPR) exhibited by the formation of AuNps (He and Lu, 2014). 

Moreover, the UV-visible spectroscopy showed that the characteristic SPR band was 

located at 560 nm. The SPR band is reported to occur in the 510-560 nm region for 

the aqueous synthesis of AuNps (Shankar et al., 2004). These results obtained were 

comparable to the typical reports on AuNps synthesis (Basha et al., 2010; Kasthuri et 

al., 2009a). The XRD spectra revealed intense peaks indexed to (111), (200), and 

(220) planes at 2T = 38.18o, 44.39o, 64.58o, 77.55o, and 81.7o confirming their 

crystalline structure. The SAED pattern for these nanoparticles revealed prominent 

rings corresponding to (111), (200), and (220) planes which in turn confirmed the 

crystalline feature of biosynthesized AuNps and is in line with the results obtained 

from other XRD studies of the AuNps (Krishnamurthy et al., 2014). EDX profile of 
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this synthesized compound revealed strong signals for gold atoms with a prominent 

absorption peak at 2-3KeV. These results concurred with the previous investigations 

(KS et al., 2016; Shankar et al., 2004; Uzma et al., 2020). TEM images confirmed the 

triangular morphology of nanoparticles and the crystalline structure of AuNps was 

further confirmed by the distinct lattice fringes that emerged in HR-TEM images. 

Furthermore, the FT-IR spectra obtained from the synthesized complex showed 

carbonyl group stretching peak at 1710 cm-1 and a broadened OH peak at 3432 cm-1. 

Moreover, the carbonyl group stretching of EF at 1687 cm-1 showed a shift and 

broadening of the peak at 1710 cm-1 in EF-AuNp, indicating the successful reduction 

and stabilization of AuNps with the carbonyl groups of the EF. The additional EF 

characteristic peaks are also present in FT-IR spectrum of AuNps, showing that the 

phenolic compounds from EF are capped on the surface of the produced nanoparticles 

(Clichici et al., 2020b). 

In order to evaluate the therapeutic efficacy of the nano-bio drug, we tested the 

cytotoxicity and cell viability of EF-AuNp on triple-negative BC cell line MDA-

MB231 cells. The MTT assay showed treatment of EF-AuNp induced nearly 80% 

reduction in cell proliferation of MDA-MB-231 cells compared to EF alone. 

Additionally, EF-AuNp-treated MDA-MB-231 cells' clonogenic potential was 5 times 

lesser than EF-treated cells. Propidium iodide-based flow cytometry analysis and live 

and dead cell assay revealed that EF-AuNp induced cell death of MDA-MB-231 cells 

which is in accordance with our MTT and colony formation assays. These results 

indicated that biosynthesized EF-AuNp with a size of less than 100nm are potent anti-

cancer agents compared to EF alone. Thus, this demonstration of a proof of concept 
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enumerates the way for a promising alliance of natural compounds and 

nanotechnology as next-generation cancer therapeutics. 

2.7 Conclusion  

In the current study, we have reported the preparation of AuNps using EF as a 

reducing agent and investigated its anticancer activities in MDA-MB-231 cells. In this 

study, we prepared a triangular EF-AuNp complex (<100nm) by direct reduction 

method with mild reaction conditions using a green synthesis approach. Structural 

characterization by XRD, EDX, and FT-IR confirmed the formation of highly 

crystalline and extremely pure AuNps. In addition, our in-vitro studies demonstrated 

that triangular EF-AuNp complex inhibited the growth of MDA-MB-231 cells by 

inducing a reduction in proliferation, clonogenic potential, and by inducing cell death 

compared to the phytochemical EF alone. The EF-AuNp developed in this study has 

significant potential to be used in various therapeutic applications. However, studies 

examining molecular pathways and the in-vivo parameters of EF-AuNp treatments 

such as transport, bioavailability, intoxication, or inactivation and accumulation of 

AuNps in the biological system need to be conducted for further validation of these 

findings. 
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Synthesis, Characterization and 
Biological Activities of EA-AuNp 
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3.1 Introduction 

Ellagic acid (EA) was discovered by a French chemist Henri Braconnot in 1831 and 

QDPHG�LW�³DFLGH�HOODJLTXH´ (Law, 1922). EA is a naturally origin bioactive compound, 

polyphenolic, mainly found among eudicotyledons (Evtyugin et al., 2020; Lorenzo et 

al., 2019; Ríos et al., 2018). The main sources of EA are berries such as, strawberries, 

cranberries, blackberries, raspberries and goji berries. It is also present in grapes, 

pomegranates, nuts and green tea. So far, EA has been tested for many bio medical 

applications, including neuroprotective, cardio protective, anticancer, anti-

inflammatory effects (Ahmed et al., 2016; Cozza et al., 2006; Lin and Yin, 2013; Liu 

et al., 2017; Liu et al., 2020; Neamatallah et al., 2020; Yüce et al., 2007). EA has been 

widely examined for its efficacy as anti-cancer agent in different cancers. In-vitro 

studies carried out in Caco-2, breast, and human prostatic cancer cells revealed the 

anti-proliferative effect of EA, though the best performance was found in Caco-2 cells 

(Losso et al., 2004). Another study proved the efficacy of EA against colon cancer, 

increased apoptosis and decreased proliferation of HCT-15 cells. Moreover, EA 

induces apoptosis, inhibition of cell growth and decreased cell viability in the BC cells 

(Jaman and Sayeed, 2018).  

As the main concerns with phytochemicals are their poor bioavailability and poor 

solubility, nanoparticles based formulation has been synthesised to improve the 

efficacy of phytochemical. The anti-cancer properties of AuNps are evident as they 

can be engineered in different size, shape and structures (Ghosh et al., 2008; Sztandera 

et al., 2018). AuNps of 10-100mn can easily permeate into the cells through EPR 

effect and remain in the tumor due to the lack of lymphatic clearance and disordered 
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extracellular matrix (Lee et al., 2014). EPR effect was discussed in detail in chapter 

2, this effect was used to target TNBC cells passively using EA-AuNp phytochemical 

complex. 

 

 

 

 

 

 

  

Within this framework, we prepared AuNps using EA as a precursor through a single-

step direct reduction method. The resultant EA-AuNp complex was used to target 

TNBC cells passively. Our in-vitro studies revealed that EA-AuNp exhibited anti-

proliferative effect by reducing cell growth and induced cell death in TNBC cells. 

3.2 Materials used  

EA (C14H6O8) was purchased from Tokyo chemical industry CO.LTD, Tokyo, Japan. 

All other cell culture materials were same as discussed in chapter 2. 
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3.3 Method of preparations 

For the preparation of AuNps 10ml of 5mM stock solution of gold chloride was 

prepared in Milli Q water, and 2ml stock solution of 0.01M EA was prepared in 

DMSO. 5mM gold chloride was heated at 40oC with vigorous stirring for 10 minutes 

followed by the addition of 0.01M EA drop wise. Subsequently, this solution was 

diluted with 30ml distilled water. Again heated at 40oC and stirred for 10 minutes to 

complete the chemical reduction process, which resulted in a colour change from light 

yellow to purple, the characteristic colour of AuNps. 

 

 

3.4 Characterization of EA-AuNp 

AuNps were further processed for the characterization and morphology analysis. The 

formation of AuNps was confirmed by UV-visible spectroscopy, XRD, EDX, and 

SAED studies. Morphology studies were carried out by TEM. The mechanism of 
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formation of AuNps was analysed by FT-IR. Further, biological effect of EA-AuNps 

in the MDA-MB-231 was assay, and live and dead assay. 

3.4.1 Structural characterization of EA-AuNp 

Structural characterization of EA-AuNps was performed using the same characteristic 

tools as in chapter 2. XRD, EDX, UV-visible spectroscopy, TEM and FT-IR were 

performed using the same machine and under the identical operating conditions.  

3.4.2 In-vitro studies of EA-AuNp on MDA-MB-231 cells 

In-vitro assays, such as MTT, colony formation assay, PI-FACS, and live and dead 

assay were carried using the same protocol and instrumental conditions as stated in 

Chapter 2 using different concentrations of EA-AuNPs. For MTT assay MDA-MB-

231 cells were treated with different concentrations of EA and EA-AuNps (0 to 

50µg/ml). 

3.5 Statistical analysis 

As discussed in chapter 2, graph pad prism (version 9.2) was used for statistical 

analysis. 

3.6 Results  

3.6.1 Synthesis and characterization of EA-AuNp complex 
 
Formation of AuNps was confirmed initially by UV-Visible peak. Surface plasmon 

absorption peak for AuNps were obtained at 530nm in the visible range of 

electromagnetic spectrum (Figure 3.3A). XRD pattern further confirms the formation 

and crystallinity of the sample. XRD reflection peaks were obtained at 38.2o, 44.4o, 

64.6o,77.6o,81.6o, corresponds to FCC AuNps (Bindhu and Umadevi, 2014). High 
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intense peak at 38.2o indicates the growth of nanoparticles predominantly in (111) 

direction. Absence of additional peaks in the spectrum underlined the high purity of 

the material (Figure 3.3B). SAED pattern showed four diffraction rings corresponds 

to (111), (200), (220), (311) planes from inner to outer, respectively, characteristic of 

polycrystalline structure. To further verify presence of EA along with the AuNp 

quantitatively, EDX profile was studied. EDX spectrum showed distinct peaks for Au, 

C, and O elements, presence of carbon and oxygen peak along with AuNps verified 

the presence of phytochemical in the sample. Very intense peak at 6KeV was from 

copper, arises from copper grid. Absorption peaks at ~2 KeV is typical for the 

absorption of metallic AuNps in agreement with previously reports (Fayaz et al., 

2011) (Figure 3.3C). Shape and size of the nanoparticle are crucial factors before 

administrating them in to cells, hence TEM analysis was performed to analyse the 

surface morphology of nanoparticles (Figure 3.3D and E). 

TEM images revealed nanoparticles were in different shapes, including rod, 

triangular, hexagonal and spherical. Nano rods are nontoxic and cellular uptake is 

more efficient than spherical, triangular and hexagonal AuNps were also known for 

anticancer properties (Chithrani et al., 2006; Sztandera et al., 2018). Fringe spacing 

measured from HR-TEM image 0.235 nm, corresponding to the (111) plane of the 

FCC, indicated the preferential growth of AuNps in (111) plane (Figure 3.3F). 
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FT-IR spectra showed OH stretching peaks at 3561cm-1 for EA, while the peak got 

shifted and broadened to 3335cm-1 for EA-AuNps. It was also demonstrated that 

carbonyl group stretching peak for EA was obtained at 1725 cm-1, whereas, the same 

group was suppressed and shifted to lower frequency (1693cm-1) in EA-AuNp 

complex, signifying the successful reduction and stabilization of AuNps by carbonyl 

groups of the EA (Clichici et al., 2020a) (Figure 3.4).  

3.6.2 Anti-proliferation effect of EA-AuNp complex  

Next to structural characterization, we tested the anti-proliferative effect of EA-AuNp 

complex on TNBC cells. MTT assay on MDA-MB-231 cell line unveiled the anti-

proliferative effect of EA-AuNp over EA, as shown in Figure 3.5. 
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EA-AuNp have shown a remarkable reduction in proliferation in comparison with EA, 

38% more reduction at 20Pg/ml and 29% higher reduction at 50Pg/ml. IC50 obtained 

for EA was found to be 27Pg/ml and for EA-AuNp IC50  was 15Pg/ml. In cancer 

research, it is important to analyse the clonogenic potential of cells, since it is a 

standard tool to analyse the cellular growth and cytotoxic effect of a drug in cancer 

cells. EA and EA-AuNp make substantial reduction in the clonogenic potential at 

5µg/ml and 10µg/ml. However, EA-AuNp induces 20% more reduction in survival 

fraction at 10µg/ml against EA (Figure 12B and C). 

3.6.3 Effect of EA-AuNp complex on cell viability 

Further, PI-FACS was performed to evaluate the effect of EA-AuNp complex on the 

cell viability of TNBC cell line. EA induced 35% cell death while EA-AuNp induced 

66% cell death compared to control. Our studies revealed that EA-AuNps induced 

30% more cell death in comparison with the phytochemical EA (figure 3.6A-D). In 

addition, live and dead assay revealed that at 25Pg/ml EA-AuNps induced more cell 

death than EA at the same concentration. Overall, EA-AuNp exhibited significant 

cytotoxic effect compared to EA on MDA-MB-231 TNBC cell line (Figure 3.6E-G). 

3.7 Discussion 

In the present study, we prepared AuNps using EA as a reducing agent. This is the 

first report on the preparation of AuNps using EA as a precursor. Formation of AuNps 

was first indicated by the colour change of colloidal suspension from yellow to purple, 

due to the localised surface plasmon absorption peak exhibited by AuNps depending 

on the size and shape (Kelly et al., 2003). Experimentally, the LSPR peak 
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 was confirmed by UV-Visible absorption spectra, which showed an absorption peak 

at 530nm which is in agreement with previous reports (Figure 2A) (Alkilany and 

Murphy, 2010a; Sreelakshmi et al., 2013). XRD showed characteristic AuNp peaks at 

38.2o, 44.4 o, 64.6 o, 77.6o, and 81.7 o corresponding to (111), (200), (220), (311) and 

(222) planes, respectively (Figure 2B). These XRD patterns are the finger print peaks 

for AuNps DW� �ڧ� DQJOH� (Baruah et al., 2018; Philip, 2010). In addition, the SAED 

pattern with a single set of diffraction spots indicated the same lattice orientation 

running across the whole nanoparticle. These patterns were indexed according to 

(111), (200), (220), (311) and (222) reflections of FCC gold. In this study, SAED 

pattern revealed four diffraction rings, implied the formation of polycrystalline 

AuNps. The rings (111), (200), (220), (311) corresponds to FCC gold from inner to 

outer respectively (Philip, 2010; Smitha et al., 2009). Additionally, EDX spectrum 

showed peaks for C, O and Au; carbon and oxygen peaks along with gold was a clear 

indication of the presence of phytochemical in the sample (Kumar et al., 2012) (Figure 

2C).  Further, TEM imaging was carried out to obtain highly magnified images for 

the synthesized AuNps. The TEM image revealed that nanoparticles were in 

dissimilar shapes such as triangular, spherical, hexagonal, and rod shaped. Such 

morphologies were previously known for their anticancer activity in different cancer 

cell lines (Govindachari et al., 2000). Furthermore, HR-TEM image confirmed the 

crystalline nature of AuNps by distinct lattice fringes with spacing of 0.235nm (111) 

(Figure2D-F). FT-IR spectra showed OH stretching peaks at 3561cm-1 for EA, while 

the peak got shifted and broadened to 3335cm-1 for EA-AuNps. It was also shown that 

the stretching peak for carbonyl group for EA was obtained at 1725 cm-1, whereas, 
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the same group was suppressed and shifted to lower frequency (1693cm-1) in EA-

AuNp complex, signifying the successful reduction and stabilization of AuNps by 

carbonyl groups of the EA (Clichici et al., 2020a) (Figure 3).  

In order to evaluate the anti-cancer efficacy of this nano-bio combination drug, we 

performed an in-vitro analysis in MDA-MB-231 TNBC cell line. MTT assay showed 

that EA-AuNp induced 38% more reduction at 10µg/ml and 29% more reduction in 

proliferation at 50µg/ml compared to EA (Figure 4A). In addition, clonogenic 

potential of the cells significantly diminished by both EA and EA-AuNp. However, 

EA-AuNp showed ~20% decrease in survival fraction compared to EA at 10µg/ml 

(Figure 4B and 4C). PI-FACS analysis also revealed that, EA-AuNp induced 30% 

more cell death compared to phytochemical counterpart (Figure 5A-D). Cytotoxicity 

effect was further confirmed by live and dead assay (Figure 5E-G) which showed 

similar cytotoxicity effect as in PI-FACS assay. Therefore, in-vitro analysis of EA-

AuNps on TNBC cells verified the superior anti-cancer potential of EA-AuNp in 

comparison with EA. Thus EA-AuNp complex in association with conventional 

therapies could be used for the effective passive targeting of TNBC cells through EPR 

effect; however, further mechanistic studies are required to validate these effects. 

3.8 Conclusion 

In this study, we reported a facile, simple and biosynthetic route for the preparation 

of AuNps using EA as a precursor and examined its anti-cancer potential in intractable 

in MDA-MB-231 cells. AuNps of different shapes were synthesised using EA as a 

reducing agent by direct reduction method. Structural characterization using XRD, 

UV-visible spectroscopy, EDX, TEM and FT-IR confirmed the formation of highly 
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crystalline and pure AuNps along with the phytochemical EA. Our in-vitro studies 

verified the potential of EA-AuNp in reduction of proliferation, clonogenic potential 

and in cytotoxicity compared to EA. Thus EA-AuNp could be used as a potential anti-

cancer agent in combination with TNBC therapies. However, in-vivo studies are 

critical to verify the transport, bioavailability, intoxication, and accumulation of EA-

AuNps in the biological system.  
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Synthesis, Characterization and 
Biological Activities of CD-AuNp 
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4.1 Coronarin D 

Coronarin D (CD) was first isolated in 1988 along with coronarin A-F. These 

bioactive labdane diterpene structures were isolated from the rhizomes of Hedychium 

coronarium, a flowering plant of Zingiberaceae (ginger) family, commonly known as 

butterfly flower or butterfly ginger (Chimnoi et al., 2008; ITOKAWA et al., 1988). 

CD has been already identified for its antimicrobial, anti-inflammatory, anti-fungal 

and anti-cancer properties (Kaomongkolgit et al., 2012; Reuk-ngam et al., 2014; Van 

Kiem et al., 2011). Various studies have been carried out on the anticancer efficacy 

of CD and it is evidenced that suppressed cancer cell growth in various cell lines, such 

as cell cycle arrest in osteosarcoma cells (HOS and MG-63), induction of apoptosis 

and autophagy in nasopharyngeal carcinoma cells (NPC-BM and NPC-039), 

induction of apoptosis and autophagy in hepatocellular carcinoma cells (Huh7 and Sk-

hep-1), induction of apoptosis in oral carcinoma cell line (SCC-9 and SAS) and 

induction of DNA damages and apoptosis in glioblastoma cells (U-251) (Chen et al., 

2017; Hsu et al., 2018; Lin et al., 2018; Liu et al., 2019; Zhou et al., 2020). So far, 

there is no clear authentication for the mechanism of action of CD. Yet, it is widely 

accepted as a modulator of JNK (Jun N-terminal Kinase) pathway (Hsieh et al., 2020). 

As a continuation of the previous chapter, to overcome the adverse pharmacokinetics 

and solubility issues of phytochemicals, we incorporate AuNp along with the 

phytochemical. Here, we used CD as reducing agent to produce AuNp from HAuCl4. 

In the present chapter, we are hypothesising that CD-AuNp could effectively target 

TNBC cells through EPR effect and produce superior anticancer properties than CD.  
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4.2 Materials used 

CD was kindly provided by Dr. Mangalam S. Nair (Chemical Sciences and 

Technology Division, CSIR- National Institute for Interdisciplinary Science and 

Technology (CSIR-NIIST), Thiruvananthapuram, Kerala, India. All other cell culture 

materials used in this study were same as in chapter 2. 

4.3  Method of preparation 

Briefly a stock solution of  2mM CD was prepared in DMSO and 0.41mM gold 

chlorde was prepared in milli Q water separately. Then 1ml of CD was added 

dropwise in to 1ml of gold chloride solution  with simultaneous stirring and heating 

at 40oC. When CD was added to the gold chloride solution, white turbidity appeared. 

)LJ� ���� �$�� FKHPLFDO� VWUXFWXUH� RI�
FRURQDULQ�'� 

)LJ������%��+HG\FKLXP�FRURQDULXP 
�:KLWH�JLQJHU�OLO\� 
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The solution was again heated for 30 minutes while stirring. Slowly colour of the 

solution changed to purple as the reduction reaction completed. 

 

 

4.4 Characterization of CD-AuNp 

4.4.1 Structural characterization of CD-AuNp 

Structural characterization of CD-AuNp complex was performed using UV-visible 

spectroscopy, XRD, EDX, TEM and FT-IR. All instruments and instrumental 

conditions are the same as in chapter 2. 

4.4.2 In-vitro studies of CD-AuNp on MDA-MB-231 cells. 

MTT assay, colony formation assay, PI-FACS and live/assay were carried out using 

the identical protocol, experimental conditions and instruments as in chapter 2. 

However, the concentration of drug was different in each experiment.  

4.5 Statistical Analysis 

Statistical analysis was performed as discussed in the previous chapter, with the 

software. 

)LJ�����0HWKRG�RI�SUHSDUDWLRQ�RI�&'�$X1S�� 
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4.6 Results  

4.6.1 Synthesis and characterization of CD-AuNp 

Formation of nanoparticles was confirmed primarily by UV-visible spectroscopy and 

XRD. UV-Visible spectroscopy showed a narrow and high absorbance surface 

plasmon resonance peak at 560nm (Figure 4.3A). XRD patterns were recorded on a 

powder X-UD\�ZLWK�&X.Į�UDGLDWLRQ� �Ȝ ��������QP�� LQ� WKH��ș� UDQJH�RI����� WR������

XRD the peaks at 38.53o, 44.89o, 64.76o and 77.81o corresponded to the (111), (200), 

(220), and (311) crystal planes of FCC AuNps, respectively (Figure 4.3B). The SAED 

pattern showed the diffraction ring from inner to outer which can be indexed as (111), 

(200), and (220), reflections, respectively of FCC gold (Figure 4.3B). EDX analysis 

showed the presence of a strong signal from gold atom. The presence of sharp optical 

absorption peak in the range of 2±3 keV is typical for the absorption of metallic gold 

nanocrystallites. The peaks from C and O indicate the presence of phytochemical 

coronarin D along with nanoparticles. However, the very high weight percentage for 

C is because of the presence of C in copper grid (Figure 4.3C). TEM was performed 

to analyse the morphology and size of the AuNps. TEM revealed that AuNps were 

less than 50nm and the HR-TEM displays a single particle image. The fringe spacing 

measured from the HR-TEM image was 0.240 nm, corresponding to the (111) plane 

of the FCC, which indicated that the growth of AuNps occurred preferentially on the 

(111) plane (Figure 4.3D-F). 
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FT-IR spectrum of CD showed a peak at 3448.7cm-1 which is the finger print peak for 

OH group. The peaks at 1727.21cm-1 and 1664.63 cm-1are corresponds to CO group. 

After the bio reduction with the phytochemical, there is a clear suppression of keto 

group, also a shift in peak and damping for OH group, which is a clear indication of 

the reduction of Au3+ ions with the keto groups of coronarin D. As a result, the keto 

group may get oxidised to hydroxyl group (Figure 4.4).  
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4.6.2 Anti-proliferation effect of CD-AuNp complex 

Further, we tested the anti-proliferative effect of CD-AuNp complex in TNBC cells. 

MTT assay on MDA-MB-231 cell line unveiled the anti-proliferative effect of CD-

AuNp and CD, and was shown in Figure 4.5A. CD-AuNp have shown remarkable 

reduction in proliferation in comparison with CD , 7% more reduction at 10Pg/ml, 

42% reduction at 20Pg/ml and 22% proliferation decrease at 50Pg/ml. In addition, 

CD-AuNp showed 83% reduction in proliferation compared with control. For CD-

AuNp IC50 was 18Pg/ml compared to CD 34Pg/ml for CD alone. Colony formation 

potential is important for cancer cells, implying a single cell's ability to survive in 

independent colonies. It is evident that, CD-AuNp reduced the clonogenic potential 

of MDA-MB-231 cells significantly, while CD alone GLGQ¶W show much effect. CD-

AuNp induced 68% reduction in survival fraction, at the same time CD induced only 

9% reduction at 5µg/ml. In addition, CD-AuNps at 15µg/ml produced 96% reduction, 

CD induced only 18% reduction in survival fraction in comparison with control. 

Altogether, CD-AuNp expressed superior anti-proliferative property in MDA-MB-

231 cells compared to phytochemical CD (Fig 4.5B and C). 

4.6.3 Effect of CD-AuNp complex on cell viability 

PI-FACS was performed to evaluate the effect of CD-AuNp complex on the cell 

viability of TNBC cell line. CD induced 27% cell death while CD-AuNp induced 77% 

cell death compared to control at 25Pg/ml. Our studies revealed that CD-AuNp 

induced 50% more cell death in comparison with the phytochemical CD (Figure 4.6 

A-D). 
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 In addition, live and dead assay revealed that at 25Pg/ml CD-AuNps induced more 

cell death than CD at the same concentration. Overall, CD-AuNp exhibit significant 

cytotoxic effect in comparison with CD on MDA-MB-231 TNBC cell line (Figure 4.6 

E-G).  

4.7 Discussion 

In the present study, we prepared CD-AuNp using CD as a reducing agent. Primary 

evidence for the formation of AuNps was the colour change to yellow to purple. Metal 

nanoparticles like gold exhibit SPR and absorbs visible light (Eustis et al., 2005).  UV-

visible spectra confirmed the formation of AuNps with an absorption peak at 535nm. 

Further, XRD spectrum confirmed the formation of AuNps with fingerprint peaks at3 

8.1o, 44.4o, 64.5o,77.5o, and 81o. These peaks are corresponding to (111), (200, (220), 

(311) and (222) planes in FCC gold. SAED pattern further verified the formation of 

polycrystalline CD-AuNp with diffraction rings (111), (200, (220) and (311) from 

inner to outer side. Additionally, EDX pattern showed peaks for C, O and Au, 

verifying the presence of phytochemical along with the gold. EDX peaks at 2KeV 

represent crystalline AuNps (Baruah et al., 2018; Rajeshkumar, 2016). The 

morphology of CD-AuNP was verified by TEM images. TEM image exhibited 

circular-shaped CD-AuNp of below 50nm, which is suitable for therapeutic 

applications (Haume et al., 2016). Furthermore, FT-IR specta clearly showed the shift 

in the carbonyl group in CD-AuNp towards 1762cm-1, there is also a suppression of 

carbonyl peak. Considering the hydroxyl peak, there is a shift  including damping, in 

CD-AuNp (3393cm-1) compared to CD (3448cm-1). This suggests the involvement of 

carbonyl group in the bioreduction of HAuCl4, and after the reduction process 
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carbonyl group also get oxidised to OH group. Hence, structural characterizations 

validated the successful reduction of HAuCl4 into AuNps. It also verified the presence 

of CD along with AuNps. Further, anti-proliferative activity of CD-AuNp was 

analysed using MTT assay. MTT assay induced notable amount of reduction in 

proliferation, when treated with CD and CD-AuNp. At 50Pg/ml CD-and CD-AuNp 

showed 61 and 83% reduction in proliferation in comparison with control. In addition, 

colony formation assay also substantiated the reduction in survival fraction induced 

by CD-AuNp. When treated with 15µg/ml, CD-AuNps produced 96% reduction; 

however, CD induced only 18% reduction in survival fraction in comparison with 

control. This result evidenced the superior anti-cancer potential of CD-AuNp over 

CD. Cytotoxicity of CD-AuNp and was verified by PI-FACS and live and dead assay. 

In PI-FACS, MDA-MB-231 cells were treated with 25µg/ml of CD and CD-AuNp 

respectively. It was observed that CD and CD-AuNp induced 27% and 77% cell death 

respectively. Higher cytotoxic potential of CD-AuNp over CD was upheld by the live 

and dead assay. This microscopic assay showed large amount dead cells in CD-AuNp 

treated cells compared to CD. Therefore, therapeutic potential of CD-AuNp was 

confirmed by these in-vitro studies in MDA-MB-231 cells. 

4.8 Conclusion 

This is the first report of the synthesis and potential of AuNps using CD as a precursor. 

AuNps were synthesised using CD as a reducing agent by direct reduction method. 

Structural characterization using XRD, UV-vis, EDX, TEM and FT-IR confirmed the 

formation of highly crystalline and pure AuNps also confirmed the presence of 

phytochemical coronarin D in the sample. Our in-vitro studies verified the potential 
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of CD-AuNp in reduction of proliferation, clonogenic potential and in cytotoxicity 

compared to CD in MDAMB-231 BC cells. Hence CD-AuNp could be used as a 

potential anti-cancer agent for the treatment of TNBC after validating these results 

using animal models.  
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and Biological Activities of 
EAZD-AuNp 
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5.1 Epoxy azadiradone  

Neem (Azadiracta indica) is a well-known traditional medicine since ancient days; 

almost all parts of this plant are using for medicinal purpose. Majority of triterpenoids 

isolated from neem are tetranortriterpenoids (limonoids) (Tan and Luo, 2011). Neem 

limonoids are classified into two groups based on chemical tructure, 1) basic/ring-

intact limonoids possessing 4,4,8-trimethyl17-furanylsteroidal skeleton, includes 

azadirone, azadiradione, gedunin; 2) C-seco limonoids with rearranged framework 

generated through C-ring opening, includes, salannin, nimbin, azadirachtin (Haldar et 

al., 2013; Tan and Luo, 2011). Even though neem derived EAZD is explored very 

little for its medicinal properties, it is already been tested for its anti-feedant and anti-

inflammatory properties (Govindachari et al., 2000; Halder et al., 2018). Couple of 

anti-cancer studies also reported on EAZD. EAZD inhibits PI3K/Akt pathway, 

induces apoptosis and suppresses migration of BC cells (MDA-MB-231 and MCF-7). 

In addition, EAZD also induces anti-cancer, anti-proliferative and anti-migratory 

activities in head and neck squamous cell carcinoma.  

Currently, the efficacy of limonoids are limited by their poor bioavailability and other 

pharmacokinetic issues (Roy et al., 2021). To improve the performance of these 

compounds, AuNps were introduced along with the phytochemicals in our study.  

In this study, we prepared gold nanoparticles using EAZD as a reducing agent. EAZD-

AuNp were used to target cancer cells passively through EPR effect as its size ranges 

from 10-50nm. This is the first report on EAZD based AuNps for TNBC treatment. 
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5.2 Materials used 

EAZD was kindly provided by Dr. Mangalam S. Nair (Chemical Sciences and 

Technology Division, CSIR- National Institute for Interdisciplinary Science and 

Technology (CSIR-NIIST), Thiruvananthapuram, Kerala, India. All other cell culture 

materials were same as in previous chapters. 

5.3 Method of preparation 

A stock solution of 2mM EAZD was prepared in DMSO and 0.41mM gold chloride 

was prepared in milli Q water separately. Then 1ml of EAZD was added drop wise in 

to 1ml of gold chloride solution with simultaneous stirring and heating at 50oC. When 

EAZD was added to gold chloride solution, a white turbidity appeared. Further, the 

solution was heated again for 30 minutes while stirring. The colour of the solution 

changed to purple which indicated that the reduction reaction is completed. 

�$� 

�%� 

Figure 5.1 (A) Chemical structure of EAZD (B) Neem tree 
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5.4 Characterization of EAZD-AuNp 

5.4.1 Structural characterization of EAZD-AuNp. 

As discussed in previous chapters, structural characterizations for confirming the 

formation of AuNp.  

5.4.2  In-vitro analysis of EAZD-AuNp on MDA-MB-231 cells. 

All in-vitro studies were carried out using the same protocol as discussed in chapter 

2. However, as EZAD is more potent than other compounds we have used 1 to10µg/ml 

of EZAD and EAZD-AuNp.  

5.5 Statistical Analysis 

Statistical analysis was performed as discussed in the previous chapter, with the 

software. 

 

Figure 5.2 Method of preparation of EAZD-AuNp 
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5.6 Results  

5.6.1 Synthesis and Characterization of EAZD-AuNp 

In the present study, we prepared AuNps by mixing 0.41mM gold chloride and 2mM 

EAZD. After heating and stirring for 30 minutes colour of the solution changed to 

purple, due to the LSPR) exhibited by AuNps. LSPR was confirmed experimentally 

by UV-visible spectra. UV spectra showed an absorption peak at 525nm (Figure 

5.5A). XRD finger print peaks for AuNps were obtained at 38.1o, 44.4o,64.5o, 

77.5o,61.2o, corresponds to (111), (200), (220), (311), (222) FCC planes, respectively. 

The absence of any additional peaks endorses the absence of impurity.  Peak 

corresponds to (111) plane is more intense compared to others, implies (111) plane is 

more dominant than other planes in the sample (Philip D et al., 2009) (Figure 5.3B). 

Moreover, SAED pattern again confirmed the crystallinity of the sample. Diffraction 

rings from inner to outer can be indexed as (111), (200), (220), (311) and (222) 

reflections respectively of FCC gold (Figure 5.3 B) (Aromal et al., 2012). 

An EDX spectrum was performed for the quantitative verification of the presence of 

EAZD along with AuNps. EDX showed peaks for Au, C and O and the high intense 

peak at 8KeV corresponds to Cu arising from copper grid. Peak at ~2KeV was typical 

for metallic AuNps in agreement with other reports (Fayaz et al., 2011). Carbon and 

oxygen peaks might have originated from the EAZD bound to the surface of the 

AuNps (Figure 5.3C). 
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TEM was performed to analyse the surface morphology of the particles, since it is 

important to analyse the size and shape of the particles in biological studies. TEM 

images revealed that AuNps were in hexagonal shape. Though the particles are poly 

dispersed, they are in the 10-50nm size range and ideal for cellular administration. 

TEM analysis showed that nanoparticles are hexagonal and many reports showed that  

hexagonal-shaped AuNps possess significant anti-cancer properties (Mukherjee et al., 

2012; Ohadi et al., 2020). Lattice spacing calculated from the HR-TEM image was 

0.204nm correspond to (200) plane of AuNp (Figure 5.3D-F). 

 

FT-IR spectra of EAZD showed two carbonyl peaks at 1735cm-1 and 1666cm-1. In 

AuNp one carbonyl peak got shifted to 1666cm-1 and hydroxyl group appeared at 

3387cm-1. After the bio reduction, the shift in peak at 1666cm-1 towards lower 
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frequency was attributed to the involvement of carbonyl group with nanoparticles. 

Presence of OH peak in EAZD-AuNp indicated that Au3+ ions were reduced with 

carbonyl group of EAZD and the carbonyl group got oxidised to OH group (Figure 

5.4) (Kasthuri et al., 2009a). 

5.6.2 Anti-proliferation effect of EAZD-AuNp complex. 

Next to structural characterization, we moved to anti-proliferative studies of EAZD-

AuNp. Though EAZD alone was not showing any effect up to 10µg/ml, EAZD-AuNp 

showed significant reduction in proliferation with increased concentration of drug. 

EAZD-AuNp showed 39%, 61% and 89% reduction at 1, 5 and10µg/ml respectively 

compared to the control. IC50 for EAZD-AuNp was 6µg/ml (Fig 5.5A). 

Clonogenic potential is crucial for cancer cells, since it measures the ability of single 

cell to survive and reproduce to form colonies. It is noteworthy that EAZD and EAZD-

AuNp have significantly reduced colony formation compared to control. Interestingly, 

most of the EAZD-AuNp treated cells were unable to form colonies. In clonogenic 

potential, EAZD-AuNp showed 60% and 38% higher reduction at 5µg/ml and 

10µg/ml accordingly, compared to bare EAZD (Figure 5.5B and C). 

5.6.3 Effect of EAZD-AuNp complex on cell viability. 

Further, PI-FACS was performed to check the cell viability of EAZD-AuNp on TNBC 

cells. EAZD induced 13% and 44% cell death, while EAZD-AuNp treated cells 

showed 28% and 61% cell death at 5g/ml and 15µg/ml, respectively compared to 

control. Our studies revealed that EAZD-AuNp induced 13% and 17% more cell death 

at 5g/ml and 15µg/ml compared to the phytochemical counterpart (Fig 5.6A-F). 
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Effect of EAZD-AuNp on the cell viability of TNBC cells was further confirmed by 

live and dead assay. EAZD-AuNp induced more cell death in comparison with EA at 

10µg/ml. Altogether, EAZD-AuNp displayed remarkable cytotoxic effect compared 

to EAZD and control (Fig 5.6G-I). 

5.7 Discussion  

Here, we prepared AuNps using EAZD as a precursor. This is the first report on the 

preparation of AuNps using EAZD. Formation of AuNps were primarily evidenced 

by the colour change of the colloidal solution from yellow to purple. The colour 

change was attributed to localised LSPR of AuNps, which depends on the size and 

shape of the nanoparticles (Shabaninezhad and Ramakrishna, 2019). LSPR peak for 

AuNps was experimentally confirmed by UV-visible spectroscopy, showed an 

absorption peak at 525nm in agreement with other reports (Creighton and Eadon, 

1991; Kumar et al., 2007) (Figure 2A). Further XRD spectrum verified characteristic 

AuNps peaks at 38.1o,44.4o, 64.5o,77.5o,81.7o corresponds to (111), (200, (220), (311) 

and (222) planes respectively (Basavegowda et al., 2014). The SAED pattern 

displayed the diffraction rings from inner to outer, indexed as (111), (200), and (220), 

reflections, corresponding to FCC gold. The typical SAED pattern with bright circular 

rings also confirmed the polycrystalline nature of the AuNps (Smitha et al., 2009). To 

further validate the formation of AuNps, EDX pattern was analysed, which showed 

peaks for C, O, and Au. Peak around 2 KeV was an indication of the presence of 

crystalline AuNps in the sample, carbon and oxygen peaks were originated from 

phytochemical (Ahmad et al., 2015; Kabeerdass et al., 2022). It is widely accepted 

that, the shape and size of nanoparticle play an important role in their biological 
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activities (Haume et al., 2016; Sztandera et al., 2018). Hence, the morphology of 

nanoparticles was analysed using TEM, and revealed the hexagonal shape of EAZD-

AuNp. Besides, FT-IR spectra showed a shift in carbonyl group peak towards lower 

frequency (1658cm-1) after the bio reduction of HAuCl4 with EAZD, indicated the 

involvement of carbonyl group in the reduction process. Also the presence of OH 

group in EAZD-AuNp (3387cm-1) indicated the oxidation of carbonyl group in to OH 

after the reduction of Au3+. 

Further, to evaluate the therapeutic potential of this novel nano bio complex, we 

analysed the cytotoxicity and cell viability of EAZD-AuNp in MDAMB-231 breast 

cancer cells. MTT assay showed significant reduction in proliferation compared to 

EAZD, even at 10µg/ml EAZD-AuNp induced 89% reduction in proliferation, with a 

very low IC50 of 6µg/ml. Moreover, EAZD-AuNp reduced the clonogenic potential of 

MDAMB-231 cells dramatically, not even a single colony survived in drug treated 

well at 10µg/ml. PI-FACS results showed 61% cell death in EAZD-AuNp treated cells 

(15µg/ml), moreover live and dead assay results validated the cytotoxicity of the 

EAZD-AuNp. These results points to the therapeutic potential of hexagonal EAZD-

AuNp, there by this nano-bio combination could be a better counterpart for cancer 

treatment in future. 

5.8 Conclusion 

The present study has reported the preparation of AuNps using EAZD and 

investigated its anticancer activities in MDA-MB-231 cells. Hexagonal EAZD-AuNp 

complex (<50nm) were prepared using a single step direct reduction method via green 

synthesis approach. Characterization by UV-visible spectroscopy, XRD, EDX, and 
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FT-IR confirmed the formation of highly crystalline and extremely pure AuNps. Also, 

in-vitro studies disclosed the anti-cancer activity of hexagonal shaped EAZD-AuNps 

by reducing proliferation, clonogenic potential, and inducing cell death compared to 

the phytochemical EAZD alone in MDA-MB-231 cell line. Eventually, EAZD-AuNp 

developed in this study is a propitious therapeutic agent for various applications. 

However, the in-vivo parameters of EAZD-AuNp such as transport, safety, efficacy, 

toxicity and accumulation of AuNps in the biological system need to be analysed for 

further validation of these findings.
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6.1 Discussion and conclusion 

Prevalence of TNBC in India is proclaimed to be higher than the Western population, 

with highest number of patients (n=1951) and maximum prevalence rate (27.9%) 

during the period 2004 to 2014 (Thakur et al., 2018). TNBC constitutes 15-20% of 

breast cancer cases globally, primarily afflicting younger women. TNBC remains 

untreated mainly due to the lack of hormone receptors, aggressiveness and late-stage 

diagnosis (Thakur et al., 2018). Although novel therapeutic approaches have increased 

the overall survival time of patients, clinical outcomes remain inadequate at advanced 

stages of the disease. Natural compounds derived from medicinal plants have been 

explored for their immense therapeutic and pharmacological activities (Babu et al., 

2003; Kunnumakkara et al., 2018; Kunnumakkara et al., 2007; Monisha et al., 2016; 

Padmavathi et al., 2015; Padmavathi et al., 2017; Singh et al., 2019). A plethora of 

studies have elucidated that phytochemicals derived from a variety of medicinal plants 

have been shown to lower, various cancer-related risk factors with minimum toxicity 

to normal cells (Banik et al., 2020; Bordoloi et al., 2016; Bordoloi et al., 2019; 

Henamayee et al., 2020; Khatoon et al., 2020; Muralimanoharan et al., 2009; Parama 

et al., 2020). The increasing evidence suggests that,  phytochemicals when used in 

conjunction with conventional anticancer treatments, attenuate the chemoresistance 

of tumors leading to apoptosis (Bishayee et al., 2013; Bordoloi et al., 2016; Bordoloi 

and Kunnumakkara, 2018; Patra et al., 2021; Saha et al., 2013; Sikdar et al., 2014). 

Contemporary TNBC research is focused on combinatorial therapies owing to their 

highly heterogeneous nature. Likewise, phyto-nano conjunctional therapies 

introduces a new era of cancer treatment in the present century.  
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In the current study, we selected four phytochemicals EF, EA, CD and EAZD based 

on their structure and availability. Presence of functional groups in the phytochemical 

is a crucial factor for reducing HAuCl4 in to Au0; since, carbonyl and hydroxyl group 

have been showed involvement in the bio reduction of gold chloride in previously 

reported studies (Behera and Ram, 2014; Gomes et al., 2015; Mata et al., 2009; Singh 

et al., 2010).  

As we hypothesised, these eminent phytochemicals successfully reduced gold 

chloride into AuNps via direct reduction method. Formation of EF-AuNp, EA-AuNp, 

CD-AuNp and EAZD-AuNp were confirmed by UV-visible spectroscopy, XRD, 

EDX, TEM and FT-IR. SPR, the fundamental property of AuNps, was confirmed by 

UV-visible spectroscopy (Alkilany and Murphy, 2010a; Eustis et al., 2005). All four 

phyto-nano complexes exhibited UV-peak in the visible region of the electromagnetic 

spectrum. EF-AuNp, EA-AuNp, CD-AuNp and EAZD AuNp showed their UV-

visible peak at 560nm, 530nm,535nm and 525nm, respectively. XRD, the powerful 

tool in characterising crystalline materials, undoubtedly confirmed the formation of 

AuNps. All four complexes showed four finger print peaks for AuNps in XRD 

spectrum. CD-AuNp and EAZD-AuNp nanoparticles showed a very intense (111) 

peak compared to other planes, which in turn, indicated the predominant growth of 

AuNps in a particular plane, in powder XRD. Less amount of sample also contributed 

to the preferred orientation of AuNps in (111) plane (Dohrmann et al., 2009). In 

addition, such high intense peak at 38o was reported for gold nanoparticles of various 

shapes (Fragoon et al., 2012). Moreover, one unassigned peak at 58o, indicates the 

crystallisation of bio-organic phase on the surface of nanoparticles in EF-AuNp and 
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CD-AuNp, which has been reported in the bio-reduction of AuNps previously (Juibari 

et al., 2015; Kumari and Philip, 2013). Furthermore, SAED pattern confirms the poly 

crystalline nature of every phyto-nano complexes. SAED revealed four diffraction 

rings in AuNps corresponding to crystal planes (111), (200), (220), and (311). 

Usually, in SAED diffraction rings are indexed from inner to outer side (Chen et al., 

2010; Halder et al., 2018).  

Next to SAED, EDX was performed to quantitatively examine elemental composition 

of phyto-nanocomplexes. All four phyto-nano complexes showed C, O and Au peaks 

in EDX spectrum. Thereby, EDX data confirmed the presence of AuNps along with 

phytochemicals. EDX also showed very strong peaks for copper and carbon, 

originated from carbon-coated copper grid (Halder et al., 2018; Khan et al., 2013; 

Zhao et al., 2019). Morphology of phyto-nano complexes were studied using TEM 

analysis. Even though, shape of the nanoparticles was different, all nanoparticles were 

in the size range of 10-50nm (the typical size range for a nano drug). Looking into the 

shapes of nanoparticles, EF-AuNps were in triangular shape, while EA-AuNp, CD-

AuNp and EAZD-AuNp showed mixed, spherical and hexagonal shapes respectively. 

These different shapes of each nanoparticle may be due to the peculiar property of 

corresponding phytochemical. As a continuation of TEM, HR-TEM revealed the 

crystalline fringe spacing in each phyto-nano complexes. Fringe spacing for EF-

AuNp, EA-AuNp, CD-AuNp and EAZD-AuNp were corresponding to (220), (111), 

(111), and (200) planes, respectively. All these structural characterization tools, 

undoubtedly verified the bio reduction of the HAuCl4 by the selected phytochemicals.  
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FT-IR analysis of every single phytochemical and phyto-nano complex was 

performed to analyse the mechanism of formation of AuNps. In general, every phyto-

nano complexes showed a shift and suppression in the carbonyl group and a shift in 

the hydroxyl group. Even though there was no hydroxyl group in the chemical 

structure of EAZD, yet after the bio reduction, FT-IR spectra showed one hydroxyl 

peak. Based on these findings, involvement of carbonyl and hydroxyl group in the bio 

reduction could be clearly evidenced. As mentioned in the literatures, carbonyl group 

has high affinity towards the reduction of HAuCl4,  and after the reduction reaction, 

it gets oxidised to hydroxyl group (Basha et al., 2010; Halder et al., 2018; Kasthuri et 

al., 2009a; Khan et al., 2013; Sreelakshmi et al., 2013; Zhao et al., 2019). 

Further, we proceed to the in-vitro analysis of these unique phyto-nano complexes in 

the MDA-MB-231 cell line. MTT, colony formation, PI-FACS and live and dead 

assays were performed to verify the anticancer potential of these complexes. In-vitro 

studies revealed WKDW� µphyto-nano FRPSOH[¶� showed better anticancer performance 

than their phytochemical counterpart. Despite that, EAZD-AuNp expressed 

exceptionally superior performance over other nanoparticles.  

Primarily, we carried out MTT assay to verify the anti-proliferative effect of phyto-

nano complexes. At 50µg/ml, EF-AuNp, EA-AuNp and CD-AuNp induced 98%, 96% 

and 83% reduction in proliferation, respectively compared to control. Notably, 

EAZD-AuNp induced 89% decrease in proliferation at 10µg/ml. In addition, Ic50 for 

EF-AuNp, EA-AuNp, CD-AuNp and EAZD-AuNp were 18µg/ml, 15µg/ml, 18µg/ml 

and 6µg/ml, respectively. This clearly evidenced the better anti-proliferative effect of 

EAZD-AuNp than other complexes. Next to MTT, we carried colony formation assay. 
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The results revealed that phyto-nano complexes exhibited significant reduction in the 

clonogenic potential of MDA-MB-231. Quantitatively, EF-AuNp and CD-AuNp 

showed 89% and 98% reduction in survival fraction compared to control at 15µg/ml. 

Likewise, EA-AuNp and EAZD-AuNp exhibited 89 and 100% reduction in survival 

fraction at 10µg/ml. Interestingly, a remarkable reduction in survival fraction was 

exhibited by EAZD-AuNp, which decreased the survival fraction to 0% (none of the 

colonies survived). Further, PI-FACS was performed to verify the cytotoxic potential 

of phyto-nano complexes. The complexes expressed significant cytotoxic potential in 

MDA-MB-2321 cells.  MDA-MB-231 cells were treated with 50µg/ml, EF-AuNp and 

EA-AuNp, each for analysing the cell death. Both of these showed 75% cell death. 

Likewise, CD-AuNp and EAZD-AuNp were induced 77% and 61% cell death at 25 

and 15µg/ml, respectively. PI-FACS result also substantiated the superior cytotoxic 

efficacy of EAZD-AuNp, which induced 61% cell death at a comparatively lower 

concentration of 15µg/ml. Similarly, live and dead assay also verified the result 

obtained from PI-FACS, which proved the cytotoxic effect of each phyto-nano 

complex. EF-AuNp, EA-AuNp, CD-AuNp and EAZD-AuNp showed significant 

amount of dead cells in the microscope when treated with 75, 25, 25, and 10µg/ml, 

respectively.  

The ³shape of nanoparticle´ can explain the inimitable performance of EAZD-AuNp 

as an anticancer agent. As discussed in chapter 1, when the hexagonal nanoparticles 

interact with the cellular surface, total parallel component of kinetic energy 

accumulates to the cutting wear. TKLV�SDUWLFXODU�SKHQRPHQRQ�LV�NQRZQ�DV�³DQJOH�RI�

DWWDFN� FRQFHSW´ (Buzea et al., 2007; Neilson and Gilchrist, 1968). These peculiar 
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shaped EAZD-AuNp interact with the cell surface involving in small angle attack and 

results in greater internalisation. In a particular Study, Tian F et al proved the high 

mass internalisation of hexagonal AuNps compared to triangular ones in calu-3 cells. 

Furthermore, triangular nanoparticles exhibited 20 times more internalisation than 

spherical nanoparticles in HeLa cells (Nambara et al., 2016). Precisely, the remarkable 

efficacy of EAZD-AuNp in MDA-MB-231 cells could be due to the anomalous 

hexagonal shape. As some exceptional cases were reported in some studies, this 

structural superiority of hexagonal nanoparticles has to be further validated in in-vivo 

studies.  

Collectively, based on the in-vitro analysis, superior anticancer efficacy of EAZD-

AuNp was undoubtedly authenticated. It is also noted that, the current platinum based 

chemotherapeutic drug cisplatin reported an IC50 of 7.8µM or 2.3µg/ml in MDA-

MB-231 cells. Even though, IC50 of EAZD-AuNp was 6 µg/ml, this naturally origin 

phyto-nano complex could be effectively bypass the adverse side effects of chemo 

drugs. In addition, 10-50nm sized EAZD-AuNp complex could target tumor cells 

selectively via EPR effect. Such passive targeting also supposed to minimize the 

detrimental outcome of conventional chemotherapeutic agents. Conclusively, EAZD-

AuNp is a meritorious complex for further in-vivo studies. However, studies that 

validate the molecular pathways, bioavailability and intoxication in the biological 

system should get warranted for all four phyto-nano complexes. Thus, the current 

study gives an insight into phyto-nano combinatorial therapies for the next-generation 

cancer treatment strategies in combination with or without other treatment modalities. 
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6.2 Limitations and future prospects of the study 

Present study is an attempt towards succeeding era of highly efficacious cancer 

therapeutics, as phyto-nano combinatorial therapies are the up-and-coming area of 

focus in cancer research. Here, we impeccably proved the anticancer potential of four 

selected phytochemicals in conjugation with AuNps. Nevertheless, some limitations 

are need to be elucidated in the future. Primarily, in this study, only four 

phytochemicals were selected for evaluation. Since the nature is an eminent source of 

therapeutic agents, quite a few are still under cover. Hence, a detailed investigation 

incorporating more phytochemicals is recommended. 

Second, the mechanism of action of phytochemicals is unpredictable in different 

cancer cells. Sometimes, a single phytochemical targets different pathways in 

different cell lines to induce cell death. Mostly, they also target multiple pathways 

rather than a single pathway. Hence it is important to analyse the involvement of 

different molecular pathways in the mechanism of action of phyto-nano complexes.  

Third, non-toxicity, bioavailability and specific targeting ability are the most 

important features of a therapeutic drug. Even though >10nm AuNps are non-toxic, 

toxicity of AuNps to normal cells is still debatable. Therefore, non-toxic nature of 

phyto-nano complexes should be evaluated in-vivo. Current study also anticipated 

high bioavailability for phyto-nano complexes, owing to its peculiar size and shape. 

In addition, most importantly, phyto-nano complexes should be able to target tumor 

cells specifically, owing to their EPR effect. Therefore, it is indispensable to validate 

the bioavailability and tumor-specific targeting ability of each phyto-nano complexes 

in vivo. 
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BC:  Breast cancer 

AAR:  Age Adjusted rate 

ER:  Estrogen receptor 

PR:  Progesterone receptor 

HER2:  Human epidermal growth factor2 

TNBC:  Triple negative breast cancer 

VEGF-A: Vascular endothelial growth factor A  

EGFR:  Epidermal growth factor receptor 

PARP:  Poly-ADP-ribose polymerase  

mTOR: Mammalian target of rapamycin 

EPR:  Enhanced permeability and retention 

LN:  Lymph node 

SERMs: Selective estrogen receptor modulators 

AI:  Aromatase inhibitors 

GATA3: GATA Binding Protein 3 

MKI67: Marker of Proliferation Ki-67 

GFR:  Glomerular filtration rate 

pCR:  Pathological complete response 

ADCC: Antibody-dependent cell-mediated cytotoxicity 

T-DM1: Trastuzumab emtansine 

EGF:  Epidermal growth factor 

IHC:  Immunohistochemistry 

FDA:  Food and drug administration 

BRCA1/2: Breast cancer gene 1 or 2 

BL:  Basal like 
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IM:  Immunomodulatory 

M:  Mesenchymal 

MSL:  Mesenchymal stem like 

AR:  Androgen receptor 

LAR:  Luminal-AR 

BLIS:  Basal-like immune-suppressed 

BLIA:  basal-like immune-activated 

MET:  Mesenchymal Epithelial Transition 

EphA2: Hepatocellular receptor tyrosine kinase class A2  

1)ț%:  Nuclear factor kappa B 

STAT:  Signal transducer and activators 

PDGF:  Platelet-derived growth factor 

RNA:  Ribonucleic acid 

BMI:  Body mass index 

BBD:   Bladder bowl Dysfunction 

VEGFR: Vascular endothelial growth factor receptor 

PI3K:  Phosphoinositide 3-kinase 

AKT:  Ak strain transforming 

PI3K:  Phosphoinositide 3-kinase 

PD-L1: Programmed death-ligand 1 

PD-1  Programmed cell death protein-1 

ACT:  Adoptive cell therapy 

FGFR:  Fibroblast growth factor receptor inhibitor 

ALDH1: Aldehyde dehydrogenase 1 

GSH:  glutathione 
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GST:  Glutathione-S-transferase 

HCC:  hepatocellular carcinoma 

MDA-MB M.D. Anderson - Metastatic Breast  

OP-B:  Ophiopogonin B  

HCT:  Human colorectal carcinoma 

MCF-7   Michigan Cancer Foundation-7 

EF:  ethyl 4-hydroxy-3-methoxycinnamate 

EA:  Ellagic acid 

CD:  Coronarin D 

EAZD:  Epoxy azadiradione 

EF-AuNp: Ethyl ferulate AuNp complex  

EA-AuNp: Ellagic acid AuNp complex  

CD-AuNp: Coronarin D AuNp complex 

EAZD-AuNp: Epoxy azadiradione AuNp complex 

MTT:  3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide 

NCCS:  National Centre for Cell Sciences 

DMEM: 'XOEHFFR¶V�0RGLILHG�(DJOH�0HGLXP 

PI:  Propidium iodide 

XRD:  X-ray diffraction spectroscopy 

EDX:  Energy dispersive X-ray analysis 

SAED:  Selective area diffraction pattern 

TEM:  Transmission electron spectroscopy 

FT-IR:  Fourier Transform Infrared- Spectroscopy  

FACS:  Fluorescence-activated cell sorting 

HR-TEM: High resolution transmission electron spectroscopy 
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DMSO: Dimethyl sulfoxide 

FCC:  Face cantered cubic 

SPR:  Surface plasmon resonance  

LSPR:  Localised surface plasmon resonance 

PBS:  Phosphate buffer saline 

JNK:  Jun N-terminal Kinase 
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Figure  1.1: Estimated incidence and mortality of all cancers worldwide, both sexes, 
all ages (Source: GLOBOCAN 2020). Which showed maximum incidence rate for 
BC and mortality rate for lung cancer. 

Figure 1.2: Mechanism of action of phytochemicals. Proposed mechanism of action 
of phytochemicals are, increasing antioxidant status, carcinogen inactivation, 
regulation of the immune system, regulation of the immune system. 

Figure 1.3: Different stages of breast cancer, starting from stage 0 to stage 4. Where 
stage 0 is very initial stage and stage 4 is highly metastatic stage. 

Figure 1.4: Subtypes of breast cancer. Major intrinsic subtypes of BC are luminal A, 
luminal B, HER2+ and Basal like. 

Figure 1.5: Subtypes of TNBC. Different subtypes of TNBC are basal like 1, basal 
like 2, immune modulatory, mesenchymal stem like, luminal and androgen receptor.  

Figure 1.6: Risk factors for TNBC. Some major risk factors are gender, age, obesity, 
alcohol consumption, smoking, radiation, physical activity, diet, family history, 
hormonal therapy, oral contraceptives, pollution, stress and anxiety. 

Figure 1.7: Treatment modalities for TNBC.  Treatment methods for TNBC are 
classified as conventional approaches and novel targeted approaches. 

Figure 2.1: Chemical structure of ethyl ferulate. 

Figure 2.2: Method of preparation of EF-AuNp. 

)LJXUH������&KDUDFWHUL]DWLRQ�RI�()�$X1S���$��89±YLV�VSHFWURPHWULF�DQDO\VLV�RI�WKH�
()�$X1S�ZKLFK�H[KLELWHG�WKH�DEVRUEDQFH�DW����QP���%��;5'�DQDO\VLV�RI�()�$X1S��
ZKHUH� QDQRSDUWLFOHV� DUH� UHSUHVHQWHG� E\� ILYH� FKDUDFWHULVWLF� SHDNV� FRUUHVSRQGLQJ� WR�
VWDQGDUG�IDFH�FHQWHUV�FXELF�ODWWLFH��7KH�LQWHQVH�SHDN�DW������DQG�WKH�XQLGHQWLILHG�SHDN�
DW���R�VKRZ�WKH�V\QWKHVLV�RI�WKH�()�$X1S�LQ�WKH�������GLUHFWLRQ��,Q�DGGLWLRQ��WKH�6$('�
SDWWHUQ� RI� ()�$X1S� VKRZV� IRXU� GLIIUDFWLRQ� ULQJV� FRUUHVSRQGLQJ� WR� IRXU� GLIIHUHQW�
FU\VWDO�SODQHV��(C) Elemental analysis using EDX of the EF-AuNp depicting varied 
peaks for C, O, and Au. TEM images of EF-AuNp which exhibited a triangular-like 
morphology at (D) 100 nm, (E) 50 nm, (F) the HR-TEM images of the EF-AuNp with 
the fringe spacing shown around 0.144 nm.  
 
Figure 2.4: FTIR analysis of bare EF and EF-AuNp. FTIR graphs of EF-AuNp 
revealed the peak broadening at 3432 cm-1 nm and shifter carbonyl group peak at 
1710 cm-1 confirming the formation of EF-AuNp systems. 
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Figure 2.5: EF and EF-AuNp as anti-proliferative and anti-clonogenic agents on 
MDA-MB-231 breast cancer cell line. (A) Cytotoxic assay analysis depicting anti-
proliferative attributes of EF and EF-AuNp treatment in MDA-MB-231 cells in 
response to increasing concentrations of drug-treated for 24 and 72 hours, (B) Colony 
formation assay revealed the anti-clonogenic potential of EF and EF-AuNp with 
LQFUHDVLQJ� GUXJ� FRQFHQWUDWLRQV� ��� DQG� ��� ȝJ��� �&�� 4XDQWLILFDWLRQ� RI� WKH� FRORQ\�
formation assay using the Image J software for both EF and EF-AuNp treatments. 

Figure 2.6: Cytotoxicity analysis of EF and EF-AuNp (A-E) PI-FACS assay 
following the treatments of EF and EF-AuNp at different concentrations (25 and 
75µg) for 72 hours, (F) Quantification of the PI-FACS assay revealed the induction 
of cell death by the treatment of EF and EF-AuNp, (G-I) Live dead assay to assess 
cell death of MDA-MB-231 breast cancer after treatment with EF and EF-AuNp at 
��ȝJ�WUHDWPHQW��,PDJHV�ZHUH�WDNHQ�DW���;�PDJQLILFDWLRQ� 

Figure 3.1: Chemical structure of ellagic acid. 

Figure 3.2: Method of preparation of EA-AuNp. 

Figure 3.3: Characterization of EA-AuNp. (A) UV±vis spectrometric analysis of the 
EA-AuNp, which gives an absorbance peak at 530nm, (B) XRD analysis of EA-
AuNp, where formation of gold nanoparticles is confirmed by five characteristic 
peaks corresponding to standard face centers cubic lattice. In addition, the SAED 
pattern of EA-AuNp shows four diffraction rings corresponding to four different 
crystal planes. (C) Elemental analysis using EDX of the EA-AuNp revealing varied 
peaks for C, O, and Au. TEM images of EA-AuNp exhibited a triangular-like 
morphology at (D) 100 nm scale, (E) 50 nm scale, (F) the HR-TEM images of the EA-
AuNp with the fringe spacing shown around 0.235nm. 

Figure 3.4: FTIR analysis of bare EA and EA-AuNp. FTIR graphs of EA-AuNp 
revealed peak broadening at 3335 cm-1 (OH group) and a suppressed carbonyl group 
peak at 1693 cm-1 confirming the formation of EA-AuNp systems 

Figure 3.5: (A) Cytotoxic assay analysis representing anti-proliferative aspects of EA 
and EA-AuNp treatment in MDA-MB-231 cells in response to increasing 
concentrations of drug-treated for 24 and 72 hours, (B) Colony formation assay 
revealed the anti-clonogenic potential of EA and EA-AuNp with increasing drug 
coQFHQWUDWLRQV����DQG����ȝJ����&��4XDQWLILFDWLRQ�RI�WKH�FRORQ\�IRUPDWLRQ�DVVD\�XVLQJ�
the Image J software for both EA and EA-AuNp treatments. 

Figure 3.6: In-vitro cellular studies of EA-AuNp on cell death in MDA-MB-231 
breast cancer cell line. (A-D) PI-FACS assay following the treatments of EA and EA-
AuNp at concentration 50µg for 72 hours, (D) Quantification of the PI-FACS assay 
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revealed the induction of apoptosis by the treatment of EA and EA-AuNp, (E-G) Live 
dead assay to assess cell death of MDA-MB-231 breast cancer after treatment with 
EA and EA-$X1S�DW���ȝJ�PO�WUHDWPHQW��,PDJHV�ZHUH�WDNHQ�DW���;�PDJQLILFDWLRQ� 

Figure 4.1: (A) chemical structure of coronarin D. �%��+HG\FKLXP�FRURQDULXP 
�:KLWH�JLQJHU�/LOO\� 
 
)LJXUH������0HWKRG�RI�SUHSDUDWLRQ�RI�&G�$X1S�� 
� 
Figure 4.3: Characterization of CD-AuNp. (A) UV±vis spectrometric analysis of the 
CD-AuNp which exhibited the absorbance at 535nm, (B) XRD analysis of CD-AuNp, 
where nanoparticles are represented by five characteristic peaks corresponding to 
standard face centered cubic lattice. The intense peak at 38.1 and the unidentified peak 
at 58o show the synthesis of the CD-AuNp in the (111) direction. In addition, the 
SAED pattern of CD-AuNp shows four diffraction rings corresponding to four 
different crystal planes. (C) Elemental analysis using EDX of the CD-AuNp depicting 
varied peaks for C, O, and Au. TEM images of CD-AuNp which exhibited a 
triangular-like morphology at (D) 100 nm, (E) 50 nm, (F) the HR-TEM images of the 
CD-AuNp with the fringe spacing shown around 0.24 nm.  
 
)LJXUH������)7�,5�VSHFWUXP�RI�&'�H[SUHVVHG�D�FDUERQ\O�JURXS�DW������FP���DQG�DQ�
2+�SHDN�DW�����FP����&'�$X1S�VKRZHG�GDPSHG�2+�SHDN�������FP����DQG�D�VKLIWHG�
DQG�VXSUHVVHG�FDUERQ\O�SHDN�DW�����FP��� 
 
Figure 4.5: (A) Cytotoxic assay analysis representing anti-proliferative aspects of CD 
and CD-AuNp treatment in MDA-MB-231 cells in response to increasing 
concentrations of drug-treated for 24 and 72 hours, (B) Colony formation assay 
revealed the anti-clonogenic potential of EAZD and CD-AuNp with increasing drug 
FRQFHQWUDWLRQV����DQG����ȝJ����&��4XDQWLILFDWLRQ�RI�WKH�FRORQ\�IRUPDWLRQ�DVVD\�XVLQJ�
the Image J software for both CD and CD-AuNp treatments. 
 
)LJXUH� ����� ,Q�YLWUR� FHOOXODU� VWXGLHV� RI� &'�$X1S� RQ� FHOO� GHDWK� LQ�0'$�0%�����
EUHDVW�FDQFHU�FHOO�OLQH���$�'��3,�)$&6�DVVD\�IROORZLQJ�WKH�WUHDWPHQWV�RI�&'�DQG�&'�
$X1S�DW�FRQFHQWUDWLRQ����J�IRU����KRXUV���'��4XDQWLILFDWLRQ�RI�WKH�3,�)$&6�DVVD\�
UHYHDOHG�WKH�LQGXFWLRQ�RI�DSRSWRVLV�E\�WKH�WUHDWPHQW�RI�&'�DQG�&'�$X1S���(�*��/LYH�
DQG�GHDG�DVVD\� WR�DVVHVV�FHOO�GHDWK�RI�0'$�0%�����EUHDVW�FDQFHU�DIWHU� WUHDWPHQW�
ZLWK� &'� DQG� &'�$X1S� DW� ��ȝJ�PO� WUHDWPHQW�� ,PDJHV� ZHUH� WDNHQ� DW� ��;�
PDJQLILFDWLRQ� 
 
Figure 5.1: (A) Method of preparation of EAZD-AuNp, (B) Neem tree. 
 
Figure 5.2: Method of preparation of EAZD-AuNp. 
 
)LJXUH������&KDUDFWHUL]DWLRQ�RI�($='�$X1S���$��89±YLV�VSHFWURVFRSLF�DQDO\VLV�RI�
WKH�($='�$X1S��ZKLFK�JLYHV�DQ�DEVRUEDQFH�SHDN�DW����QP���%��;5'�DQDO\VLV�RI�
($='�$X1S�� ZKHUH� IRUPDWLRQ� RI� JROG� QDQRSDUWLFOHV� LV� FRQILUPHG� E\� ILYH�
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FKDUDFWHULVWLF�SHDNV�FRUUHVSRQGLQJ�WR�VWDQGDUG�IDFH�FHQWHUV�FXELF�ODWWLFH��,Q�DGGLWLRQ��
WKH�6$('�SDWWHUQ�RI�($='�$X1S�VKRZV�IRXU�GLIIUDFWLRQ�ULQJV�FRUUHVSRQGLQJ�WR�IRXU�
GLIIHUHQW� FU\VWDO� SODQHV��  (C) Elemental analysis using EDX of the EAZD-AuNp 
revealing varied peaks for C, O, and Au. TEM images of EAZD-AuNp exhibited a 
triangular-like morphology at (D) 20 nm scale, (E) 10 nm scale, (F) the HR-TEM 
images of the EAZD-AuNp with the fringe spacing shown around 0.204 nm. 
 
Figure 5.4: FT-IR graphs of EAZD-AuNp revealed peak shift at 1658cm-1 (CO 
group) from 1666cm-1 in EAZD, indicated the the involvement of carbonyl group in 
the bio reduction. 
 
Figure 5.5: (A) Cytotoxic assay analysis representing anti-proliferative aspects of EA 
and EA-AuNp treatment in MDA-MB-231 cells in response to increasing 
concentrations of drug-treated for 24 and 72 hours, (B) Colony formation assay 
revealed the anti-clonogenic potential of EAZD and EAZD-AuNp with increasing 
GUXJ�FRQFHQWUDWLRQV����DQG����ȝJ����&��4XDQWLILFDWLRQ�RI�WKH�FRORQ\�IRUPDWLRQ�DVVD\�
using the Image J software for both EAZD and EAZD-AuNp treatments. 
 
Figure 5.6: (A-D) PI-FACS assay following the treatments of EA and EA-AuNp at 
concentration 5µg and 15µg for 72 hours, (D) Quantification of the PI-FACS assay 
revealed the induction of apoptosis by the treatment of EAZD and EAZD-AuNp, (E-
G) Live dead assay to assess cell death of MDA-MB-231 breast cancer after treatment 
with EAZD and EAZD-$X1S� DW� ��ȝJ� WUHDWPHQW�� ,PDJHV� ZHUH� WDNHQ� DW� ��;�
magnification. 
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