
 

2019 

 

  

 

  

OPTIMA CDT 
EPSRC and MRC Centre for Doctoral Training in Optical Medical Imaging 

Anastasia Kapara 

IMAGING OF BREAST CANCER 
USING SERS AND SESORS 



 

 
i  

 

 

 

 

 

 

 

 

The thesis is the result of the author’s original research. It has been composed by the author and 

has not been previously submitted for examination which leads to the award if the degree. The 

copyright of this thesis belongs to the author under the terms of the United Kingdom copyrights 

act as qualified by University of Strathclyde Regulation 3.50. Due acknowledgement must always 

be made of the use of any material contained in or derived from this thesis. 

 

 
Signed:                                                  Date: 

 

 

 

 
 

 

 

 

 

 

 

 

“The limit is the imagination.” 
 

 

 

 

 

 

  



 

 
ii  

Ευχαριστώ μαμά και μπαμπά! 

Acknowledgements 
 

I would like to start by thanking my supervisors Professor Karen Faulds, Professor Duncan 

Graham and Professor Val Brunton for all their guidance, patience and positivity. I had some 

amazing opportunities throughout my PhD, and I would not have the ability to explore them 

without your help. Thank you for everything! 

 

This PhD could not have been possible without the precious help from all the PhD, and Postdoc 

members. Especially Sian Sloan-Dennison and William Tipping. You are two fantastic post-docs 

and the group is lucky to have you. Many thanks to all the group for the cakes, laughs and the 

“non-biased” Ramie award that I got as the “best Greek person in the final year”. I will miss you 

all. I would like to especially thank my friend Kirsty Callan for being next to me all this time. 

Kirsty you have been more than amazing, and I could not have done it without you. Also, to Daniel 

Macdonald, Kirsty Milligan, Jenny Gracie and Amy Morison. We have all started this PhD 

together and I cannot believe that we managed to survive through this period! Time flies! I would 

also like to thank all OPTIMA members and students, especially Gillian Craig, Hazel Steward and 

Rachael Cameron for keeping my mind healthy through this PhD trip. The board game nights 

would not have been the same without you! Finally, thanks to my beautiful friend Maria Zachari 

for being next to me while I was writing this thesis and supporting me when I was ready to break. 

 

Most importantly, I would like to thank my best friend, flatmate, soulmate, boyfriend and the 

kindest person that I have met in my life, Apostolos Paschalidis (also known as “Psit”). You have 

been next to me for the last ten years and you encourage me with everything I do. You push me 

forward every day Psit and I really do not know how you do it. I would have killed me! You and 

Aros (woof) kept me sane through this journey with lots of support, hugs, chocolates, walks and 

kisses. Can’t wait for the coming psitonomoments! Ψιτονάκια ενωμένα ποτέ νικημένα! 

 

Finally, to my beautiful parents Katerina and Alexandros for supporting me with closed eyes and 

keeping up with all my crazy and difficult life decisions all these years. I know that you miss me 

a lot all this time that I am away. I hope I will be half as open-minded and encouraging with my 

children as you are with me. This thesis is for you! 



 

 
iii  

Abstract 
 

Breast cancer is one of the leading causes of oncologic mortality and morbidity among women 

worldwide. It is estimated that every 10 minutes one person is diagnosed with the disease in the 

UK, while 1 in 8 women will develop breast cancer at some point in their lives. Although different 

techniques, for the characterisation of cancer phenotype, exist there are still limitations as these 

approaches are destructive, require processed/fixed samples and are not suitable for 3D tumour 

samples and in vivo models. Surface enhanced Raman spectroscopy (SERS) overcomes these 

limitations as a non-destructive bioanalytical method that offers high specificity, selectivity and 

multiplex capacities, in comparison to conventional imaging techniques.  

 

The main aim of this research is to create a platform for targeting, detecting and tracking the 

intracellular distribution of estrogen receptor alpha (ERα) biomarker in breast cancer, using SERS 

combined with antibody functionalised gold nanoparticles (AuNPs). Specifically, the anti-ERα 

antibody functionalised AuNPs (ERα-AuNPs) were conjugated with 1,2-bis(4-pyridyl)ethylene 

(BPE) Raman reporter that enabled the spatial and temporal understanding of where ERα was 

located at a single cell level. The nanotags showed excellent biocompatibility with no cellular 

toxicity. 3D SERS cell mapping, under different endocytosis inhibition conditions, confirmed that 

ERα-AuNPs were using a temperature-dependent way for their uptake. Additionally, dynamin and 

membrane ERα were shown to be responsible, at least in a part, for the nanotags’ uptake in MCF-

7 cells. Therefore, SERS provided an excellent biological insight of ERα-AuNPs uptake by 

generating 3D images of the entire cell volume, without the need for destructive, time consuming 

and expensive imaging methods such as transition electron microscopy (TEM). 

 

2D and 3D SERS also confirmed the strong targeting effect of ERα-AuNPs against ERα since a 

higher SERS signal and nanotag accumulation were observed in MCF-7 cells (ERα+) compared to 

SKBR-3 (ERα-) breast cancer cells. SERS was also used for investigating the efficacy of 

fulvestrant, the first-in-class approved selective estrogen receptor degrader (SERD). The results 

confirmed that ERα-AuNPs can be used as a tool for identifying and characterising different breast 

cancer cells, based on ERα expression, and informing about SERDs activity in breast cancer. 
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SERS also provided an excellent bioanalytical tool for the characterisation of breast cancer 

phenotype and the assessment of fulvestrant activity in a 3D environment using live MCF-7 

spheroids formed in a microfluidic device. The results confirmed the great penetration capabilities 

and strong targeting effect of ERα-AuNPs towards ERα, compared to nonspecific anti-HER2 

antibody functionalised AuNPs (HER2-AuNPs). Additionally, fulvestrant activity was found to 

have a lower therapeutic effect the 3D MCF-7 spheroids in comparison to the 2D cell cultures 

demonstrating that 2D and 3D tumour models had different biological and architectural behaviours 

that affected their sensitivity to fulvestrant. Therefore, SERS and microfluidics were used as a 

powerful analytical tool, that effectively bridged the gap between the 2D monolayer cultures and 

animal models, for breast cancer cells characterisation and investigation of fulvestrant efficacy. 

 

Finally, this thesis investigated the potentials for detection of ERα ex vivo and in vivo using a 

handheld SORS instrument with back scattering optics. SESORS allowed the detection of ERα-

AuNP nanotags through tissue barriers of up to 15 mm thickness. Most importantly, it was possible 

to detect and track ex vivo the ERα-AuNPs incubated in live breast tumour spheroids buried at 10 

mm porcine tissue. The in vivo work indicated that SESORS was detecting scattered photon from 

areas deeper than the breast cancer tumour, mainly due to the fixed optical arrangements of the 

spectrometer. Nevertheless, a higher signal was detected ex vivo in breast tumours in comparison 

to the liver after their removal from sacrificed animals, suggesting the strong targeting effect of 

ERα-AuNP nanotags to the tumour site.  

 

This thesis highlights the performance and capabilities of SERS, microfluidics and SESORS on 

detecting, targeting and tracking ERα and opens up exciting opportunities for using these 

techniques as non-destructive and sensitive tools for improved biomedical imaging in a clinical 

environment. 
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1. Introduction 
 

1.1  Breast Cancer  
 
Breast cancer is the leading cancer diagnosed in women and a major health problem worldwide.1,2 

It has been shown that breast cancer contributes 11% of all diagnosed cancers annually.3 The 

highest incidence rates appear to be in Europe, North America and Australia (Figure 1).4 In the 

UK, one person is diagnosed with breast cancer every 10 minutes.5 Specifically, over 55,000 

women are diagnosed with breast cancer each year in the UK, of which 4,500 cases are in 

Scotland.5 Current statistics also suggest than one in eight women will develop breast cancer at 

some point in their lifetime, while more than 71,000 new cases are expected to be diagnosed by 

2035, in the UK.5  

 

 

The worldwide incidence patterns are influenced by the availability of screening programs6 and 

the presence of breast cancer risk factors2. The main risk factors include: age, sex, family history, 

gene variations, prior medical radiation therapies, breast density, exo- and endogenous hormonal 

exposures and lifestyle factors such as alcohol consumption, obesity and sedentary lifestyle7.  

Figure 1: Worldwide map shows top cancer per country in females of all ages in 2018. The image 

was reproduced with permission from GLOBOCAN 2018 database Copyright 2018, Global 

Cancer Observatory.  
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Figure 2: Schematic representation of some of the challenges in breast cancer. 

1.1.1   Breast Cancer Challenges 
 

Breast cancer patients face complex challenges relating to diagnosis and treatment.8 The main 

challenge of breast cancer is that, although the prognosis of cancer may be good in the early stages, 

recurrence can occur at any time, even decades after treatment, and it can vary by molecular 

subtype.9 It is estimated that almost half of women with advanced stage breast cancer will relapse 

during the initial 5 years after diagnosis.10 Additionally, the tumour microenvironment, known as 

a niche, plays an important role in the spread and metastatic profile of cancer. Specifically, the 

extracellular matrix, vasculature and inflammatory cells can fuel interactions of tumour cells with 

their surroundings that promote tumour progression.11 Other breast cancer challenges are related 

to tumour resistance, lack of validated predictive biomarkers and absence of drugs that target new 

molecular pathways (Figure 2).12 Most importantly though, breast cancer is a heterogeneous 

disease, which means that there is a high degree of diversity within and between the tumours 

among different patients.13 The heterogeneity in primary breast tumour, and corresponding 

metastases affects significantly the cancer diagnosis and treatment.14,15 These challenges can result 

in physical, psychological and emotional stress to the patients during their journey from disease 

screening and diagnosis to treatment. 
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1.1.2   Breast Cancer Screening 
  

Breast cancer screening is used to detect cancerous and precancerous lesions at the earliest stage, 

before the symptoms and signs of breast cancer become apparent.16 The early diagnosis of breast 

cancer plays a vital role in the success of the treatment and disease survival rates. For instance, 

stage I tumours, that are around 2 cm in size, have a 10-year survival of 85%.17 On the other hand, 

delayed diagnosis of tumours at stage III have a 10-year survival of less than 60%.17  

 

Mammography, clinical examination, digital breast tomosynthesis, breast ultrasound and magnetic 

resonance imaging (MRI) are some of the used methods for breast cancer screening.18 

Mammography and clinical examination are the most common approaches for detecting tumours 

larger than 1 cm.19 However, the mammography sensitivity is around 24% lower in women with 

dense breast tissue compared to women with lower breast density.20 Therefore, concerns about the 

accuracy of mammography screening and whether it should be combined with other supplemental 

screening methods, have arisen. On the other hand, breast examination requires an understanding 

of what the breast cancer looks like, which may lead to late diagnosis21 and consequently to 

increase in the financial costs.22 Digital breast tomosynthesis can reveal hidden changes in the 

breast tissue, however, it used ionising radiation and it is a new technology that has not yet become 

a standard screening method.18 Breast ultrasound has also some limitations since it is highly 

operator dependent and it is affected by different factors, such as glandular tissue density and 

breast size23 that may lead to increased false-positive results.24 MRI is a sensitive breast cancer 

screening method; however, it is expensive and logistically complicated equipment that is not 

widely available. Additionally, MRI requires intravenous gadolinium injection, a contrast agent 

that allows higher MRI resolution, which is related to various side effects, such as nephrogenic 

systemic fibrosis and allergic reactions.25 Moreover, MRI has overall lower specificity, in 

comparison to mammography, (85.9% vs 96.8%)26 that may lead to increased false-positive and 

false negative results.27 Based on the characteristics of the current breast cancer screening 

approaches, the main challenges are the false positive and false negative results as well as 

overdiagnosis that may result to late and non-efficacious treatment (Table 1).28  
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Figure 3: Estimated risk of having at least one false-positive screening mammogram according to 

the total number of screening mammograms performed. The numbers in parentheses are the 

numbers of women with at least that many mammograms. The image was reproduced with 

permission from31 Copyright 1998, Massachusetts Medical Society. 

 

 

 

 

Specifically, false negative results are the cases where the screening is not able to detect cancer.29 

On the other hand, false positive results is the identification of an abnormality that is found to be 

non-cancerous after additional screening methods.29 False-positive results are one of the most 

common limitations of breast cancer screening, mainly due to a greater mammographic density, 

postmenopausal hormone therapy and the differences in performance and training of the 

interpreting radiologists.30 Interestingly, the rate of false-positive diagnosis increases after 10 

yearly mammograms, where the chance of having a false-positive result is about 50% (Figure 3).31  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Table shows a summary of the risks associated with screening mammography. The image 

was adapted with permission from28 Copyright 2009, American College of Physicians.  
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Overdiagnosis is the diagnosis of asymptomatic cancer, that would have never been screened or 

have had any symptoms of the disease.29 Overdiagnosis, therefore, leads to overtreatment and 

additional screening which can be costly and time consuming for the individuals. In the literature, 

the reports of overdiagnosis have a wide range from 0% to 60%.32  

 

Breast cancer screening can be costly and challenging to be organised since major logistic issues 

exist. Hence, an innovative and effective screening method can be combined with current 

approaches to bring additional advantages in digital pathology for early diagnosis and treatment 

of breast cancer. 

 

1.1.3  Breast Cancer Biomarkers: Potential Uses and Analytical Limitations 
 

According to the National Cancer Institute (NCI), a biomarker is a biological molecule that is 

found in bodily fluids, or tissues, and indicates normal or abnormal processes of a disease.33 

Cancer biomarkers provide a powerful tool for disease screening, diagnosis and treatment. The 

major applications of biomarkers in clinical investigations are shown in Table 2. 

 

 

Because of the critical role of biomarkers at all cancer stages, it is vital to evaluate each biomarker 

by utilising analytical tools.34 Molecular biomarkers can be detected from their gene expression 

(e.g. microarrays), gene amplification (e.g. fluorescent in situ hybridization (FISH) and 

quantitative reverse transcription-polymerase chain reaction (RT-PCR)), gene sequence (e.g. 

DNA sequencing) and protein expression (e.g. immunohistochemistry (IHC), western blot and 

enzyme-linked immunosorbent assay (ELISA)). Although these methods can be useful for 

Table 2: Potential uses for biomarkers in oncology. 
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measuring biomarker expression, there are still technical drawbacks that lead to false sampling 

errors.35 The main observed limitations are the high background signal from fluorescence the time-

consuming experimental steps, and, sometimes, the inability for direct detection in living cells or 

tissues.36 RT-PCR and western blot are also destructive techniques that require cell lysis and 

cellular subfractionation.37,38 On the other hand, IHC requires tissue fixation immediately after its 

collection to avoid sample degradation and false staining results.39 The warm/cold ischemic time40, 

the method for antigen retrieval and staff training also play an important role in IHC success.41 

Moreover, IHC limits any signal enhancement and the quality of the results rely on the natural 

visual yield after the staining that may uncover the presence, or absence, of proteins.42 

Additionally, sometimes it is challenging to classify the samples due to the complex cellular 

structures. Specifically, the segmentation of nuclei can be troublesome, since the nuclei structure 

may look dissimilar due to various factors such as type of nuclei, nuclei life cycle and severity of 

the disease.43 To resolve these challenges, computer aided algorithms are used for the 

histopathological analysis of breast cancer. However, there is high computational complexity44 

and requirement of optimisation45 for images containing high noise and excessive overlapping 

nuclei.46 Techniques such as FISH are also used, however, FISH is nine times more time 

consuming and approximately three times more expensive compared to IHC.47 Hence, FISH is not 

suitable for routine diagnosis since it requires expensive fluorescence equipment equipped with 

high-magnification oil immersion objectives and multiband filters for signal detection.47 

 

1.1.3.1  Role of Estrogen Receptor Alpha in Breast Cancer 
 
Breast cancer is divided into sub-classifications depending on the biomarker expression pattern. 

Estrogen receptor (ER), along with progesterone receptor (PR) and human epidermal growth 

factor receptor 2 (HER2), are the most common breast cancer biomarkers that play an important 

role in diagnosis and treatment.48 Approximately 75% of primary breast tumours in women are 

positive for a hormone receptor, which can be either ER or PR.15 In the UK, around three-quarters 

of all breast cancers are characterised by the presence of ERα5, that is generally associated with 

poor prognosis and high rate of disease recurrence.49 Therefore, ERα is a key receptor biomarker 

whose status plays a pivotal role in the classification of breast cancer subtypes.50  

 

ER was first cloned in 1986 from human breast cancer cells and it is a ligand-activated 

transcription factor that regulates the expression of specific hormone response elements and other 
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Figure 4: Structure of ERa (top) and ERβ (bottom). The sequence of the 5 domains is illustrated 

in different colours with the amino acid numbers. DBD: DNA-binding domain, LBD: ligand-

binding domain, NTD: N-terminal transactivation domain. The image was reproduced with 

permission from59 Copyright 2017, SAGE. 

 

non-coding RNAs.51 Although many of these genes are only now being identified, it seems that 

they are responsible for different body functions of reproductive organs52, immune system53, 

bones54 and brain.55 In total there are two forms of ER: the estrogen receptor alpha (ERα) (66 kDa) 

and the estrogen receptor beta (ERβ) (54 kDa).56 Although ERα and ERβ are widely expressed 

throughout the body, they exhibit distinct downstream transcriptional activities that lead to tissue-

specific biological actions. Therefore, depending on the balance between these two forms, the 

estrogen receptor signalling pathway is selectively stimulated or inhibited in the target organs.52 

ERα is expressed primarily in the mammary gland, ovary, uterus, bone, liver and reproductive 

organs.57 In contrast, ERβ is highly expressed in the prostate, colon, bladder, and central nervous 

system.58 ERα consists of five structural domains based on the putative functions (Figure 4).59 E/F 

or ligand binding domain (LBD), C or DNA binding domain (DBD), A/B domain and D or hinge 

domain. The LBD is located at the C-terminus of the receptor and is responsible for most functions 

activated by ligand binding. ERα and ERβ share only 56% similarity in their LBD.60 The 

distinction of the residues lining the binding pocket influences the affinity of the receptor for its 

ligands.61 LBD also contains a dimerisation surface and a second transactivation domain (AF-2), 

that has ligand-dependent transcriptional activity.62 The DBD is located into the N-terminal of the 

receptor and it is responsible for its binding into specific DNA sequences, known as estrogen 

response elements (ERE), that are located in the major groove of the DNA helix.63 The A/B 

domain is involved in N-terminal ligand-independent transcription activation (AF-1), which is 

constitutively active and contributes to the transcriptional activity and nuclear localisation of ER.64 

AF-1 is the least conserved region with only 30% similarity between ERα and ERβ, which leads 

to different recruitment of co-factors and observed variations in the downstream gene networks.65 

Studies have shown that AF-1 and AF-2 domains are in a synergistic interaction with one another 

which leads to transcriptional activation.62 The hinge domain gets unmasked after the binding of 

the ligand and acts as a flexible domain which connects the LBD and DBD.64  
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Figure 5: Schematic illustration of genomic and non-genomic ERα signalling pathways. Genomic 

pathway initiates when estradiol (E2) binds to ERα in the cytoplasm. The E2/ERα complex is 

transferred to the nucleus and leads to gene expression (within hours or days). In the non-genomic 

pathway, the ER2 binds to membrane proteins. Then, the membrane receptors activate other 

cellular secondary messenger proteins, that can lead to rapid cellular responses (within seconds or 

minutes). The image was adapted with permission from69, Creative Commons CC-BY-NC-SA 

licence. 

The main ligand for ERα activation is the primary natural female sex hormone, 17β-estradiol (E2). 

E2 is a small, carbon-rich estrogen that controls a plethora of biological functions, such as cell 

proliferation and differentiation.66 E2 diffuses through the cell membrane and binds to the ERα 

with high affinity.67 The information regarding E2-ERα relationship has been determined in 

different breast cancer cell lines.68 Studies have shown that there are more than one possible E2-

ERα pathways that provide plasticity and control different cellular responses. Overall, the 

molecular ER pathways are divided into genomic and non-genomic based on which proteins are 

activated into the signalling cascade (Figure ).69 The genomic mechanism is the most well-studied 

pathway and involves the binding of E2 to cytoplasmic ERα. The non-genomic mechanism 

involves the binding of E2 to membrane ERα or other membrane receptors, such as GRP30 (Figure 

5).69 Therefore, the E2-induced proliferative signalling involves both the nuclear and the 

membrane ERα.70 
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In the genomic pathway, after the binding of E2 to cytoplasmic ERα, there are conformation 

changes that lead to ERα dimerisation. The ERα is then transferred inside the nucleus (Figure 6).55  

 

 

 

 

Figure 6: Schematic illustration of ERα genomic signalling pathway. Estradiol (E2) binds to 

ERα allowing its dimerisation. The ERα dimer is transferred inside the nucleus and mediates 

gene transcription by its binding to the estrogen-response element (ERE) of gene promoters. 

ERα binding also recruits transcription coactivators and RNA polymerase for transcriptional 

regulation. The image was adapted with permission from55 Copyright 2014, SAGE.  
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Then the receptor can either bind to EREs on the DNA and work as a transcription factor (classical 

genomic mechanism)71 or it can activate other factors downstream of the signalling pathway, such 

as Fos and Jun proteins, that bind to the DNA regulatory regions (non-classical genomic 

mechanism) (Figure 7).72 In any case, the activated ERα recruits coregulator proteins and 

components that stimulate a cascade of events related to cell growth and proliferation.73 

 

 

Recently, it has become clear that ERα also works as a plasma membrane-localised receptor.74 

The first investigation came from Pietras et. al. who reported the presence of high-affinity binding 

sites for ligands associated with the plasma membranes of MCF-7 breast cancer cells.75 In the last 

two decades, it became apparent that there is a subpopulation of ERs (10-15%) that are membrane-

associated estrogen receptors (mERs) which are also activated by estrogenic compounds.76 There 

are two structurally different mER types. The palmitoylated membrane-bounds forms (or splice 

Figure 7: Schematic illustration of  ERα genomic action. After the binding of E2, nuclear ERα 

activated the transcription of genes either by direct DNA binding to its response elements (ERE) 

in targeted gene promoters (classical action) or by tethering to other transcription factors, such as 

Fos/Jun activating protein-1 (AP-1) complex (non-classical action). The image was adapted with 

permission from72 Copyright 2003, American Association for Cancer Research.  
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Figure 8: Schematic illustration of ERα non-genomic action. After the binding of E2 to mERα, or 

to G protein-coupled receptor, there is a rapid activation of secondary messenger proteins, such as 

MAPK and PI3K that regulate the transcription of different genes related to cell proliferation and 

growth. The image was adapted with permission from72 Copyright 2003, American Association 

for Cancer Research. 

variants) of the classical nuclear receptors and the G-protein coupled estrogen receptor (GPER), 

also known as GPR30, that is activated upon binding with a ligand.77,78  

 

The membrane receptors seem to play a major role in the non-genomic pathway. Specifically, 

mERα and GPR30 can rapidly trigger the rapid activation and phosphorylation of second 

messenger systems.79,80 including important growth regulatory kinases, such as mitogen-activated 

protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) (Figure 8).72 This phosphorylation 

activates a cascade of cellular functions that are related to the regulation and transcription of 

different genes for proliferation and cell migration.81 The trafficking of plasma ERα has been 

challenging to study and the mechanisms regulating membrane ERα levels have remained 

elusive.82 However, there is compelling evidence that activated membrane ERα can be internalised 

from the plasma membrane into the cells.83 
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ERα is an important marker for prediction of the likelihood of a patient developing metastatic 

disease.84 The ERα positive breast cancers also tend to metastasize to the bones and the metastasis 

is in late stages.85 Specifically, up to 75% of breast cancer patients with metastatic disease will 

have metastasis to the bones due to the secretion of cytokines that stimulate the osteoclastic 

activity and proliferation in bones.86 Taking these characteristics into consideration, it is possible 

to predict the likelihood of a patient developing the metastatic disease at an earlier time from the 

diagnosis of breast cancer.84 Therefore, the accurate assessment of ERα status is essential in 

diagnosis and treatment decision making for breast cancer, including metastatic disease.  

 

1.1.3.2  Role of Human Epidermal Growth Factor Receptor 2 in Breast 

Cancer 
 

The classification of breast cancer subtypes based on biomarkers is performed to predict the 

prognosis and determine the appropriate treatment regime for ERα negative patients.87 After ERα, 

human epidermal growth factor receptor 2 (HER2) is the second most important biomarker for 

molecular diagnosis and targeted treatment of breast cancer. Specifically, HER2 acts as a 

prognostic and predictive breast cancer biomarker for approximately 20- 30% of breast cancer 

cases.88  

 

HER2 is a receptor tyrosine-protein kinase and a part of the epidermal growth factor (EGF) family 

along with another three receptors: HER1 (erbB1), HER3 (erbB3) and HER4 (erbB4). It is a 185 

kDa transmembrane glycoprotein that is encoded by the erbb2 gene on the long arm of 

chromosome 17.89 HER2 comprises a cysteine-rich extracellular ligand binding site, a 

transmembrane lipophilic segment and an intracellular domain with tyrosine kinase catalytic 

activity.90 HER2 exists as a monomer on the cell surface and its extracellular domain has no 

identifiable ligand.91 It can be activated by different growth factors and undergo dimerisation with 

itself or with the other EGF receptors.92 Dimerisation induces the phosphorylation of intracellular 

tyrosine residues within the cytoplasmic domain of the receptor (Figure 9).93 This phosphorylation 

is an important process since it activates the intracellular signalling pathways of MAPK and PI3K 

which are related to cell cycle proliferation, survival, differentiation, migration and angiogenesis.94 
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In general, HER2 positive breast cancers tend to be more aggressive than other types of breast 

cancer.95 Specifically, when HER2 is overexpressed, it contributes to high recurrence rate, poor 

prognosis96, cancer progression and a higher rate of metastasis.97 There is a high number of HER2-

positive breast cancers that have the propensity to metastasise to the brain.98,99 The overexpression 

Figure 9: HER2 signalling pathway in breast cancer. HER2, as well as the other members of the 

EGFR family (HER1, HER3, HER4), are cell membrane receptor tyrosine kinases that respond to 

several receptor-specific ligands. The ligand-binding induces conformational changes in the 

receptor allowing homo and heterodimerisation and phosphorylation of the tyrosine kinase domain 

in the cytoplasm. Phosphorylation initiates downstream oncogenic signalling cascades, such as 

the PI3K/AKT pathway and RAS/MAPK pathway. The image was adapted with permission 

from93, Creative Commons CC-BY-NC-SA licence. 
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of HER2 present on the surface of breast cancer cells is around 100 times greater than in normal 

breast cells, resulting in approximately 2 million receptors at the cell surface.100 Therefore, HER2 

amplification has prognostic and predictive implications for the growth rate, metastasis and overall 

survival from breast cancer.101  

 

1.1.4  Breast Cancer Treatment Options 
 
The key decisions for breast cancer treatment are based on the data received from the screening 

and diagnosis approaches. The tumour-specific properties, including its size and localisation, as 

well as the tumour histology, are used to determine the treatment options. Therefore, clinicians 

need to propose treatment regimens according to the patient’s molecular characteristics for 

increased drug efficacy, reduced side effects and longest life expectancy.9 Currently, therapeutic 

strategies include local treatment, such as surgery and/or local radiotherapy and systemic therapy. 

The clinicians also need to agree if chemotherapy is needed before (neoadjuvant treatment) or 

after the surgery (adjuvant treatment) or if the breast needs to be removed (mastectomy).102 Earlier 

diagnosis results in a lower percentage of mastectomy surgeries.103 Studies have shown that many 

breast cancer patients do not respond to specific therapies from the beginning of the treatment (de 

novo drug resistance), while several breast cancer patients develop acquired resistance.104 All these 

mechanisms involve complex interactions and signalling between the tumour cells and their 

environment.105 Many studies have shown that a personalised approach to breast cancer treatment, 

in which therapy is based on the individual characteristics of each patient, will lead to better 

results. Therefore, data from translational studies that consider these aspects will be fundamental 

for future therapeutic approaches. 

 

1.1.4.1  Anti-ERα Treatment 
 
Most patients with ERα positive breast cancer will benefit from targeted therapeutic approaches 

that inhibit ERα pathway. However, different factors, including the ERα status, the tumour size 

and tumour grade may affect treatment success. Studies have shown that women that have been 

diagnosed with early ERα positive breast cancer and receive endocrine therapy for 5 years have a 

high risk of distant recurrence for up to 20 years after the treatment discontinuation.106 Therefore, 

treatment failures can range from 5% up to 50% over 5-10 years from initial treatment.6 

Understanding the mechanisms of drug resistance is a challenging process, however, it is known 
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Figure 10: Schematic explaining the mechanisms of the main anti- ERα treatment categories:  

(1) AIs, (2) SERMs and (3) SERDs.  

that during this process, the tumour continues to grow and metastasizes to secondary organs, 

particularly the bone, lung, brain and liver where survival is compromised.107 Therefore, it is 

common that an extended endocrine therapy (more than 5 years) is usually considered for higher-

risk patients who have responded well to the therapy in the first 5 years.108 

 

Endocrine therapy, that targets the estradiol-ERα pathways, is recommended over chemotherapy 

due to higher efficacy and lower side effects.109 The different classes of anticancer drugs inhibit 

the ERα function by acting on distinct areas. Consequently, a patient resistant to one type of drug 

can be treated with a different agent. Currently, different endocrine agents are used for ERα 

positive breast cancer treatment including aromatase inhibitors (AIs) that block estrogen 

synthesis110, selective estrogen receptor modulators (SERMs) that inhibit estrogen-like action111 

and selective estrogen receptor down-regulators (SERDs) that cause ERα degradation (Figure 

10).111 
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Figure 11: Structure of tamoxifen, raloxifene, toremifene, estradiol and fulvestant. 

 

 

 

AIs are usually used for the treatment of early-stage breast cancer in postmenopausal women, 

since they are more effective with fewer serious side effects, compared to SERMs.112 AIs work by 

blocking aromatase, an enzyme that metabolises oestrogens from androstenedione and 

testosterone chemical precursors.113 Therefore, there is less estrogen available to stimulate the ERα 

pathway. Three common examples of AIs are anastrozole, exemestane and letrozole.  

 

SERMs mimic estrogen by binding to the LBD pocket of the ERα, altering the structure and 

function of ERα. Therefore, they make ERα unable to function as a transcription factor and 

regulate gene expression.114 Tamoxifen115, raloxifene116 and toremifene117 are the three 

commercially available SERMs active against breast cancer (Figure 11). Tamoxifen is the most 

commonly used treatment,112 however many patients develop endocrine resistance and tamoxifen 

subsequently fails.118  

 

SERDs are drugs that bind to ERα resulting its degradation and downregulation. This unique 

characteristic of SERDs provides pure antagonism of in vitro and in vivo effects.119 Like 

endogenous estradiol, SERDs have a steroid based structure, that provides a high ERα-binding 

affinity. Currently, the only SERD approved treatment is fulvestrant for ERα positive and HER2 

negative metastatic breast cancer (Figure 11).120 
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In general, fulvestrant blocks ERα dimerisation promotes ERα degradation through an accelerated 

loss of ERα protein. Therefore, due to the reduction of ERα, the whole ERα-mediated signalling 

pathway, from the cytoplasm to the nucleus, is disrupted and ERα -dependent genes are not 

expressed (Figure 12).93 

 

 

It has been shown that fulvestrant may not be sufficient to fully reduce the amount of ERα in some 

breast cancer patients due to its poor bioavailability.121 Therefore, the mechanism of action of 

fulvestrant is currently being studied to inform the development of a new generation of SERDs 

with higher affinity. The discovery and development of SERDs provide the opportunity to 

combine anti-ERα treatment for ERα degradation in advanced metastatic breast cancers that are 

resistant to tamoxifen.122 Studies have shown that almost 75% of ERα positive breast cancers 

respond to fulvestrant, tamoxifen, aromatase inhibitors and other hormonal therapies.123 

 

Figure 12: Mechanism of action of fulvestrant (F). Fulvestrant binds competitively to ERα with 

high affinity. It then acts as an antiestrogen agent by reducing the amount of ERα, resulting in a 

decrease in the receptor expression. Formation of fulvestrant-receptor complex leads to 

stabilization of the receptor, which is degraded by a ubiquitin-proteasome complex. The image 

was adapted with permission from93, Creative Commons CC-BY-NC-SA 3.0 licence. 
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1.1.4.2  Anti-HER2 Treatment 
 
Different treatments that target HER2, such as monoclonal antibodies and small oral molecules 

are currently available.124 The most used therapeutic agent is trastuzumab, a recombinant 

humanised monoclonal antibody that inhibits HER2 and blocks the PI3K/Akt and MAPK signal 

cascades (Figure 13). 

 

Specifically, trastuzumab binds to domain IV of the extracellular segment of the receptor and 

induces antibody-dependent cell-mediated cytotoxicity (ADCC), including apoptosis, cell cycle 

arrest, inhibition of angiogenesis and DNA repair.125 Although trastuzumab has modest activity as 

monotherapy, its combination with chemotherapy for one year reduces the disease progression 

and improves patients overall survival.126 Data from randomised clinical trials have shown that the 

addition of trastuzumab to chemotherapy regimens improves the symptoms in women with 

metastatic breast cancer.127 Clinical trials have demonstrated that one year of trastuzumab 

treatment provides 50% improvement in disease-free survival and 30% improvement in overall 

survival.128 Despite the beneficial effects of trastuzumab on HER2 positive breast cancer patients, 

trastuzumab resistance is an important issue that causes therapeutic failure.129 Specifically, more 

than 35% of patients do not respond to the treatment (primary resistance) while almost 70% are 

trastuzumab-resistant in the first year of treatment (secondary resistance).130 Currently, novel 

versions of trastuzumab are being designed,131 such as trastuzumab emtansine (T-DM1) an 

antibody-drug conjugate (ADC) in which trastuzumab is linked to a potent microtubule inhibitor 

that interrupts microtubules and thereby inhibits cell division.132 T-DM1 is used in advanced and 

metastatic HER2 positive breast cancer patients.133  
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Pertuzumab is another humanised monoclonal antibody that has been approved by the FDA for 

use in combination with trastuzumab in HER2 positive metastatic breast cancer. Like trastuzumab, 

pertuzumab inhibits HER2 activation by blocking its dimerisation, however, it uses a different 

ligand binding site to trastuzumab.134 Clinical trials have shown that there is an increase in overall 

survival of more than 6 months in patients receiving pertuzumab with trastuzumab.132  

 

In addition to the HER2 antibodies, HER2 treatment includes the oral tyrosine kinase inhibitors 

(TKIs), such as lapatinib, afatinib and neratinib. These small molecules compete for the adenosine 

triphosphate binding domain of the receptor within the cytoplasm preventing its phosphorylation 

and thereby the downstream pathways. Therefore, they reduce cell proliferation and promote 

apoptosis. Small molecules, such as lapatinib, that inhibit HER2 have shown promising results 

Figure 13: Mechanism of action of trastuzumab. Trastuzumab targets and binds to the extracellular 

domain of HER2 and prevents the receptor dimerisation and phosphorylation. The blocking of 

HER2 dimerisation further inhibits the PI3K/Akt and MAPK signalling pathways in the cell. The 

image was adapted with permission from276 Copyright 2007, Massachusetts Medical Society.  
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after the relapse of trastuzumab-based treatment.135 Clinical outcomes have shown that the 

addition of lapatinib, in combination with chemotherapy or trastuzumab, prolonged the overall 

survival and reduced the disease progression.136 

 

Overall, innovative optical medical imaging approaches should be used to overcome the 

challenges and limitations of breast cancer diagnosis and treatment. This thesis will introduce the 

use of nanotechnology as a promising and sensitive analytical tool in biomedical imaging. 

 

1.2  Nanoparticles 
 
Particles that have at least one dimension in the range of 1-100 nm are defined as nanoparticles 

(NPs).137 Nanoparticles can have different properties, which are dependent on their size, shape and 

surface composition.138  Common shapes include spherical139, stars140, rods141 and hollow142 

nanoparticles. The most commonly synthesised metal nanoparticles include gold (AuNPs)137, 

silver (AgNPs)143 and copper (CuNPs).144 Each exhibits different physical and chemical 

characteristics compared to that of their bulk metal. Nanoparticles are attractive candidates for 

optical imaging due to their small size and large surface to volume ratio, structural robustness, 

target binding properties and chemically tailorable physical properties.137 

 

1.2.1  Localised Surface Plasmon Resonance 
 
The localised surface plasmon resonance (LSPR) of spherical nanoparticles is an optical 

phenomenon that occurs due to the collective oscillation of electrons at the surface of a 

nanoparticle that is coupled with the electromagnetic field of incoming light.145 These oscillations 

are induced when the light interacts with nanoparticles that are much smaller than the wavelength 

of the light. Therefore, nanoparticles that are smaller than the wavelength of light fully interact 

with this incident light and the electron cloud of the nanoparticles is completely displaced by the 

electric field. Figure 14 shows how free electrons become polarised by the incident light. LSPR is 

strongly dependant on the size, shape, composition, interparticle distance and the nature of the 

capping agent of nanoparticles.146,147  
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Figure 14: Schematic illustrating LSPR induced by an electromagnetic field interacting with a 

spherical metal nanoparticle. Coherent collective oscillations of free electrons of metal 

nanoparticles in response to light are present when the diameter of the nanoparticle is smaller than 

the wavelength of light.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spherical AuNPs with a size in the region of 40 nm have a characteristic ruby red colour. As the 

size of AuNPs increases, the position of the LSPR band changes to a longer wavelength. This 

process is also known as “red shift”.148 Hence, LSPR change is responsible for the colour change 

from red to dark purple as AuNPs increase in size. The AuNPs shape, functionalisation with 

biomolecules and the use of specific solvents can also influence LSPR position. Therefore, any 

change can affect the colorimetric properties of the AuNPs, since it is dependent on the spectral 

position of the LSPR.138  

 

1.3  Spectroscopy 
 
Spectroscopy is a measure of the interaction of electromagnetic radiation with matter. It is used to 

determine the structure, functional groups and properties of different compounds. The interaction 

with the light may give rise to electronic excitations (UV-Vis spectroscopy), nuclear spin 

orientations (NMR spectroscopy), or molecular vibrations (Raman and IR spectroscopy). Only 

Raman and IR spectroscopy permit the structural resolution of a compound as the produced spectra 

are characteristic of the molecular components. Raman spectroscopy is complementary to IR since 

it measures the scattering rather than absorption of light. 
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1.3.1  Raman Spectroscopy 
 

When a photon interacts with a molecule, it can distort and polarise the cloud of electrons 

surrounding the nuclei resulting in the formation of a short-lived, unstable “virtual state”. Most of 

the time, the distortion of the electron cloud does not affect the nucleus and when the molecules 

relax to the ground state the scattered photons have the same energy as the incident light. This 

elastically scattered light is known as Rayleigh Scattering149 However, approximately one in every 

106–108 of the scattered photons will have an energy higher or lower than the incident light.150 

This is due to the photons interacting with the electron cloud of the bonds in the molecule. This 

weak scattering is described as Raman (or inelastic) scattering and was first experimentally 

observed by Raman and Krishnan in 1928.151  

 

Once the molecule is excited from the ground state to a virtual energy state it can relax into a 

vibrational excited state. This is called Stokes Raman scattering and the molecule loses energy.150 

At room temperature, most molecules are in the ground state before laser excitation, hence, the 

majority of Raman scattering observed is Stokes. However, at higher temperatures, a molecule 

can be already in an excited vibrational energy state and it can return to the ground state with 

increased energy. This scattering is known as anti-Stokes. The intensity of Stokes Raman 

scattering is greater than that of anti-Stokes and thus it is employed more commonly in Raman 

spectroscopy for acquiring spectra (Figure 15).150 
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The Raman shift (cm-1) is the difference between the initial and final vibrational energy levels (𝑣) 

(Equation 1). The result of this calculation is what is plotted on a spectrum and is termed the 

Raman shift. 

 

 

Figure 15: Jablonski diagram depicting typical vibrational and electronic energy levels of a 

molecule and the interaction with light during the Rayleigh and Raman scattering processes. 

Upward arrows represent excitation by a light source (laser) while downward arrows represent the 

resulting emitted photons that can be detected. The length of the arrow is proportional to the 

photon energy. The competing process of fluorescence is also shown in the diagram. 

Equation 1: Equation for calculation of energy difference between the initial and final vibrational 

levels (𝑣).  In the calculations, λ represents the wavelength of the incident and scattered photons 

respectively.  
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The proportion of photons that will be Stokes or anti-Stokes scattered is dependent on the 

population of the initial vibrational state. The Boltzmann equation (Equation 2) can be used to 

determine the number of molecules that are in their ground or excited vibrational state. The 

Boltzmann equation dictates that at room temperature most molecules are in the ground vibrational 

state before laser excitation. As a result, the majority of Raman scattering observed is Stokes 

scattering. Anti-stokes occurs at higher temperatures as there is an increase in the number of 

molecules which are in a vibrationally excited state resulting in increased anti-Stokes 

scattering.152,150 

 

 

As mentioned before, only 1 in every 106-8 photons is Raman scattered. The Raman scattering 

intensity (I) is described in Equation 3.  

 

 

In Raman, individual chemical bonds give rise to unique vibrations that result in molecularly 

specific spectra.151 Therefore, Raman is a structural characterisation technique since it can 

generate a unique spectra fingerprint for each molecule analysed.150 This characteristic Raman 

fingerprint of each chemical structure allows single molecule identification in a sample mixture.153 

Raman spectroscopy is a quick, non-destructive technique that requires minimal sample 

preparation and it can be carried out in water and in a very small volume.154 However, Raman 

spectroscopy provides a relatively low signal intensity. Equation 3 shows that Raman intensity is 

proportional to the frequency of the laser to the power of four. Therefore, Raman intensity can be 

Equation 2: Boltzmann equation. Nn is the number of molecules in the excited vibrational energy 

levels, Nm is the molecules in the ground vibrational levels, g is the degeneracy of the energy 

levels, En-Em is the energy difference between the vibrational energy levels, En and Em, k is the 

Boltzmann constant (1.3807 x 10-23) and (T) is the temperature. 

 

Equation 3: Equation for calculation of Raman intensity (I). K is a constant, IL is the power of the 

laser, 𝛼 is the polarizability and 𝑣 the frequency. 
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Figure 16: Energy transitions of resonance Raman scattering. 

improved by using a shorter excitation wavelength, that has higher frequency/energy.150 

Nevertheless, higher energy may result in sample degradation. Therefore, several approaches can 

be used to improve the signal intensity of Raman, including resonance Raman scattering (RRS) 

and surface enhanced Raman scattering (SERS).150  

 

1.3.2  Resonance Raman Scattering 
 
Resonance Raman scattering (RRS) signal enhancement is observed when the laser excitation 

wavelength is tuned to the electronic maxima of a particular molecule.150 This provides enough 

energy to excite the electrons to a higher electronic state resulting in the enhancement of Raman 

signal by a factor of 103-104. Figure 16 provides a visual depiction of what non-resonance and 

resonance Raman scattering looks like in terms of energy levels. In contrast to Raman, where the 

molecule is excited to a virtual energy level, in RRS, excitation by a photon from the laser leads 

to the molecule being promoted to an excited state within the first excited vibrational electronic 

state. RRS can be used to obtain both electronic and vibrational information from a chromophore 

molecule at the same time.150  
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Therefore, RRS is a more sensitive technique than Raman as it allows the selective enhancement 

of specific bands resulting in simplified spectra that are easier to process.150 The main limitation 

of RRS is fluorescence, a competing phenomenon that will obscure Raman peaks due to the 

unavoidable absorption process that can occur alongside RRS. Sample degradation is also a 

concern.150 However, the use of pulsed lasers can minimise the fluorescence occurrence, since 

fluorescence typical requires more than a nanosecond to be completed while Raman is completed 

in picoseconds or less.150 

 

1.3.3  Surface Enhanced Raman Scattering 
 

Raman signal intensity can be further enhanced when a molecule is adsorbed onto or near a metal 

surface, leading to an interaction between the surface plasmons and the analyte.155,156 This 

phenomenon is known as surface enhanced Raman spectroscopy (SERS). SERS was originally 

observed by Fleischmann et al., in 1974 when an enhancement in Raman signal form pyridine was 

observed in the presence of a silver electrode155. The enhancement factors of SERS are between 

104 and 108 compared to conventional Raman spectra.157  

 

Raman signal enhancement can be achieved due to electromagnetic and chemical enhancement, 

with electromagnetic enhancement playing a much more significant role in the overall signal 

enhancement. Specifically, when an analyte is adsorbed onto (or in proximity to) a metal surface 

there is an interaction between the surface plasmon and the molecule. For maximum signal 

enhancement, the incident laser light is tuned to be in resonance with the metallic nanoparticle 

surface plasmon. This tuning leads to surface plasmon oscillation, which increases the 

electromagnetic field surrounding the analyte and causes greater polarisation around the 

molecule.150 On roughened metal surfaces, the plasmons oscillate in the perpendicular direction 

and a greater enhancement is observed.150 This in turn results in an increase in the scattering from 

the analyte, resulting in SERS. 

 

The chemical enhancement mechanism does not involve surface plasmons, but it relies on a charge 

transfer effect. Specifically, after the functionalisation of an analyte to the roughened metal, a 

charge transfer complex is formed.150,158 Under these conditions, a series of charge transfer 

reactions can occur where the charge is transferred from the metal surface to the analyte and then 

back again before scattering occurs from the metal-analyte complex.158 The signal intensity is, 
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therefore, increased via the creation of new electronic states, which arise from bond formation 

between the analyte and metal surface.159 Analytes with loosely bound electrons, such as aromatic 

compounds, have greater sensitivity to charge-transfer interactions.150 The signal enhancement is 

dependent on the degree of roughening of the metal surface, for colloidal suspensions of 

nanoparticles the enhancement is dependent on the chosen metal, the size of the nanoparticles and 

the surface area. The plasmon resonance of the metal colloids can be adjusted based on the size 

and shape of the nanoparticle and tuned to the laser excitation wavelength for high enhancement.160  

 

Gold146, silver161, copper144 and other metal colloidal suspensions162 are found to be effective for 

Raman signal enhancement. The surface enhancement is higher in areas where the nanoparticles 

are clustered. Therefore, aggregating agents are often added decrease the repulsion energy 

between the nanoparticles and bring them close together. The clustering creates “hot spots” where 

a high electric field is generated between the particles which leads to a strong SERS signal.163  

 

SERS is an excellent analytical technique for biological applications as spectra can be collected 

directly from aqueous environments as water exhibits very limited Raman scattering. SERS is a 

technique that provides sensitivity, selectivity and molecular specificity with reduced sample 

degradation. Most importantly, SERS spectra are characterised by multiple sharp distinguishing 

peaks which provide multivariate data and offer multiplex capacities. Therefore, it is possible to 

simultaneously detect analytes in a sample mixture, without separation steps.164,165  

 

1.3.4  Surface Enhanced Resonance Raman Spectroscopy 

 

Surface enhanced resonance Raman spectroscopy (SERRS) was first demonstrated in 1983166 and 

it is the result of the combination of surface enhancement (SERS) and chromophore resonance 

(RRS). SERRS contributes to an enhanced Raman signal of up to 1013-1014 over normal Raman 

scattering.167,168  

 

In SERRS, a chromophore (Raman reporter) is adsorbed onto a roughened metal surface and a 

laser excitation wavelength is used which coincides with an electronic transition in the 

chromophore (Figure 17). The Raman signal is also maximised when the laser frequency coincides 
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with the resonant frequency of the surface plasmons on the metal surface. Therefore, the 

enhancement is an outcome of both surface plasmon resonance and molecular resonance. 150,162 

 

 

SERRS uses different excitation wavelengths to perform measurements in a single sample, 

depending on the selected nanoparticle surface and the chromophore. Therefore, SERRS allows 

greater enhancement and as a result, lower detection limits of the analyte.169 Additionally, the 

metal surface helps to quench the fluorescence background from the biomolecule leading to 

improved spectra and sensitivity.162,170 Also, SERRS provides a sharp fingerprint spectrum, 

making it an extremely useful technique for multiplexed applications, compared to fluorescence 

and chemiluminescence that provide limited structural information and broad emission 

spectra.171,172,173 The multiplexing capabilities are achieved when a broader range of 

chromophores, with different resonant frequencies, are introduced.174,175 SERRS measurements 

have also been performed using lasers tuned close to near-IR where increased limits of detection 

of individual reporters have been observed at picomolar levels.176,177  

 

 

 

 

 

Figure 17: Conceptual illustration of SERRS. 
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1.3.5  Spatial Offset Raman Spectroscopy 
 

Raman spectroscopy and SERS are two important analytical techniques that generate unique 

chemical fingerprints of molecules. However, they are often limited to cellular and tissue samples 

making them unable to detect analytes at depth. In both Raman spectroscopy and SERS, the laser 

illumination and collection point of the light are coincident. Spatially offset Raman spectroscopy 

(SORS) is a technique that collects the Raman scattered light at a laterally offset position from the 

point of the excitation laser spot on sample (Figure 18).178 

 

An example of SORS is transmission Raman spectroscopy (TRS) which relies on an extreme 

spatial offset, where the laser beam and the collection point are on opposite sides of the sample 

(Figure 18). TRS scattering generates volumetric information and gives specific signals at an 

unknown location in the whole sample, rather than from different layers within a sample.179  

 

 

 

The spectra that are collected in this way exhibit a variation in relative intensities between the 

contribution from the surface and layers at depth. Such a set of spectra can be numerically 

Figure 18: Schematic diagrams of basic Raman spectroscopy modalities: conventional 

backscattering Raman, SORS and transmission Raman. R- Raman light, L- Laser beam, Δs- spatial 

offset. The image was adapted with permission from178 Copyright 2018, Elsevier.  
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processed to yield the pure Raman spectra of individual sub-layers. Increasing the spatial offset 

increases the signal contribution from deeper layers such that they gradually outweigh the signal 

from the top surface material, thereby enhancing the internal signal while attenuating the surface 

signal. 180,181,179 Therefore, SORS detects deeper photons that are more likely to migrate laterally 

before they finally reach their point of collection, and diffuse in different directions in comparison 

to the photons at the surface (Figure 19).178 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on its characteristics, SORS provides a non-invasive screening tool to obtain Raman spectra 

and full chemical characterisation of samples at differing depth and thickness.181 Currently, SORS 

continues to be developed and has been applied in a multitude of applications in biomedical area 

including the assessment of bone composition182 and the analysis of cancerous tissues in breast 

cancer.183 SORS spectra can be retrieved through many millimetres which can be used for 

detection of cancerous tumours183,184 and disease diagnostics.179,185 In 2016, Matousek and Stone 

reported that SORS provides depth penetration of two orders of magnitude higher than 

conventional Raman.179 However, a further increase in penetration depth is required to match with 

the current screening programs, since mammograms can image through approximately 50 mm of 

tissue.186 To further enhance the quality of the detected Raman signal intensity, the incident laser 

power can be increased, however, the safe illumination levels are restricted for application in 

human studies.187 Therefore, other methods have been investigated to further increase the depth 

penetration, such as enhancement of the data processing methods and the combination of SORS 

with SERS to yield surface enhanced spatially offset Raman spectroscopy (SESORS).  

Figure 19: Principal of SORS using a backscattering geometry. As the collection point is moved 

away from the laser excitation point (Δs) scattered photons from deeper layers start to dominate 

the acquired spectra. The image was adapted with permission from178 Copyright 2018, Elsevier.  
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1.3.6  Surface Enhanced Spatial Offset Raman Spectroscopy 
 
SESORS combines the deep penetration capabilities of SORS with the signal enhancing, 

sensitivity and specificity of SERS.188 SESORS was first introduced by Stone et. al., who 

demonstrated that this technique can achieve a greater sample interrogation at significant depth.188 

Although SESORS requires the introduction of SERS nanoparticles or substrates, the sample’s 

readout can be completely non-invasive. The functionalisation of nanoparticles with Raman 

reporter molecules and/or biomolecules, such as antibodies, allows SESORS signal to be detected 

at higher depths in comparison to traditional Raman and SERS techniques.189 SESORS has the 

potential to provide a multiplexed readout of functionalised SERS nanoparticles with specific 

molecules that are deeply buried within mammalian tissues. For instance, Stone et al., 

functionalised AgNPs with a NIR active dye and inserted into a tissue sample with 25 mm 

thickness.189 A year later, after optimisation of both instrumentation and the choice of the SESORS 

nanoparticles, a further depth penetration of 45-50 mm in tissue was achieved.188 This opened up 

opportunities to use SESORS for imaging and targeting small tumours in vivo using functionalised 

nanoparticles.168,190 For instance, Nicolson et al., reported the detection of 3D breast tumour model 

buried at depths of 15 mm using SERRS active gold nanoparticles for the first time. The 

measurements were carried out using a handheld SORS instrument, which shows potential for use 

in a clinical environment (Figure 20).191 
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Additionally, Harmsen et al. functionalised AuNPs with chalcogenpyrylium based dyes and a 

targeting antibody against EGFR to successfully detect tumours using a mouse model in vivo.167 

Yuen et al. used SESORS for biosensing applications, where SERS nanoparticles were implanted 

into rats to monitor the glucose concentration in the interstitial fluid.192 In this method, a SERS 

implant was first inserted under the skin and analysed using SORS through skin non-invasively. 

Sharma et.al. investigated the potential of using SESORS for the detection of low-level analytes 

in brain tissue through skull.193 Currently, the group have performed SERS measurements to detect 

serotonin, melatonin and epinephrine neurotransmitters at different concentration followed by 

SESORS measurements in a brain tissue mimic through the skull.194 Different studies have also 

shown that SESORS instruments can detect the nanoparticles at high depth of tissues and 

bones.188,189,193 

Figure 20: (a) A false colour xy-2D heat SESORRS map of 3D breast tumour model buried at 

depths of 15 mm in tissue. The map was constructed using the peak intensity at 1178 cm-1 (highest 

peak of the dye used). Measurements were carried out using a xy translational stage at step sizes 

of 3 mm to create an image of 77 pixels. A combination surface/contour false colour was used to 

generate a 2D heat map and show the tracking of the 3D breast tumours through 15 mm of tissue. 

Clear discrimination was seen between spectra collected at the point of maximum intensity where 

the nanoparticles were uptaken into MTS models were spotted, and that collected where the MTS 

were not present. (b) The corresponding maximum and minimum collected 8 mm offset spectra. 

All measurements were carried out using a 2 s integration time, 5 accumulations, 830 nm laser 

excitation wavelength. The image was reproduced with permission from191, Creative Commons 

Attribution-Non Commercial 3.0 Licence. 
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Figure 21: Schematic representation of the nanotags functionalisation with different biomolecules. 

All these biomedical applications expand the potential for SESORS to be used in future clinical 

applications. Due to the need of introduction of SERS nanoparticles in vivo, SESORS may have 

potential toxicity issues in the human body. Currently, there are not a lot of studies that have 

addressed these cytotoxicity effects, therefore, this key issue remains to be addressed.179 However, 

SESORS holds notable potential for in vivo applications as it can be combined with targeted 

delivery of nanoparticles for diagnosis and/or treatment, using nanoparticles functionalised with 

specific biomolecules, such as antibody and drug agents.  

 

1.4  Functionalisation of SERS Nanoparticles for Cellular Delivery 
 
A gold nanoparticle surface can be functionalised with different Raman reporters and 

biomolecules resulting in the production of novel, selective, sensitive, chemical and biological 

sensing nanotags for molecular imaging. The Raman reporter functionalised to nanoparticles 

surface provides a spatial and temporal understanding of the target biomolecule localisation. The 

Raman reporter can be attached directly to the surface of the nanotags or it can be attached directly 

to the biomolecule.195,196 Biorecognition molecules such as antibodies, DNA, proteins and cell 

penetrating peptides can be attached onto the surface of nanoparticles for biomarker targeting.197 

The reporter and the biomolecules can be attached electrostatically or covalently to the 

nanoparticle surface.198 The most common biomolecules used for the nanotags functionalisation 

are summarised in Figure 21. 
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When biomolecules are attached to nanoparticles they can interact with overexpressed cell surface 

proteins potentially resulting in an increased cellular uptake of the nanotags.199  These surface-

bound proteins can activate other intracellular signalling pathways.200 Antibody functionalised 

SERS nanotags have been widely used for the detection of specific biomarkers that are 

overexpressed in cancer cells. These approaches not only can be used as diagnostic tools, but they 

can also provide important information regarding the disease biochemical processes and 

progression. Additionally, nanotags can be used to investigate the drug efficacy and its therapeutic 

effects under different conditions. There is a multitude of SERS applications for biomolecule 

detection in different tumour environments that will be discussed in section 1.7. 

 

Fundamental aspects, such as the nanotags functionalization, the instrumentation used, and the 

selection of the appropriate biological model should be taken into consideration when designing 

SERS nanotags. Poly-ethylene glycol (PEG) and silica can be added to the nanoparticle surface to 

avoid dissociation of the biomolecules, decrease toxic effects and further help the functionalisation 

process.160 Specifically, PEGylation of the nanotags is important for the design of stable nanotags 

with reduced non-specific binding and longer circulation times in biological fluids.201,202,203 The 

coating with PEG must be dense with long hydrophilic polymer chains (2-10 kDa) for a relatively 

good brush formation.203  

1.5  Cellular Uptake of Nanoparticles and Delivery Strategies 
 

AuNPs use various endocytic pathways for their cellular uptake. The different internalisation 

processes of the nanoparticles influence their intracellular fate. Although considerable 

achievements have been made to understand the cellular uptake of nanoparticles, these studies are 

mostly based on in vitro experiments. Therefore, there is a major need to further investigate the 

cellular mechanisms used for nanoparticles internalisation in a more in vivo representative.  

 

1.5.1  Endocytosis Pathways for Nanoparticles Cellular Uptake 
 
Traditionally, small molecules that are used as drugs enter cells mainly through passive diffusion 

or active transport. However, it has been shown that nanoparticles usually use the endocytosis 

pathway for their uptake into specific cell populations.204 It has been shown that the cell type and 

the physicochemical properties of the nanoparticles affect the endocytosis pathways. However, 

there are still processes that have not been fully understood regarding the factors that affect the 
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uptake of nanoparticles, the role of specific proteins involved in their endocytosis pathways and 

their intracellular fate. The traditional classification of endocytosis is divided into two categories: 

phagocytosis and pinocytosis (Figure 22).204  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Phagocytosis is associated with the uptake of larger molecules and it is predominantly occurred in 

phagocytes, such as macrophages, monocytes and neutrophils.205 Phagocytosis is related to 

degradation of nanoparticles in the cells. Specifically, for the phagocytosis pathway to occur the 

nanoparticles bind to the cell surface and form the cup-shaped membrane extension. This 

Figure 22: Main pathways for nanoparticle internalisation in mammalian cells. The figure briefly 

shows the classification of endocytic trafficking and different mechanisms of endocytosis. Larger 

particles can be taken up by phagocytosis, while fluid uptake occurs by macrocytosis. Most 

internalised particles are uptaken via clathrin- or caveolin-coated vesicles that are derived from 

the plasma membrane. The image was adapted with permission from204 Copyright 2013, Elsevier.  
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extension is responsible for nanoparticle’s internalisation and the formation of phagosomes. 

(Figure).204 The phagosomes are usually 0.5-10 μm and they are degraded in the lysosomes.205  

 

Pinocytosis is classified into four different forms based on the proteins involved in the pathway: 

macrocytosis, clathrin-mediated, caveolin-mediated, and clathrin- and caveolae-independent 

endocytosis (Figure).204 Macrocytosis is a process that assists in the internalisation of the 

surrounding fluid by the formation of waving sheet-like extension of the plasma membrane.206 

When these extensions close, they lead to the formation of large organelles called 

macropinosomes.203 This is a nonspecific cargo absorption that is not directly driven by the 

receptor or the cargo associated with it. The macropinosomes are typically heterogeneous in size 

(from 0.5-10 μm) with an irregular shape when they cleaved off from the membrane.203 The main 

difference between macropinosomes with phagosomes is their fate which is dependent on the cell 

type. That means that macropinosomes can move into the lysosomes for degradation or back to 

the cell membrane to release their contents outside of the cell.207 

 

Clathrin-dependent endocytosis has been observed to be one of the most common pathways for 

nanoparticle internalisation in mammalian cells.208 The internalisation is triggered upon the 

binding of nanoparticles with the transmembrane receptors. This binding leads to the formation of 

“coated pits” on the cytosolic side of the plasma membrane.203 The cargo interacts with clathrin-1 

which is present in the cytosol. Clathrin-1 is polymerised on the cytosolic side of the membrane 

when the nanoparticles are internalised.209 The nanoparticles are then enclosed in the clathrin-

coated vesicle (CCV) that is formed using GTPase activity. After its formation, CCV is detached 

from plasma membrane and it moved inside the cytoplasm (Figure 23).210 
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Figure 23: Schematic of clathrin-mediated endocytosis of nanoparticles in mammalian cells. The 

image was adapted with permission from210 Copyright 2018, Elsevier.  

 

 

 

 

 

Caveolae-dependent endocytosis bypasses lysosomes and avoids cargo degradation in contrast to 

other pathways. It is, therefore, preferred a pathway for bacteria and viruses.211 Caveolin protein 

plays an important role for the internalisation as it helps in the formation of the caveolar vesicles, 

that are cut off from the membrane (Figure).204 Caveolae-dependent endocytosis pathways take a 

longer time compared to clathrin-dependent endocytosis, and it usually involves smaller 

vesicles.212 After the caveolae-mediated endocytosis, the vesicle, containing the nanoparticles, is 

delivered to the Golgi complex or endoplasmic reticulum or is extracellularly released.213  

 

The clathrin- and caveolae-independent endocytosis is a distinct pathway that relies on specific 

lipid composition and cholesterol.204 This endocytic system is GTPase-dependent, but there is still 

need for further research to deeply understand the later stages of the pathway. 
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1.5.2  Cellular Endocytosis Inhibitors 
 
Most of the uptake mechanisms can operate simultaneously, therefore, it is challenging to identify 

a specific endocytosis pathway. To overcome this limitation, endocytic inhibitors, that block a 

specific part of endocytosis, can be utilised to confirm the pathways that nanoparticles are using 

for their cellular uptake.214 Low temperature can also inhibit the nanoparticles’ uptake since most 

of the endocytic pathways are energy dependent. With respect to specific endocytosis, dynasore, 

potassium depletion and chlorpromazine can be used as endocytosis inhibitors.215 Dynasore is a 

cell-permeable inhibitor of dynamin, which is a 100 kDa membrane-remodelling GTPase that 

plays a crucial role during the clathrin-mediated endocytosis (Figure 24).216 Specifically, dynamin 

is essential for the invagination of the cell membrane to form clathrin-coated pits since it assembles 

into a helical polymer around the phospholipid neck formed by the invagination of the cell 

membrane. Thus, it is polymerised to form helical structures around the neck of budding vesicles 

of the plasma membrane and induces membrane scission and the production of free clathrin-coated 

vesicles.217 

 

 

 

 

 

 

 

 

 

 

 

In total there are three isoforms of dynamin with similar functions, dynamin 1, dynamin 2 and 

dynamin 3. Studies have shown that dynamin 2 plays an important role in the regulation of the 

ERα-based pathway in breast cancer, such as signalling and degradation.218 Dynasore is a dynamin 

2 inhibitor that rapidly and reversibly blocks dynamin GTPase activity and, therefore, 

Figure 24: Mechanism of action of dynasore. Dynasore inhibits the GTPase of dynamin, which 

prevents clathrin-coated endocytosis, including the internalisation of nanoparticles into the cells. 

The image was adapted with permission from216, Creative Commons CC-BY-NC-SA licence. 
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endocytosis.219 Specifically, it inhibits the formation of endocytic clathrin-coated pits and vesicles 

while it does not affect the dynamin-independent functions.216 This effect can be reversed in 

approximately 30 minutes after the removal of the inhibitor.219  

 

1.5.3  Factors Affecting Endocytosis Pathway Fate of Nanoparticles  
 
The physicochemical characteristic of nanoparticles (size, charge, hydrophobicity, shape), the 

extracellular matrix environment (ion concentration, pH, temperature) and the cell type determine 

the endocytic pathway fate of the nanoparticles.220 The nanoparticle size is a considerable factor 

that affects their endocytosis pathways.221 Studies have shown that nanoparticles around 60-100 

nm enter the cells using clathrin and caveolae-mediated endocytosis.222 Additionally, 

nanoparticles larger than 5 μm are most likely to be engulfed via macrocytosis. The membrane 

stretching, and its bending energy, may also be involved in why the size of the nanoparticles plays 

such a critical role in the cellular uptake.  

 

The surface charge of nanoparticles also affects their cellular uptake since cationic nanoparticles 

show a strong electrostatic interaction with the negatively charged cell membrane resulting in 

rapid cellular uptake.223 On the other hand, anionic nanoparticles may interact with the positively 

charged membrane proteins but they have lower internalisation rate compared to the cationic 

nanoparticles, due to their repulsive interaction with the cell membrane.224 Neutral nanoparticles 

may interact with cells using hydrophobic and hydrogen bonding interactions at physiological 

pH225, however, they show no specific preference for their endocytosis fate.204  

 

The shape of the nanoparticle also influences their cellular uptake since spherical nanoparticles 

have a significant advantage over nanorods due to their characteristic dimension that interact more 

efficiently to the surface receptors.226,227 Finally, the cell type will affect the endocytic fate due to 

the presence of specific proteins on their surface that result in preference of selected pathway. For 

example, HepG2 cells have no endogenous caveolin, therefore, they are not able to use caveolae 

mediate endocytosis for nanoparticle uptake.228 The overexpression of proteins and hormones in 

cancer cells brings distinct differences in the endocytic pathways between normal and cancerous 

cells.229  
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1.6  Nanoparticles and Cell Toxicity 
 
There is a strong interest in exploiting nanoparticles for medical purposes, therefore, there is an 

increased the number of studies investigating their possible cytotoxicity effects.230,231 In general, 

the cellular uptake of nanoparticles can cause a wide range of biological responses such as the 

formation of reactive oxygen species (ROS)232, increased production of specific cytokines233 and 

appearance of apoptotic and inflammatory markers.234 AuNPs are noble metal particles, and are 

recognized as nonbiodegradable and inert.235 Although AuNPs safety is dependent on many 

factors, such as their physicochemical properties, the coating agent, the cell incubation conditions 

and the cell type, it has been shown that functionalised AuNPs show lower toxicity in biological 

systems compared to other metal nanoparticles.236,237 For this reason, functionalised AuNPs are 

preferred for in vitro and in vivo applications. Currently, AuNPs have been approved to be used 

by clinicians as a drug-delivery system.238 Additionally, it has been shown that the 

functionalisation of AuNPs can further decrease their toxicity since there is a reduced interaction 

between the metal surface of the nanoparticles with the surrounding biological environment.239 

Specifically, the addition of PEG is widely used as a nanoparticle surface coating since it is a very 

biocompatible polymer that inhibits intracellular degradation, and thereby reduces cell toxicity.240 

Xie et al. found that PEGylated gold nanoparticles showed no aggregation in cell culture which 

decreased the potential of cellular toxicity from the nanoparticles.241 Connor et al. showed that 

citrate coated AuNPs uptaken by human leukaemia cells did not cause any acute cytotoxicity.242 

Qu et al. investigated 20 nm spherical citrate coated AuNPs and showed they were non-toxic, even 

at 300 μM, in a human dermal fibroblast fetal cell line.243 Additionally, no induction of oxidative 

stress markers and inflammatory cytokines were observed in human alveolar epithelial-like cells 

incubated with 15 nm AuNPs using RT-PCR and ELISA analysis.244  

 

1.7  SERS Applications in Healthcare 
 
The numerous advantages of SERS have been utilised for sensing, targeting, delivery and imaging 

biomolecules.245,246 In contrast to fluorescence, SERS offers sharp molecularly specific spectra, 

that allow multiplexed detection opportunities with high sensitivity and selectivity.247 

Additionally, using SERS, it is possible to gain information regarding a biomolecule distribution 

and cellular localisation using two-dimension (2D) and three-dimension (3D) SERS cell 
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mapping.248,249 Therefore, SERS has become an invaluable analytical tool that is widely used for 

in vitro, ex vivo and in vivo applications.  

 

1.7.1  SERS and In Vitro Applications  
 
In vitro analysis using SERS is vital for understanding the molecular pathways before moving 

towards the in vivo applications. There are different experimental approaches that highlight the 

vast capabilities of SERS in vitro. Most of the researches involve the detection of DNA or protein 

that are disease related for characterising healthy and non-healthy cells.164 Specifically, there are 

many in vitro cell culture studies that use SERS nanotags for the detection of cancer biomarkers 

allowing cancer phenotyping.250,251,252 Lee et al. performed optical imaging of human embryonic 

kidney cells (HEK293) expressing the PLCγ1 biomarker using bimetallic gold-silver nanoparticles 

and SERS. The functionalisation was achieved by coating silver layers over Raman reporter (R6G) 

labelled gold nanoparticles and the bimetallic nanoparticles were then labelled with secondary 

antibodies and used for biomedical SERS imaging. SERS imaging was found to be more sensitive 

compared to fluorescence (Figure 25).250 
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A few years later, Lee et al. investigated the use of antibody conjugated hollow gold nanospheres, 

as imaging agents, for the detection of HER2 biomarker in cancer using SERS. The nanospheres 

were observed in modified MCF-7 cells using a crystal violet Raman reporter.251 Furthermore, 

three dimensional (3D) in vitro cell cultures have recently be used for SERS imaging.253,254 These 

3D cell models provide a more realistic in vivo environment without the ethical considerations 

required for using animal models and ex vivo samples. These applications demonstrate the 

potentials of using SERS for highly sensitive imaging of cancer biomarkers in vitro. 

Figure 25: Fluorescence and SERS images of normal HEK293 cells and PLCγ1-expressing 

HEK293 cells. (a) Fluorescence images of normal cells: (left) brightfield image, (right) 

fluorescence image. (b) SERS images of single normal cell: (left) brightfield image, (right) Raman 

mapping image of a single normal cell based on the 1650-cm-1 (R6G highest peak). (c) Overlay 

image of brightfield and Raman mapping for a single normal cell. Colourful spots indicate the 

laser spots across the middle of the cell along the y-axis. (d) Fluorescence images of cancer cells: 

(left) brightfield image, (right) fluorescence image. (e) SERS images of a single cancer cell: (left) 

brightfield image, (right) Raman mapping image of a single cancer cell based on the 1650-cm-1. 

(f) Overlay image of brightfield and Raman mapping for single cancer cell. Colourful spots 

indicate the laser spots across the middle of the cell along the y-axis. The image was reproduced 

with permission from250 Copyright 2007, American Chemical Society.  
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1.7.2  SERS and Ex Vivo Applications 
 
SERS can be used ex vivo as an excellent tool for the detection of biomolecules in body fluids and 

tissue samples with high sensitivity. For the ex vivo biofluids, whole blood, serum and isolated red 

blood cells are usually analysed. Most SERS assays detect the signal from Raman reporter attached 

on the nanoparticles. The nanoparticles have also been functionalised with specific biomolecules 

that target proteins and oligonucleotide sequences.197,255 The detection of viral and bacterial DNA 

sequences are important tools in molecular biology for disease diagnosis. In 1998, it was reported 

for the first time the use of PCR, in combination with SERS, for detecting the human 

immunodeficiency virus gag gene (HIV detection).256 Additionally, Graham et al. conducted a 

multiplexed detection of two different DNA sequences in a single assay with SERRS.257 Faulds et 

al. managed to detect five different oligonucleotide sequences in a mixture of all species using 

dye labelled DNA nanoparticles and two excitation wavelengths.171 Finally, Gracie et al. 

demonstrated the first approach of detection and quantification of three meningitis pathogens 

within a single multiplex assay.172  

 

SERS nanoparticles have been used in place of fluorescent dyes to increase the multiplexing and 

sensitivity capabilities. The first SERS based immunoassay was reported in 1989.258 Since then, 

there have been many approaches for the detection of antigens. Wang et al. demonstrated a SERS 

method to detect and quantify four target antigens while Dou et al. established an ELISA approach, 

using SERS for enzyme detection and measurement.259,260 Ex vivo tissue bioanalysis is a new 

method that involves the use of SERS nanoparticles, as diagnostics, for the recognition of disease 

biomarkers in tissue sections and excised tissue samples.261,262 In 2008, Lutz et al. demonstrated a 

method of imaging formalin fixed paraffin embedded tissue sections using SERS for the detection 

of two cytokeratin-18 and prostate specific antigen (CK-18 and PSA).263  

 

1.7.3  SERS and In Vivo Applications  
 

Recently, many in vivo scientific approaches have been developed using functionalised SERS 

nanoparticles with biomolecules that bind to disease biomarkers. Similar to in vitro and ex vivo 

applications, in vivo SERS permits multiplexed detection of biomarkers by using nanoparticles 

with different bio-recognition molecules and Raman reporters. One of the first in vivo applications 
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was carried out in 2008 where Qian et al. functionalised nanoparticles with single-chain variable 

fragment (ScFv) antibodies to target EGFR in different cancers (Figure 26).168  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another study verified that functionalised nanoparticles showed greater affinity for the tumour 

after injection into the tail of xenograft tumour-bearing mice models in comparison to the non-

functionalised ones.264 Wang et al. worked on the functionalisation of nanoparticles with three 

Figure 26: In vivo cancer targeting using SERS with ScFv-antibody conjugated gold nanoparticles 

that target EGFR tumour biomarker. (a,b) SERS spectra obtained from the tumour (red) and the 

liver (blue) areas by using targeted (a) and non-targeted (b) to EGFR conjugates. Two nude mice 

bearing human head-and-neck squamous cell carcinoma (Tu686) xenograft tumour (3-mm 

diameter) received 90 μL of ScFv EGFR-conjugated SERS tags or pegylated SERS tags (460 ρM). 

The particles were administered via tail vein single injection. SERS spectra were taken 5 h after 

injection. (c) Images showing a laser beam focusing on the tumour site or the anatomical location 

of the liver. In vivo SERS spectra were obtained from the tumour site (red) and the liver site (blue) 

with 2-s signal integration and at 785 nm excitation. The spectra were background subtracted and 

shifted for better visualisation. The Raman reporter molecule is malachite green, with distinct 

spectral signatures as labelled in a and b. Laser power, 20 mW. The image was reproduced with 

permission from168 Copyright 2007, Springer Nature.  
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different antibodies: anti-HER2, anti-EGFR and an isotype control. The nanotags were tested in 

vivo into two different tumour types with a varied expression of HER2 and EGFR. After the topical 

administration of the nanoparticles, the tumours were implanted and were analysed using SERS. 

The results showed the potential of simultaneous detection and ratiometric quantification of the 

targeted nanoparticles for the assessment of the molecular expression of cancer.265  

 

Nanoparticles have also been used for the diagnosis of other diseases in vivo, such as the indication 

of atherosclerosis and inflammation.266 Recently, Noonan et al. reported the targeted in vivo 

imaging of different vascular inflammatory biomarkers, using SERS and antibody-functionalised 

nanoparticles to assess localised vascular inflammation. Specifically, the team designed a series 

of antibody-functionalised gold nanoparticles (BFNP) for the detection of vascular cell adhesion 

molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and P-selectin. SERS showed 

that VCAM-1, ICAM-1 and P-selectin were detected, discriminated and quantified both in vitro 

in human endothelial cells and in vivo in humanised mouse models, demonstrating the capabilities 

of SERS as a potential clinical imaging technique.267 

 

1.7.4  SERS Applications in Breast Cancer 
 
Different experimental approaches have been carried out, using SERS nanoparticles for breast 

cancer detection. Moisoiu et al. used SERS as a diagnostic tool for breast cancer detection by 

testing 53 people with, and 22 people without, breast cancer. The SERS spectra were acquired 

using silver nanoparticles on a urine sample from the subjects. The nanotags were then activated 

by adding Ca(NO3)2 to promote the specific adsorption to the silver surface of the anionic purine 

metabolites such as uric acid, xanthine and hypoxanthine. A droplet of the sample was analysed 

by Raman spectroscopy in liquid form. The results showed that the SERS spectra of urine from 

breast cancer patients could be distinguished from the healthy subjects with 81% sensitivity, 95% 

specificity and 88% overall accuracy.268 Cervo et al. used SERS spectroscopy of serum to detect 

breast cancer at different stages from a group of 60 participants. The subjects were separated into 

three groups based on their clinical condition: healthy women, women with localised small breast 

cancer and women with breast cancer that also had lymph node involvement. Using linear 

discriminant analysis (LDA) and principal component analysis (PCA), the group managed to 

distinguish the healthy from the breast cancer subjects with 92% sensitivity and 85% specificity. 

Additionally, participants with different breast cancer stage were separated with 84% overall 
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accuracy making this approach a promising diagnostic tool.269 Allain and Vo-Dinh exploited 

SERS to screen DNA hybridisation of fragments of BRCA1, a gene that its mutation is related to 

breast cancer development, this a potential breast cancer screening test.270  

 

Additional studies have been carried out where SERS nanoparticles were functionalised with 

antibodies to characterise breast cancer. Specifically, Davis et al. synthesised CD47 antibody 

labelled SERS nanoparticles against CD47, a cell surface receptor overexpressed in several 

cancers. Fluorescence assisted cell sorting (FACS) was used to assess the binding potential of 

conjugates on different human breast cancer cell lines. The results from the mouse xenograft 

model of human breast cancer showed that the SERS nanoparticles actively bound to CD47 on 

breast cancer cells (Figure 27).271 These findings further open the potentials of topically applying 

SERS nanotags to breast cancer for detection of CD47 marker during lumpectomy.271 

 

 

Figure 27: Raman imaging of positive and negative CD47 expressing tissues harvested from 

mouse xenograft. (a) Digital photo of tissue after nanoparticles administration; (b) Raman imaging 

of tissues; (c) overlay of Raman imaging with tissue sample; (d) quantitative ratiometric analysis 

of specific CD47 SERS nanoparticles binding to non-specific isotype IgG SERS nanoparticles 

binding on the tissue sample. The image was reproduced with permission from271, Creative 

Commons CC-BY 4.0 licence. 
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Wang et al. demonstrated that the topical application and quantification of differently 

functionalised SERS nanoparticles enables the rapid quantitative molecular phenotyping of the 

surface of breast cancer tissue to determine the presence of malignant cells. The SERS results 

were achieved in less than 15 minutes and they agreed with the immunohistochemistry and flow 

cytometry data which open up the potential use of this approach in guiding breast-conserving 

surgeries.272 Lee et al., used SERS to test breast cancer phenotype by identifying the epidermal 

growth factor (EGF) and insulin-like growth factor-1 (IGF-1) proteins in the KPL4, MDA-MB-

468 and SKBR-3 human breast cancer cell lines. This experimental approach additionally 

confirmed that SERS may be used for earlier breast cancer diagnosis and for the guidance of the 

treatment.252 Dinish et al. have also shown the in vivo detection of EGFR, TGF beta II (TGFβII) 

and CD44 biomarkers using antibody functionalised nanoparticles. The functionalised 

nanoparticles were shown to remain in the body of mice for up to 48 h before clearing after 72 h. 

On the other hand, the non-functionalised nanoparticles were cleared within 6 h and no signal 

from their reporters was observed after 24 h.273 Qian et al., used PEGylated gold nanoparticles, 

with ScFv antibodies, a ligand that binds to epidermal growth factor receptor (EGFR) with high 

specificity and affinity, for in vitro and in vivo tumour targeting. The group proposed that the 

SERS nanotags were able to detect deep tumours with specificity, selectivity and low toxicity.168 

Xia et al. used SERS to image EGFR on single breast cancer cells. The researchers incubated the 

SERS nanoparticles, that were functionalised with an anti-EGFR antibody, in the EGFR over-

expressing A431 breast cancer cell line. SERS results confirmed the immunoblot data regarding 

the EGFR levels and revealed that the SERS nanotags were located primarily at the cell surface, 

which adds new insights regarding EGFR localisation in cells which is not possible using the 

immunoblot method.274 These experimental approaches contribute to the translation of SERS in 

the clinical setting and highlighted the potential use of SERS as a novel tool for screening of breast 

cancer. 

 

SERS has also been used for targeted photothermal therapy in breast cancer. Feng et al. developed 

a theranostic SERS probe for early diagnosis and treatment of breast cancer. The team synthesised 

gold bipyramidal-shaped nanoparticles to specifically detect and kill MCF-7 breast cancer cells 

using SERS and the photothermal properties of metal nanoparticles. The sharp tips of the nanotags 

provided sensitivity for in vitro detection of MCF-7 cells and in vivo SERS imaging of MCF-7 

tumour. This is another experimental verification that SERS nanotags can be promising candidates 

for the detection and photothermal enhancement of chemotherapy for breast cancer.275 
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1.8 Introductory Conclusions and Project Aims 
 

The characterisation of biomarkers using antibody functionalised gold nanoparticles (AuNPs) is 

an area of intense interest in the biomedical spectroscopy community. SERS can provide an 

advanced imaging tool for the investigation of the presence of different biomarkers in vitro, ex 

vivo and in vivo. To date, few reports have investigated the full potentials of SERS nanotags in 

different biological environments. Therefore, the main aim of this thesis is to explore the 

capabilities of anti-ERα antibody functionalised AuNPs (ERα-AuNPs) for the detection of ERα 

using 2D and 3D breast cancer tumour models. 

 

Specifically, non-destructive 2D and 3D SERS mapping will be used to track the cellular uptake 

and localisation of ERα-AuNP nanotags in MCF-7 breast cancer cells under different endocytosis 

inhibition conditions. This study will address the role of nanotag functionalisation in biological 

environments and will highlight the benefits of using 3D SERS for the investigation of  the cellular 

uptake of nanotags compared to other destructive, time-consuming and expensive techniques such 

as immunofluorescence. This thesis also aims to investigate how ERα-AuNP nanotags can be 

utilised to phenotypically characterise and classify breast cancer cells with different ERα 

expression status. It will also investigate the benefits of using SERS for investigating efficacy of 

the drug fulvestrant, the first-in-class approved selective estrogen receptor degrader (SERD), 

compared to other techniques.  

 

Moreover, this work will explore the combination of SERS with microfluidic devices for the 

detection of ERα in live 3D breast cancer tumour spheroids. In parallel, it will highlight the 

benefits of using live 3D breast tumour models as a more representative in vivo model for breast 

cancer characterisation and understanding of fulvestrant efficacy.  

 

Finally, this thesis will investigate the detection of ERα ex vivo and in vivo at high depths, by 

combing SERS with SORS (SESORS). Specifically, live 3D breast cancer spheroids and live mice 

will be used to detect and track targeted nanotags at high tissue thicknesses using SERS and 

SESORS. This work will address the suitability of handheld Raman and SORS spectrometers for 

imaging tumour models and will highlight the potentials of using SERS and SESORS as powerful 

techniques in the field of biomedical imaging and disease detection. 
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2.1  Abstract 
 
Gold nanoparticles (AuNPs) have been widely used in different applications such as in cancer 

imaging, drug delivery and photothermal therapy. The functionalisation of AuNPs has been shown 

to affect their cellular internalisation, accumulation and targeting efficiency. The mechanism of 

cellular uptake of functionalised AuNPs by different cancer cells is not well understood.  

Therefore, a detailed understanding of the molecular processes is necessary to improve AuNPs for 

their selective uptake and fate in specific cellular systems. This knowledge can greatly help in 

designing nanotags with higher cellular uptake for more selective and specific targeting 

capabilities with less off-target effects. Here, we demonstrate for the first time a straightforward 

and non-destructive 3D surface enhanced Raman spectroscopy (SERS) imaging approach to track 

the cellular uptake and localisation of AuNPs functionalised with an anti-ERα antibody and a 

Raman reporter, 1,2-bis(4-pyridyl) ethylene (BPE), in MCF-7 ERα-positive human breast cancer 

cells under different cellular endocytosis inhibition conditions. 3D SERS enabled information rich 

monitoring of the intracellular internalisation of SERS nanotags. It was found that the ERα-AuNPs 

were internalised by MCF-7 cells in a temperature-dependent manner suggesting an active 

endocytosis-dependent mechanism, rather than passive pathway diffusion. The 3D SERS cell 

mapping experiments suggested that the nanotags entered the cells using dynamin dependent 

endocytosis, as incubation with dynasore, a dynamin inhibitor, resulted in a SERS signal being 

obtained close to the cell surface rather than inside the cells indicating that the nanotags 

accumulated in the plasma membrane. Finally, a lower number of ERα-AuNPs were found to enter 

the cells after pre-blocking with an anti-ERα antibody. Therefore, this study indicates that the 

nanotags were internalised into MCF-7 cells using an ERα receptor-mediated endocytosis process. 

This study addresses the importance of SERS nanotags’ functionalisation in biological 

environments and highlights the benefits of using 3D SERS for the investigation of cellular uptake 

processes. 
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2.2  Introduction 
 
Gold nanoparticles (AuNPs) have been extensively investigated as tools for sensing and tracking 

of biomedically important cellular markers in a broad range of applications including in vitro1 and 

in vivo2,3 imaging. The effective design of AuNPs, for dynamic cell imaging and biocompatibility, 

requires careful consideration of their fundamental cellular uptake interactions within living 

systems. In general, these investigations include different studies to determine the amount and 

location of internalised nanotags and they are usually conducted in conjunction with viability and 

inhibition studies that block individual cellular uptake mechanisms.4 

 

The intracellular uptake and fate of AuNPs are dependent on different factors, such as their 

physicochemical characteristics5,6,7 and the experimental procedures, including incubation time 

and Au NP concentration.8,9 The functionalisation of AuNPs with targeting biomolecules greatly 

affects their trafficking behaviour and their cellular localisation.10 The binding of biomolecule 

functionalised AuNPs to their cellular targets increases the accumulation of the AuNPs in the cell 

and minimises exocytosis processes.9,11,12 Antibody-conjugated nanoparticles have been shown to 

have increased cellular uptake13 due to the presence of the antibodies on the nanoparticle surface 

affecting the nanoparticle-cell interactions, leading to enhanced signals and long-term tracking of 

antigen expression in the cell.14 

 

Different uptake mechanisms exist for the cellular internalisation of AuNPs including 

phagocytosis, micropinocytosis, clathrin- and caveolae-dependent and clathrin- and caveolae-

independent endocytosis.15 Endocytosis involves the formation of new intracellular membrane-

enclosed vesicles from the cell membrane with a concomitant internalisation of the cargo along 

with other proteins, lipids and extracellular fluids.15 It has been shown that the energy-dependent 

endocytosis pathways, rather than passive diffusion, are the main mechanisms that cell lines use 

for nanoparticle uptake.16,17 Specifically, receptor-mediated endocytosis (RME) is known to be 

one of the main uptake pathways for AuNPs. For RME, the biomolecules attached to the AuNP 

surface bind to the extracellular surface of the plasma membrane receptor and membrane fusion 

is induced. This membrane enfolding leads to the formation of an endosome, which allows the cell 

to carry the cargo into the cytosolic region.18,19 RME involves the participation of other proteins, 

such as clathrin or caveolae, for the cellular internalisation mechanisms.20,21  
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Traditionally, transmission electron microscopy (TEM)22 and fluorescence microscopy23,24 have 

been used for investigating cellular uptake and localisation of nanoparticles in cells. However, 

TEM is a destructive and expensive technique that requires microtoming of the cells with long and 

complicated sample preparation. Also, the fluorophores that are required to stain cells for 

fluorescence imaging are prone to photobleaching making 3D imaging challenging since 

bleaching can compromise the definition of 3D structures leading to false results.25 Additionally, 

fluorescence generates broad emission bands that makes the detection of multiple components 

within the same sample challenging.26  

 

Therefore, high-resolution optical imaging has gained increasing importance, providing clear 

evidence of nanotag cellular uptake and localisation in a non-destructive fashion. Surface 

enhanced Raman spectroscopy (SERS) is a non-destructive method that can study the interactions 

of nanotags with biological environments with various advantages, such as high sensitivity, 

selectivity and multiplexing capacities, without the need for fluorogenic staining.1,27 Recently, 

nanoparticle-based SERS approaches have been conducted to map the intracellular distribution of 

different molecules in fixed28,29,30,31 and live cells32,33,34 to monitor different cellular functions and 

compartments. The addition of a Raman reporter to the surface of AuNPs gives a characteristic 

signal that is distinctive from the intrinsic Raman signal from the cell components. This allows 

visualisation of the AuNPs localisation with high multiplexing capabilities and photostability.  

 

In this study, we introduce for the first time the use of non-destructive 3D SERS imaging for the 

investigation of the cellular uptake mechanisms of AuNPs functionalised with an anti-ERα 

antibody and 1,2-Bis(4-pyridyl) ethylene (BPE) Raman reporter (ERα-AuNPs) in breast cancer 

cells under different endocytosis pathway inhibition conditions. Additionally, the novelty of this 

work comes from the ability to investigate the cellular uptake and localisation of SERS nanotags 

in the entire volume of the cell. The collected data were processed and analysed as one data set 

making SERS a quick and affordable technique, in contrast to TEM that requires laborious sample 

preparation with potential artefacts. The ability to investigate the cellular uptake and cellular 

accumulation of SERS nanotags using a sensitive and non-destructive technique is of crucial 

importance for the validation of AuNPs as an important tool in optical medical imaging.  
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2.3 Experimental 
 

2.3.1  Materials 

 
Anti-estrogen receptor alpha antibody (ab16660) was purchased from Abcam (330 Cambridge 

Science Park, Cambridge, CB4 0FL, UK). Anti-mouse IgG HRP-linked antibody (7076S) and 

anti-rabbit IgG HRP-linked antibody (7074S) were purchased from Cell Signalling Technology 

(Hamilton House, Mabledon Place, London, WC1H 9BB, UK). Sodium tetrachloroaurate 

dihydrate, (N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride) (EDC), N-

hydroxysulfosuccinimide sodium salt (NHS), poly (ethylene glycol) 2-mercaptoethyl ether acetic 

acid (HS-PEG5000-COOH), dynasore hydrate, 1,2-Bis(4-pyridyl) ethylene (BPE), 4-(2-

hydroxyethyl)-1-piperazineethancesulfonic acid (HEPES), and 2-(N-morpholino) ethanesulfonic 

acid (MES) were obtained from Sigma-Aldrich Ltd (The Old Brickyard, New Road, Gillingham, 

Dorset, SP8 4XT, UK). LIVE/DEAD Viability/Cytotoxicity Assay Kit was purchased from 

ThermoFisher Scientific (3 Fountain Dr, Inchinnan, Renfrew PA4 9RF, UK). All glassware was 

cleaned in aqua regia (3 HCl: 1 HNO3).  

 

2.3.2  Nanoparticle Synthesis and Functionalisation of ERα-AuNPs 
 
Citrate reduced gold (Au) nanoparticles were synthesised according to the Turkevich, Stevenson 

and Hillier method 35. Briefly, sodium tetrachloroaurate dihydrate solution (10 mL, 15 mM) in 490 

mL deionised water was boiled under continuous stirring. Sodium citrate tribasic dihydrate 

solution (7.5 mL, 26 mM) was then added. The mixture was boiled with stirring for about 1 h. The 

average diameter of the gold nanoparticles was measured to be approximately 40 nm by scanning 

electron microscopy. For the carbodiimide crosslinking functionalisation, 74 μL of EDC solution 

(1 mg/mL in 10 mM MES, pH 6.0) was mixed with 40 μL of HS-PEG5000-COOH (12.5 μM in 

dH20) followed by the addition of 217 μL of NHS (1 mg/mL in 10 mM MES, pH 6.0) and 20 μL 

of Anti-ERα antibody (2.5 mg/mL in dH20 ). The final solution was incubated in 669 μL of 10 

mM HEPES buffer pH 7.0 on a shaker plate for 18 h at room temperature. 10 μL of 1,2-bis(4-

pyridyl) ethylene (BPE) (0.1 μM) was added to bare AuNPs (990 μL) and the solution was 

incubated on the shaker plate for 30 min followed by centrifugation at 6,000 rpm for 20 min. The 

solution of EDC-NHS-PEG5000-mAb was added dropwise to the pelleted BPE-AuNPs. The 

nanotags were incubated on a shaker plate for 3 h. Excess of free antibody was removed by 



 

 
54  

centrifugation at 6,000 rpm for 10 min and was used for protein concentration estimation analysis. 

The schematic of the carbodiimide crosslinking functionalisation is shown in Figure 1. 

 

 

2.3.3  Nanotags Characterisation 
 
Extinction spectra were measured using an Agilent Cary 60 UV-Visible (UV-vis) 

spectrophotometer with Win UV scan V.2.00 software. The instrument was allowed to equilibrate 

to RT before using poly(methyl methacrylate) (PMMA) disposable plastic micro cuvettes with 

500 μL sample volumes to scan wavelengths from 300-800 nm. Where required, samples were 

diluted to give extinction values of less than one to adhere to the Beer-Lambert law, to allow 

calculation of the concentration of AuNPs. Dynamic light scattering (DLS) and z-potential were 

measured using a Malvern Zetasizer Nano ZS with 800 μL of the sample in a PMMA disposable 

micro cuvette with Zetasizer μV and APS v.6.20 software. Polystyrene latex beads (40 nm) were 

used as a standard to validate the calibration of the system before running samples. Measurements 

were taken in triplicate. A scanning electron microscope (SEM) FEI Quanta 250 FEG-ESEM was 

used to image at an accelerating voltage of 30 kV and typically a spot size of 4 was selected, and 

an Everhart-Thornley detector collected secondary electrons. For the solution measurements of 

nanotags, SERS analysis was carried out on a Snowy Range CBEx 2.0 handheld Raman 

spectrometer (Snowy Range Instruments, Laramie WY USA) equipped with a 638 nm laser with 

Figure 1: Schematic of ERα-AuNPs conjugation. AuNPs are first functionalised with BPE Raman 

reporter to create a monolayer. BPE has been used routinely as a Raman reporter in SERS 

bioanalysis since it is a non-resonant molecule, with low fluorescent background, resulting in high 

Raman signal.57 Carbodiimide crosslinking chemistry creates an amide bond between the HS-

PEG5000-COOH and the amine of an antibody via the addition of EDC and sulfo-NHS. 
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a maximum laser power of 40 mW. Samples were deposited in glass vials for interrogation. The 

sample volumes were 600 μL and spectra were collected using 100% laser power at the sample 

with a 0.05 s accumulation time. The software used to acquire spectra was Peak 1.1.112. Resulting 

spectra were baseline corrected in Matlab 2014b.36 

 

2.3.4  Cell Culture and ERα-AuNP Nanotags Incubation 
 

MCF-7 (ATCC® HTB-22™) and SKBR-3 (ATCC® HTB-30™) human breast cancer cells were 

obtained from American Type Culture Collection (ATCC) (Queens Road, Teddington, Middlesex, 

TW11 0LY, UK). The cells were cultured in Rosewell Park Memorial Institute medium (RPMI 

1640) supplemented with 1% penicillin/streptomycin (10000 units per mL), 1% fungizone, and 

10% heat-inactivated fetal bovine serum (FBS). Cells were incubated at 37 °C and 5% CO2 in a 

humidified incubator. Cells at a confluence of ca. 90% growing in a T175 flask were trypsinised 

and re-suspended in medium to give a concentration of ca. 1 × 106 cells per mL. For fixed cell 

microscopy, the cells (1x106 cells per mL) were seeded onto sterile 22-mm square glass coverslips 

with culture medium containing the ERα-AuNP SERS nanotags at 37 °C, 5% CO2 in a humidified 

incubator. Based on the experimental requirements, different concentrations of ERα-AuNP SERS 

nanotags (3 pM to 60 pM) and different incubation times (5 min to 120 min) were used. The 

coverslips were washed with PBS three times and fixed in 4% paraformaldehyde for 15 min. The 

fixed cells were washed with PBS and dH20 and left to air dry before mounting on a standard glass 

microscope slide for data collection. For temperature-dependent inhibition studies, MCF-7 cells 

(1x 106 cells per mL) were cultured in a 6-well dish for 24 h. The cells were then exposed to ERα-

AuNPs for 2 h either at low temperature (4 °C) or normal temperature (37 °C), washed with PBS 

three times and fixed with 4% paraformaldehyde for SERS imaging. 

 

2.3.5  Cell Viability Studies 
 

2.3.5.1  Live/ Dead Cell Staining Assay 
 

The assessment of cell toxicity was carried out with LIVE/DEAD® Viability/Cytotoxicity Assay 

Kit for mammalian cells using green-fluorescent calcein-AM to indicate intracellular esterase 

activity and red-fluorescent ethidium homodimer-1 (EthD-1) to indicate loss of plasma membrane 

integrity (#L3224, ThermoFisher Scientific). Briefly, the cells were plated at a density of 0.5 × 
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106 cells per 35 mm Ibidi chamber and left to adhere overnight. The cells were exposed to 

PEG5000-AuNPs and ERα-AuNPs (60 pM) nanotags for 48 h at 37 °C. Before the assay, the cells 

were washed three times with PBS. A solution of Calcein AM (10 μL, 4 mM) and EthD-1 (20 μL, 

2 mM) were diluted in 10 mL of PBS. The fluorescent staining solution (750 μL) was then added 

to the cells at 37 °C for 15 min before removing for imaging using a Leica Microsystems TCS 

SP8 with continuous wave visible lasers and a Leica DMi8 inverted microscope and DFC 7000T 

and TL LED cameras. The Leica Application Suite X V.3.1.5.16308 software was used to carry 

out live/dead studies using a Leica 20× magnification HC PL APO water objective with a 1.2 NA. 

Intensity and area of fluorescence was measured using Fiji image processing software.37  

 

2.3.5.2  Trypan Blue Cell Viability Counts 
 
MCF-7 cells were seeded in a 6-well plate (5x105 cells per mL). After 24 h the cells were treated 

with BPE-AuNPs, PEG5000-AuNPs and ERα-AuNPs at a concentration of 60 pM for 48 h before 

counting. After 48 h the media was removed, cells were rinsed with PBS three times and 1 mL of 

trypsin was added to detach cells. Finally, 1 mL of complete RPMI medium was added to recover 

the cells for counting. The cells were diluted (1/5 dilution) before counting on a haemocytometer 

slide following the addition of trypan blue viability dye. Each condition was conducted in 

triplicate. The number of viable (non-blue) cells were recorded. 

 

2.3.6  Dynamic Dependent Endocytosis 
 
MCF-7 cells (1x106 cells per mL) were cultured in a 6-well dish for 24 h. The cells were then 

treated with 80 μM dynasore for 30 min at 37 oC before the addition of ERα-AuNPs (60 pM, 2 h). 

Cells were washed with PBS three times and fixed with 4% paraformaldehyde for 15 min. The 

fixed cells were washed with PBS and dH20 and left to be air dried and mounted to a standard 

glass microscope slide for SERS imaging. 

 

2.3.7  Estrogen Receptor Mediated Endocytosis 
 

MCF-7 cells (1x106 cells per mL) were cultured in a 6-well dish for 24 h. The cells were then 

exposed to free ERα (10 μg/mL) for 1 h before the addition of ERα-AuNPs (60 pM, 2 h). The 

coverslips were washed with PBS three times and fixed in 4% paraformaldehyde for 15 min. The 
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fixed cells were washed with PBS and dH20 and left to be air dried and mounted to a standard 

glass microscope slide for SERS imaging.  

 

2.3.8  Western Blot Experiments 
 

Cells (1x106 per mL) were plated in 10 cm diameter dishes with 10 mL RPMI and left for 24 h. 

The cells were washed with 1X ice cold PBS twice and were lysed with 200 μL ice cold RIPA 

buffer (#10017003, Thermo Fisher) containing protease and phosphatase inhibitors (# A32959, 

Pierce). Cell lysates (20 μL, 1 mg/mL) were diluted with 5X SDS loading buffer, heated to 95 oC 

for 5 mins and 20 μL of the denatured cell lysate loaded into a 12% gel (Mini Protean TGX stain 

free Pre-cast gels, #456-8085, Bio-Rad) and run at 140 V for 40 min. The gel was 

electrotransferred to a 0.2 μm nitrocellulose membrane (#170-4159, Bio-Rad) with the BioRad 

TransBlot Turbo Transfer System using the Midi gel 10 mins transfer setting. The membrane was 

blocked with 5% BSA blocking buffer for 1 hr at room temperature. After blocking, the membrane 

was incubated at 4 oC overnight whilst rocking with the appropriate primary antibody diluted in 5 

mL 5% w/v BSA, 1X TBS, 0.1% Tween 20. The next day the membrane was washed three times 

for 5 min each with 15 mL of TBST buffer (1.5% Tween 20 in 1x TBS). The membrane was 

incubated with the appropriate secondary antibody in 10 ml of 5% BSA blocking buffer with 

gentle agitation for 1 hr at room temperature and was washed three times for 5 mins each with 15 

mL of TBST buffer afterwards. Finally, for the detection of the proteins, the membrane was 

incubated with 1:1 of PierceTM ECL western blotting substrate (# 32106, Thermo Fisher) for 1 

min. A Bio-Rad ChemiDoc MP Imaging System- Universal Hood III with Image Lab V.4.1 

software was used to image and quantify the protein levels on the membrane. 

 

2.3.9  Raman Cell Mapping 
 
The intracellular uptake of the nanotags was examined using Raman cell mapping. A Renishaw 

InVia Raman confocal microscope was used to create initial depth profiles, to establish the focal 

plane of the fixed cells in correlation with the white light images. Subsequently, 3D SERS maps 

were collected in edge Streamline HR high confocality mode at 1 μm resolution in the X and Y 

directions and 3 μm between Z-stacks. A 50× magnification NIR APO Nikon water immersion 

objective with a 1.0 NA was used on the samples at a laser power of 1.2 mW (10% power) at the 

sample, from a HeNe 633 nm excitation source with a 0.1 s acquisition time per point, and a 1200 
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l/mm grating in high confocality mode. Windows-based Raman Environment (WiRE™ - 

Renishaw plc) 4.4 software package was used to pre-process the data for cosmic ray removal and 

baseline subtraction. The image was generated using direct classical least square analysis (DCLS) 

based on Raman reporter reference spectrum. Therefore, the false colour was generated only when 

there was a good spectral fit between the reference and the collected spectra. All SERS 

experiments contained n = 10 biological replicates and experiments were in triplicate.  

 

2.3.10  Calculation of Relative SERS Response Value in MCF-7 Cells 
 

The SERS response in cells was evaluated using Fiji image processing package37 by taking into 

consideration the pixel numbers of the nanotags and cell area after the Raman mapping. This was 

an estimation of the SERS response per cell and not a quantification of the total number of 

nanotags in the cells. Using this approach, we were able to estimate the SERS signal per cell area, 

quantify the pixels that corresponded this signal, identify the localisation of the nanotags, and 

allowing comparison between different samples. Before the analysis of the nanotag uptake, all the 

cells were scanned using three-dimensional (3D) SERS to verify their intracellular distribution. 

Briefly, the spectra from the SERS cell mapping analysis were baselined and cosmic rays were 

removed using the WiRE™ - Renishaw plc 4.4 software package. The images were generated 

using direct classical least square analysis (DCLS) based on the Raman reporter reference 

spectrum. DCLS fitted the unknown data (collected during cell mapping) to a linear combination 

of the specified component spectrum (Raman reporter reference spectrum). If there was a good 

spectral fit between the Raman reporter reference and the collected spectra a gradient red false 

colour was assigned. Associated with each false colour image was a look up table (LUT). The 

minimum and maximum values of the LUT indicates the degree of spectral fit. The minimum 

value of LUT was set to 0.4, which showed a good overlapping of the BPE reference spectrum 

with the collecting spectra. The gradient red false colour was then converted to monochromatic 

red colour, without affecting the intracellular SERS signal, using the Windows-based Raman 

Environment (WiRE™ - Renishaw plc) 4.4 software package. The cellular area was selected by 

masking everything outside of it using Fiji image processing. The image was then colour split to 

the monochromatic red channel, where only the red pixels were present. A 200-threshold was set 

to count only the pixels that correspond to the nanotags and not to any cellular component. Finally, 

the percentage of the red pixel area (corresponding to SERS response) versus the full cell area was 

calculated (Figure 2). 
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2.3.11  Statistical Analysis 
 

Statistical analysis was carried out on GraphPad Prism 8.1.2 (GraphPad Software, Inc., San Diego, 

CA). The Student’s t-test was used for comparison of two variables and one-way analysis of 

variance (ANOVA) test for comparison of three or more groups. Differences between groups were 

considered to be significant at a P value of < 0.05. 

 

2.4  Results and Discussion 
 

2.4.1  Nanoparticle Synthesis and Characterisation of ERα-AuNPs  
 
Bare AuNPs were synthesised by standard citrate reduction 35 and were characterised by UV, DLS 

and SEM analysis. The results revealed that the AuNPs had a spherical shape and were 40-50 nm 

in diameter (Figure 3).  

 

 

 

 

 

 

Figure 2: Schematic representing the step carried out for the calculation of relative SERS response 

in MCF-7 cells using WiRE™ - Renishaw plc 4.4 and Fiji image processing package. (A) After 

the generation of false colour images using DCLS from WiRE™ - Renishaw plc 4.4 software, the 

gradient red false colour was converted to monochromatic red colour, without affecting the 

intracellular SERS signal. The images with the monochromatic red signal were then analysed 

using Fiji. (B) The cellular area was then selected by masking everything outside it. (C) 

Afterwards, the image was colour split to the monochromatic red channel where only the red 

pixels were represented as bright white spots. (D) Only the red pixels that were above 200-

threshold were extracted for the calculations. (E) Finally, the percentage of the red pixel area 

(corresponding to SERS response) versus the full cell area was calculated. 10 cells per sample 

group were analysed. The percentage of SERS response was plotted and analysed statistically 

using one-way analysis of variance (ANOVA). 
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Figure 3: Characterisation of bare 40 nm citrate reduced AuNPs in dH20. (A) Extinction spectra 

of AuNPs revealed a sharp and narrow plasmon band at 529 nm indicating colloid monodispersity. 

(B) Differential light scanning analysis (DLS) of AuNPs showing that the average size of AuNPs 

was 52.5 ± 0.79 nm with a narrow size distribution. (C) Scanning electron microscopy (SEM) of 

AuNPs agreed with the DLS measurements and confirmed that AuNPs had a spherical shape with 

a diameter distribution ranging from 40 to 50 nm.  

(B) 

(A) 

(C) 
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Anti-ERα antibodies were attached to the gold surface via carbodiimide crosslinking chemistry, 

which created an amide bond between the carboxylic acid of a PEG molecule (HS-PEG5000-

COOH) and an amine group on the antibody. The HS-PEG5000-COOH was also used to prevent 

nonspecific interactions between the functionalised nanotags and other cellular components. The 

coupling chemistry was achieved after the attachment of the Raman reporter, 1,2-bis(4-pyridyl) 

ethylene (BPE), to the AuNP surface (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The successful bioconjugation of ERα-AuNP nanotags was characterised using extinction 

spectroscopy, DLS, agarose electrophoresis and a lateral flow immunosorbent assay. Extinction 

spectroscopy showed that ERα-AuNPs did not show any aggregation indicating that they were 

Figure 4: (A) Structure of BPE Raman Reporter. (B) SERS spectrum of BPE Raman reporters 

adsorbed on 40 nm AuNPs in an aqueous solution at 10-7 M concentration. The SERS analysis 

was carried out using a Snowy Range CBEx 2.0 handheld Raman spectrometer equipped with a 

638 nm laser with a maximum laser power of 40 mW. The spectrum was collected using 100% 

laser power with 0.05 s accumulation time. The software used to acquire spectra was Peak 

1.1.112. 

(A) 

(B) 
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stable after their functionalisation (Figure 5A). DLS confirmed the successful antibody 

functionalisation since the hydrodynamic diameter of the nanotags increased from 73.31  0.96 

d.nm to 80.34  1.59 d.nm at pH 7.0 after the bioconjugation (Figure 5B). Z-potential of PEG5000-

AuNPs (grey) and ERα-AuNPs (orange) nanotags showing the increase of the zeta potential values 

(from -54.54  0.69 mV to -51.62  1.13 mV). This was a further verification of the anti-ERα 

antibody attachment to the AuNPs surface since the antibody carried a slightly positive charge at 

pH 7.0 (isoelectric point of anti-ERα antibody: 8.3) that increased the charge of the AuNPs. 

(Figure 5C). Additionally, the agarose electrophoresis verified that PEG5000-AuNPs travelled 

further than the ERα-AuNPs suggesting that ERα-AuNP nanotags were of a bigger size (Figure 

5D). Finally, the lateral flow immunosorbent assay showed that ERα antibodies on the gold surface 

were active since a spot from ERα-AuNPs was present when the matching secondary IgG antibody 

for ERα applied on the strip (Figure 5E).  
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Figure 5: Characterisation of ERα-AuNPs after their functionalisation (A) Extinction spectra of 

PEG5000-AuNPs (grey) and ERα-AuNPs (orange) nanotags showing that there was a shift in the 

wavelength when the antibody was added to the surface of AuNPs (from 529 to 533 nm). (B) 

Differential light scanning analysis (DLS) of PEG5000-AuNPs (grey) and ERα-AuNPs (orange) 

nanotags confirmed the successful functionalisation of the anti-ERα antibody as the 

hydrodynamic diameter of AuNPs increased and became more positive as each layer was added. 

The ERα-AuNPs were 80.34  1.59 d.nm in comparison to the PEG5000-AuNPs (73.31  0.96 

d.nm) at pH 7.0. (C) Z-potential of PEG5000-AuNPs (grey) and ERα-AuNPs (orange) nanotags 

showing the increase of the zeta potential values (from -54.54  0.69 mV to -51.62  1.13 mV). 

This was a further verification of the anti-ERα antibody attachment to the AuNPs surface since 

the antibody carried a slightly positive charge at pH 7.0 (isoelectric point of anti-ERα antibody: 

8.3) that increased the charge of the AuNPs. (D) Agarose gel after electrophoresis showing the 

distance travelled by PEG5000-AuNPs and ERα-AuNP nanotags. Gel electrophoresis is a method 

of separation and analysis, based on the size and charge of the samples being analysed. Here, gel 

electrophoresis confirmed the PEG5000-AuNPs travelled further than the ERα-AuNPs suggesting 

that the nanotags were of different size and/or charge and successful antibody functionalisation. 

(E) Lateral flow immunosorbent assay strips showing the spot from ERα-AuNPs onto the 

detection zone of the nitrocellulose strip. The spot was present only for samples with the matching 

secondary IgG antibody for ERα applied (anti-rabbit). There was no detected spot when the 

nanotags were applied to a lateral flow that contained a non-specific secondary IgG antibody (anti-

mouse) or when PEG5000-AuNPs was tested with the anti-rabbit IgG confirming the successful 

binding of the anti-ERα antibody on the AuNPs surface. 

(D) (E) 
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Figure 6: Raw Data and calculations to determine the ERα antibody loading onto AuNPs using 

the bicinchoninic acid assay (BCA). *Concentration of remaining antibody in the supernatant 

calculated from the calibration curve. Absorbance was corrected by subtracting the absorbance of 

the PEG5000-AuNPs control sample (0 μg/mL antibody) per Bio-Rad protocol. **Amount of 

antibody absorbed onto AuNPs presented as the concentration and calculated as the difference in 

the antibody added and antibody remaining in the supernatant. *** The average number of 

antibody molecules adsorbed onto each AuNPs was calculated by dividing the concentration of 

adsorbed antibody (converted to 178.65 nM using antibody MW of 160,000 g/mL) by the 

concentration of AuNPs (Initial concentration was 0.028 nM and AuNPs were centrifuged and 

concentrated to 2.8 nM). 

The quantification of the bound ERα antibody to AuNPs surface was estimated using BCA assay. 

The results showed that the average number of the ERα antibody molecules adsorbed per AuNP 

was 63.81 5.88 (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ERα-AuNPs were also analysed using SERS on a Snowy Range CBEx 2.0 handheld Raman 

spectrometer equipped with a 638 nm laser with 40 mW maximum laser power. The results 

showed that ERα-AuNPs gave a strong and characteristic SERS signal from BPE Raman reporter 

(attached on ERα-AuNPs surface) Therefore, the AuNPs were successfully functionalised and 

could be further used in cell studies.  
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2.4.2  Characterisation of Breast Cancer Cells 
 

MCF-7 breast cancer cell line is known to overexpress the estrogen receptor alpha (ERα) 

biomarker. To confirm ERα expression, a western blot was performed which showed that ERα 

was detectable in the MCF-7 cells (Figure 7). Therefore, the MCF-7 cells were used to study the 

uptake of the ERα-AuNP nanotags.  

 

 

 

 

 

 

 

 

 

 

 

2.4.3  Cytotoxicity Evaluation of ERα-AuNP Nanotags in MCF-7 Cells 
 

SERS was utilised first to investigate the accumulation of ERα-AuNP nanotags in MCF-7 breast 

cancer cells under different cellular incubation conditions. Specifically, MCF-7 cells were 

incubated with the nanotags at different concentrations, incubation times and temperatures. The 

results showed that the MCF-7 cells had high nanotag accumulation and strong SERS signal after 

2 h incubation with the ERα-AuNP nanotags (Figure 8A). Therefore, 2h incubation time was used 

in subsequent experiments. The bright-field images showed that the cells treated with 60 pM ERα-

AuNPs were adherent with no changes to morphology in comparison to untreated MCF-7 cells 

(data not shown). To further test the effect of ERα-AuNPs on the viability of MCF-7 cells, 

live/dead staining with green-fluorescent calcein-AM and red-fluorescent ethidium homodimer-1 

was performed after incubation of ERα-AuNPs in MCF-7 cells for 48 h. The viability studies 

verified that ERα-AuNPs showed good biocompatibility without any toxic effect on MCF-7 cells 

Figure 7: ERα expression in breast cancer cell lines. Cell lysates were prepared from breast cancer 

lines and western blot analysis carried out using an antibody to ERα, b-actin was used as a loading 

control. 
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over the culture period since a significant green colour corresponding to viable cells (Calcein AM) 

was present in contrast to the red colour corresponding to non-viable cells (EthD Br-1) (Figure 

8B). Further cell viability studies were carried out using trypan blue cell viability assay. The results 

showed that MCF-7 cells treated with AuNPs, coated with only the BPE Raman reporter, exhibited 

approximately 85% viability in contrast to the PEGylated BPE-AuNPs (96% cell viability). MCF-

7 cells had the highest cell viability (97% cell viability) when they were incubated with ERα-

AuNP nanotags (Figure 8C). These results indicated that 60 pM of ERα-AuNPs incubated in 

MCF-7 for 48 h did not cause any cell toxicity indicating good biocompatibility of the nanotags. 
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2.4.4  Calculation of Relative SERS Response Value in MCF-7 Cells 
 

The quantitative estimation of the number of SERS nanotags inside cells is a very challenging 

process since the exact number of AuNPs in each aggregate cannot be simply identified from the 

SERS signal obtained for each image. Therefore, here, we developed a method to calculate the 

number of pixels that corresponded to ERα-AuNPs in MCF-7 cells, based on the location of SERS 

response, versus the total cell area mapped. Before the evaluation of SERS response, all cells were 

analysed by three-dimensional (3D) SERS imaging to verify that ERα-AuNPs signal was 

generated within the cell. After the 2D SERS mapping, all spectra were baselined, and any cosmic 

rays were removed. False colour images were then generated using direct classical least square 

analysis (DCLS) based on the BPE reference spectrum (Raman reporter attached on ERα-AuNPs). 

Specifically, when there was a good spectral fit between BPE spectrum and the collected spectra 

of the cells, a gradient red false colour was assigned. The gradient red false colours were then 

Figure 8: ERα-AuNPs incubated in MCF-7 cells showed strong SERS signal with no detectable 

cell toxicity. (A) Average SERS signal from ERα-AuNPs in MCF-7 cells under different nanotags 

incubation times ranging from 5 min to 120 min. (B) Cell viability assay of MCF-7 cells treated 

with 60 pM ERα-AuNPs (left) and 60 pM PEG5000-AuNPs (nanotags without ERα antibody 

functionalisation) (right) for 48 h using live/dead staining with Calcein AM and EthD Br-1 assay. 

Viable cells appear as green (Calcein AM), while non-viable cells appear as red (EthD Br-1). Scale 

bar 100 μm. (C) Cell viability using trypan blue assay for MCF-7 cells treated with 60 pM BPE-

AuNPs, 60 pM PEG5000-AuNPs or 60 pM ERα-AuNPs for 48 h. The average of ten samples 

from three independent biological replicates is shown. Error bars presented as mean ± S.D. 
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Figure 9: Calculation of relative SERS response value under different ERα-AuNPs concentrations. 

60 pM ERα-AuNPs led to a higher percentage of SERS response in MCF-7 cells. The calculations 

were carried out using WiRE™ - Renishaw plc 4.4 and Fiji image processing package. The 

average of ten samples from three independent biological replicates is shown. Error bars presented 

as mean ± S.D. 

converted to monochromatic red colour, without affecting the intracellular SERS signal, using the 

Windows-based Raman Environment (WiRE™ - Renishaw plc) 4.4 software package as shown 

in SI, Figure S2A. A 200-threshold was then set, using Fiji image processing package, to exclude 

any red pixels that did not correspond SERS response. The percentage of the red pixel area versus 

the full cell area was then calculated.  

 

This approach gives an estimation of the percentage of SERS responsive pixels per cell and 

provides an indication of the relative value for the uptake of nanotags per condition as the SERS 

signal will increase with the number of nanotags uptaken. It should be noted that this is not a direct 

quantification of the total number of nanotags in the cells. In this way, we can obtain a relative 

assessment of nanotags uptake using a direct, rapid and non-destructive optical approach averaged 

across multiple cells (10 per condition investigated). This is of huge advantage compared to other 

techniques used for the analysis of nanotags in cells such as TEM which is highly destructive, time 

consuming and expensive and it would be very challenging to measure enough cells to get a 

meaningful average statistical value per condition. Here, the exposure of MCF-7 cells to different 

ERα-AuNPs concentrations (3-60 pM) for 2 h showed that 60 pM is an effective concentration for 

providing high SERS response per cell (Figure 9) without affecting the viability of MCF-7 cells. 

Therefore, 60 pM ERα-AuNPs was used in subsequent experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
70  

2.4.5  ERα-AuNPs Enter MCF-7 Cells Using A Temperature Dependent 

Process 
 

For the evaluation of ERα-AuNPs uptake mechanisms from MCF-7 cells, a low-temperature assay 

was performed to investigate whether the nanotags were using an energy-dependent mechanism 

to enter the cells. In this experimental approach, MCF-7 cells were incubated with ERα-AuNPs 

(60 pM) at either low temperature (4 oC) or at normal incubation temperature (37 oC) for 2 h. 

Previous studies have shown that if the nanoparticles enter cells via endocytosis, then a decrease 

in their cell uptake is observed when the temperature is lower.15,38 Here, it was observed that there 

was a lower level of ERα-AuNP nanotag accumulation into MCF-7 cells at 4 oC, compared to the 

cells treated with the nanotags at 37 oC (Figure 10A). Specifically, there was around a threefold 

decrease in the percentage of SERS response in MCF-7 cells treated with ERα-AuNPs at 4 oC in 

comparison to 37 oC (Figure 10B). Additionally, there was a lower and noisy average SERS signal 

in the MCF-7 cells treated with ERα-AuNPs at 4 oC compared to 37 oC (Figure 10C). The 

decreased internalisation of ERα-AuNPs at 4 oC demonstrated that their cellular uptake is an 

energy- and temperature-dependent process. This implies that the ERα-AuNPs interacted with the 

MCF-7 cells by non-passive diffusion transport since they require energy for their internalisation.  
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Figure 10: ERα-AuNPs enter MCF-7 cells in a temperature dependent manner (A) SERS map of 

MCF-7 cells treated with ERα-AuNPs (60 pM) for 2 h at 37 oC (left) and 4 oC (right). The images 

were generating using a Renishaw InVia Raman microscope with 50× magnification NIR APO 

Nikon water immersion objective with a 1.0 NA and 1.2 mW laser power (10% power) from a 

HeNe 633 nm excitation source with step size y,x 1.0 μm, 0.1s acquisition time and a 1200 l/mm 

grating in high confocality mode. The red false colour images, representing ERα-AuNPs, were 

generated using WiRE™ - Renishaw plc 4.4 software and direct classical least square analysis 

(DCLS) based on a BPE Raman reporter spectrum. DCLS fitted the unknown data (collected 

during cell mapping) to a linear combination of BPE reference spectrum. The minimum look up 

table (LUT) thresholds were set to exclude any poorly correlating or noisy spectra (min= 0.4). 

Results are representative of 3 independent experiments (SERS mapping of 10 cells in each 

experiment). Scale bars= 20 μm. (B) Percentage of relative SERS response value in MCF-7 cells 

incubated with ERα-AuNPs (60 pM for 2 h) at 37 oC (black) and 4 oC (grey). The area was 

calculated using the Fiji image processing package by calculating the red pixel number, 

corresponding to ERα-AuNPs, and the mapped cell area. The average of ten samples from three 

independent biological replicates is shown. Error bars presented as mean ± S.D. * Significant 

difference (p< 0.05) in a Student’s t-test. (C) Representative average SERS spectra of MCF-7 

cells incubated with ERα-AuNPs (60 pM for 2 h) at 37 oC (black) and 4 oC (grey) calculated from 

10 cells of 3 independent experiments. 

(B) (C) 
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2.4.6  ERα-AuNPs Enter MCF-7 Cells Using Dynamin Dependent 

Endocytosis 
 

Nanotags functionalised with biomolecules can be internalised by cells using different pathways 

such as micropinocytosis, clathrin- or caveolin-mediated endocytosis. Typically, most of the 

nanotags are uptaken into cells by endocytosis after binding to membrane proteins.39,40 Clathrin is 

one of the main proteins that play a major role in the endocytosis pathway. Specifically, clathrin 

molecules self-assemble together to form a spherical coated vesicle, known as clathrin coated 

vesicle (CCV). CCVs mediate the transport of cargo from the cell membrane inside the cell and 

between organelles.41,42 The formed CCV detaches from the membrane using dynamin, an 

intracellular GTPase protein that cleaves the neck of the vesicles being formed during 

endocytosis.43,44 Marczell et. al. have shown that the ERα pathway is linked to dynamin-dependent 

receptor endocytosis in MCF-7 cells.45 Specifically, immunoelectron microscopy imaging showed 

that membrane bound ERα undergoes ligand-mediated receptor internalisation via a dynamin-

dependent pathway. 45 To demonstrate whether dynamin plays a role in ERα-AuNPs cellular 

uptake, MCF-7 cells were treated with dynasore, a GTPase inhibitor of dynamin.46 The use of 

dynasore aimed to informed whether the inhibition of dynamin would corrupt the internalization 

of ERα-AuNPs. Therefore, MCF-7 cells were pre-treated with dynasore (80 μM for 30 min), then 

media was removed, and fresh media was added to the cells before ERα-AuNPs (60 pM for 2 h) 

incubation. The 2D SERS mapping suggested the untreated cells seemed to have higher SERS 

signal from the interior of the cells in contrast to dynasore treated cells where the highest signal 

generated from the cell surface (Figure 11A). Additionally, the inhibition of the dynamin-

dependent pathway significantly reduced the uptake of ERα-AuNPs into MCF-7 cells and led to 

lower accumulation of the nanotags (Figure 11B). To further investigate the localisation of the 

nanotags, 3D SERS cell mapping was performed using a 0.1 s accumulation time per spectrum 

and 1.2 mW laser power with a 633 nm excitation source. Each cell map was obtained with a 1 

μm lateral resolution in x and y directions and 3 μm in the z-direction (30 μm overall depth). The 

average SERS spectra per z-slice of the map confirmed that dynamin inhibition led to a significant 

reduction in SERS signal throughout MCF-7 cells while SERS signal seemed to be generated from 

the cell surface (Figure 3D, 3F). In contrast, a strong SERS signal was observed within the cell in 

the untreated MCF-7 cells (Figure 11E, 11G). The exact points in the cells that were used for the 

generation of SERS spectra throughout the z-axis are shown in Figure 12. 3D SERS imaging 
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suggested that dynasore disrupted the formation of endocytic vesicles which led to ERα-AuNPs 

being trapped on the cell surface and not being internalised. 
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Figure 11: ERα-AuNPs use dynamin for their cellular uptake in MCF-7 cells. (A) False colour 

SERS map images for MCF-7 cells incubated with only ERα-AuNP nanotags (60 pM, 2 h) or (B) 

with dynasore (80 μM, 30 min). and ERα-AuNP nanotags (60 pM, 2 h). The images were 

generating using a Renishaw InVia Raman microscope with 50× magnification NIR APO Nikon 

water immersion objective with a 1.0 NA and 1.2 mW laser power (10% power) from a HeNe 633 

nm excitation source with step size y,x 1.0 μm, 0.1s acquisition time and a 1200 l/mm grating in 

high confocality mode. The minimum and maximum look up table thresholds were set to exclude 

any poorly correlating or noisy spectra (min= 0.4). Scale bar= 10 μm. (C) Average SERS spectra 

from untreated (orange) and dynasore treated (blue) cells stacked with BPE Raman reporter 

reference spectrum (attached on ERα-AuNPs) (red). (D) 3D SERS map from MCF-7 treated with 

only ERα-AuNPs (60 pM, 2h) or (E) with dynasore (80 μM, 30 min) and ERα-AuNP nanotags 

(60 pM, 2 h). 3D SERS images were generating using a Renishaw InVia Raman microscope with 

50× magnification NIR APO Nikon water immersion objective with a 1.0 NA and 1.2 mW laser 

power (10% power) from a HeNe 633 nm excitation source with step size y,x=1.0 μm and z= 3.0 

μm, 0.1 s acquisition time and a 1200 l/mm grating in high confocality mode. (F) 3D Raman 

mapping waterfall plot of average SERS spectra at different z-axis points, z= 15 μm (red), z= 0 

μm (green) and z= -15 μm (blue) from MCF-7 treated with only ERα-AuNPs (60 pM, 2 h) or (G) 

with dynasore (80 μM, 30 min) and ERα-AuNP nanotags (60 pM, 2 h).  
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2.4.7  ERα-AuNPs Enter MCF-7 Cells Using Membrane ERα 
 
Since the results showed that ERα-AuNPs appeared to use dynamin for their internalisation in 

MCF-7 cells, another study was conducted to investigate if the nanotag uptake was dependent on 

specific receptor-mediated endocytosis (RME). RME is a process of specific recognition in which 

the nanotags are internalised in cells after their binding with cell membrane proteins that are 

specific to biomolecules attached on the nanotags surface.47 The binding of the membrane receptor 

with its ligand leads to its activation.48 The cell membrane region, that contains the receptor-

nanotag complex, then undergoes endocytosis using a transport vesicle. The rate at which the 

(A) (B) 

Figure 12: 3D Raman mapping results and SERS spectra detected into different z-axis points 

(dashed white box). (A) Untreated MCF-7 cells: as the z-axis moves from top to bottom of the 

cell, the BPE labelled ERα-AuNPs signal appeared throughout the MCF-7 cell. (B) When the cells 

were treated with 3D SERS images were generating using a Renishaw InVia Raman microscope 

with 50× magnification NIR APO Nikon water immersion objective with a 1.0 NA and 1.2 mW 

laser power (10% power) from a HeNe 633 nm excitation source with step size y,x=1.0 μm and 

z= 3.0 μm, 0.1 s acquisition time and a 1200 l/mm grating in high confocality mode. The minimum 

and maximum look up table thresholds were set to exclude any poorly correlating or noisy spectra 

(min= 0.4).  Coupling the data with the 2D Raman mapping, there is an indication that ERα-AuNPs 

did not enter the MCF-7 cells when dynasore was present. 



 

 
76  

cargo is internalised is related to the amount of its corresponding receptor on the cell surface. 

Although ERα was long considered to be located in the cytoplasm, it is now clear that it also works 

as a plasma membrane-localised receptor.49,50,51 The trafficking of membrane ERa (mERα) has 

been challenging and the mechanisms regulating mERα levels have remained elusive.52 However, 

there is compelling evidence that activated mERα can be internalised from the plasma membrane 

into cells.53 The mERα activation and internalisation play an important role in proliferation and 

other cellular functions.54 To investigate the role of mERα on ERα-AuNPs internalisation, MCF-

7 cells were pre-blocked with anti-ERα antibody (10 μg/mL, 1 h), which has been designed to 

bind to the ligand-binding site of ERα. Therefore, the free anti-ERα antibodies will compete with 

the anti-ERα antibodies functionalised on the nanotags. The results demonstrate that a suppression 

effect was observed in MCF-7 cells pre-blocked with free anti-ERα antibody since there was a 

much lower ERα-AuNPs accumulation in the pre-treated with free ERα antibody MCF-7 cells 

(Figure 13A). Specifically, the 2D SERS maps showed that the signal was produced around the 

cell indicating the presence of the nanotags in the cell membrane and the absence of SERS signal 

in the interior of the cell (Figure 13B). To further confirm this statement, 3D SERS mapping was 

performed in the untreated and pre-blocked with free anti-ERα antibody MCF-7 cells using a 

Renishaw InVia Raman microscope with 633 nm wavelength excitation at step size y,x=1.0 μm 

and z= 3.0 μm. The 3D SERS images showed that SERS signal was observed throughout the cell 

only in the untreated samples (Figure 13D, 13F). However, when the cells were pre-blocked with 

anti-ERα antibody, there was a significant reduction in the SERS signal though the z-plane (Figure 

13E, 13G). Specifically, the SERS signal generated mostly from areas closer to the cell membrane 

than intracellularly, suggesting that ERα-AuNPs were adhered to the cell surface and not 

internalised. The exact points in the cells that were used for the generation of SERS spectra 

throughout the z-axis are shown in Figure 14. Coupling these 3D SERS results with the 2D Raman 

mapping, there is a clear indication that mERα appeared to interact with the ERα-AuNPs and, 

therefore, the nanotags were using ERα receptor-mediated endocytosis for their uptake. These data 

agreed on the low temperature experiments, as low temperature slowed down the ligand-receptor 

binding rate which led to decreased internalisation of ERα-AuNPs. Therefore, there was a clear 

indication that ERα-AuNP SERS nanotags enter MCF-7 cells through a receptor-mediated 

endocytosis mechanism. Studies have also shown that there are other ER-like membrane receptors 

such as ER-X and GPR30 that can be activated upon ligand binding.55,56 Therefore, future studies 

should be performed to investigate if the presence of these receptors has any possible contribution 

to the cellular uptake of the ERα-AuNP nanotags.  
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Figure 13: ERα-AuNPs use mERα for their cellular uptake in MCF-7 cells. (A) False colour SERS 

map images for MCF-7 cells incubated with only ERα-AuNP nanotags (60 pM, 2 h) or (B) pre-

blocked with free anti-ERα antibody (10 μg/ mL, 1 h) and then treated with ERα-AuNP nanotags 

(60 pM, 2 h). The images were generating using a Renishaw InVia Raman microscope with 50× 

magnification NIR APO Nikon water immersion objective with a 1.0 NA and 1.2 mW laser power 

(10% power) from a HeNe 633 nm excitation source with step size y,x 1.0 μm, 0.1s acquisition 

time and a 1200 l/mm grating in high confocality mode. The minimum and maximum look up 

table thresholds were set to exclude any poorly correlating or noisy spectra (min= 0.4). Scale bar= 

10 μm (C) Average SERS spectra from untreated (orange) and pre-blocked with free anti-ERα 

antibody (blue) cells stacked with reference spectrum from nanotags (red). (D) 3D SERS map 

from MCF-7 cells treated with only ERα-AuNPs (60 pM, 2h) and (E) MCF-7 cells pre-blocked 

with free anti-ERα antibody (10 μg/ mL, 1 h) and then treated with ERα-AuNP nanotags (60 pM, 

2 h). 3D SERS images were generating using a Renishaw InVia Raman microscope with 50× 

magnification NIR APO Nikon water immersion objective with a 1.0 NA and 1.2 mW laser power 

(10% power) from a HeNe 633 nm excitation source with step size y,x=1.0 μm and z= 3.0 μm, 

0.1 s acquisition time and a 1200 l/mm grating in high confocality mode. (F) 3D Raman mapping 

waterfall plot of average SERS spectra into different z-axis points, z= 15 μm (red), z= 0 μm (green) 

and z= -15 μm (blue) from MCF-7 cells treated with only ERα-AuNPs (60 pM, 2 h) or (G) with 

free anti-ERα antibody (10 μg/ mL, 1 h) and then treated with ERα-AuNP nanotags (60 pM, 2 h). 
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(A) (B) 

Figure 14: 3D Raman mapping results and SERS spectra detected from different z-axis points. 

The white dashed box depicting the z-axis of the image from where the SERS signal was extracted. 

(A) Untreated MCF-7 cells: as the z-axis moves from top to bottom of the cell, the BPE labelled 

ERα -PEG5000-AuNPs signal appeared throughout the MCF-7 cell. (B) When the cells were 

preblocked with free anti-ERα antibody (10 μg/mL, 1 h) there was a significant reduction in the 

SERS signal throughout the z-axis. 3D SERS images were generating using a Renishaw InVia 

Raman microscope with 50× magnification NIR APO Nikon water immersion objective with a 

1.0 NA and 1.2 mW laser power (10% power) from a HeNe 633 nm excitation source with step 

size y,x=1.0 μm and z= 3.0 μm, 0.1 s acquisition time and a 1200 l/mm grating in high confocality 

mode. The minimum and maximum look up table thresholds were set to exclude any poorly 

correlating or noisy spectra (min= 0.4).  Coupling the data with the 2D Raman mapping, there is 

an indication that ERα-AuNPs did not enter the MCF-7 cells when they were preblocked with the 

anti-ERα antibody. 
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2.5  Conclusion 
 

In this study, we investigated the cellular uptake of gold nanoparticles functionalised with an anti-

ERα antibody and BPE Raman reporter (ERα-AuNPs) using non-destructive 2D and 3D SERS 

imaging approaches. 3D SERS cell mapping confirmed that ERα-AuNPs cellular uptake was 

temperature-dependent, excluding the scenario of the passive transport way for their 

internalisation. 3D SERS images also confirmed that dynamin was responsible, at least in a part, 

for the intracellular delivery of ERα-AuNPs in MCF-7 cells. Specifically, the 3D SERS suggested 

that ERα-AuNPs adhered to plasma membrane due to the blocking of constriction and fission of 

the forming endocytic vesicles (Figure 15A). This mechanism suggests that ERα-AuNPs are 

internalised in an endocytosis vesicle that is expected to release its cargo (ERα-AuNPs) inside the 

cell. Additionally, 3D SERS images showed that ERα-AuNPs entered MCF-7 cells using receptor-

mediated endocytosis after their binding to ERα located in the plasma membrane of the cells 

(Figure 15B). Hence, this study has provided an important biological insight into the intracellular 

uptake of nanotags by generating 3D SERS images of the entire cell volume, whilst maintaining 

the integrity of the cell. The novelty of this work also relied on the development of an accurate 

way for calculating the relative SERS response value in MCF-7 cells to obtain a qualitative 

indication for the nanotags uptake per condition. In this way it was possible to acquire a relative 

assessment of ERα-AuNPs internalisation without the need for destructive, time consuming and 

expensive imaging, such as TEM. The study gives important insights into the uptake of 

functionalised SERS nanotags where a crucial fundamental understanding is required for their 

application in diagnostics and targeted drug delivery systems. Therefore, it is highlighted that 

SERS can be used as an excellent tool for investigating nanotags cellular uptake mechanisms for 

their potential use in cell imaging applications. 
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Figure 15: ERα-AuNPs are using dynamin and mERα for their internalisation in MCF-7 cells. (A) 

Schematic representing the action of dynasore in mammalian cells. Clathrin coated vesicle (CCV) 

is formed, and cargo-specific adaptors are selected after the incubation of ERα-AuNP nanotags. 

Dynamin is recruited to the neck of the forming vesicle to induce plasma membrane scission. 

Dynasore inhibits the GTPase activity of dynamin, blocking constriction and fission and, 

therefore, nanotags are trapped into the submembrane regions. (B) Schematic diagram of blocking 

mERα in MCF-7 cells with the free anti-ERα antibody. Free anti-ERα antibodies compete with 

anti-ERα antibodies attached on nanotags, resulting in blocking of ERα-AuNPs internalization via 

mERα-mediated endocytosis. CCV is, therefore, not formed. In normal conditions, for their 

internalisation, ERα-AuNPs first bind to mERα, forming a mERα-ERα-AuNPs complex. The 

complex binds the coat proteins, and CCV assembly begins. The CCV either grows to form a 

vesicle and the ERα-AuNP is then internalized.  
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3.1  Abstract 
 
Estrogen receptor alpha (ERα) is one of the main breast cancer biomarkers, which plays a pivotal 

role in therapeutic decision making and in determining breast cancer’s clinical outcome. 

Therefore, the detection and identification of ERα in breast cancer cells are crucial for the clinical 

diagnosis and therapy of the disease. Here, we aim to use a non-destructive approach for detecting 

and localising ERα at the single cell level using surface enhanced Raman spectroscopy (SERS) 

combined with functionalised gold nanoparticles (AuNPs). Specifically, anti-ERα antibody 

functionalised AuNPs (ERα-AuNPs) were synthesised to enable the spatial and temporal 

understanding of where ERα was located in cell lines with different ERα expression status. To 

investigate the ability of ERα-AuNP nanotags to discriminate breast cancer phenotype, MCF-7 

(ERα+) and SKBR-3 (ERα-) breast cancer cells were chosen as cell models. The experimental 

results indicated that ERα-AuNPs showed excellent biocompatibility since breast cancer cells had 

high viability after their incubation with ERα-AuNPs. Additionally, SERS cell imaging showed 

that MCF-7 cells exhibited a much stronger SERS signal and higher nanotag accumulation in 

comparison to SKBR-3. This result verified the strong labelling specificity of the nanotags for the 

ERα positive cells and suggested that ERα-AuNPs could potentially be used as a tool for 

identifying and characterising different breast cancer cell lines. ERα-AuNPs were also used for 

investigating the efficacy of fulvestrant, the first-in-class approved selective estrogen receptor 

degrader (SERD). SERS mapping confirmed the ERα degradation occurred after fulvestrant 

treatment since a weaker SERS signal, and hence nanotags accumulation was observed in MCF-7 

cells treated with fulvestrant. These results further confirmed that ERα-AuNP nanotags can be 

used as a tool for the classification of breast cancer cells, based on the ERα expression, and the 

understanding of SERDs efficacy in breast cancer. 

 

Keywords: Surface-enhanced Raman scattering, ERα, cancer targeting, drug efficacy, fulvestrant, 

MCF-7, SKBR-3 
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3.2  Introduction 
 
Breast cancer is a major disease and the leading cause of oncologic mortality and morbidity among 

women worldwide.1,2 In the UK, one person is diagnosed with breast cancer every 10 minutes, 

which makes the disease the most common cancer and one of the leading causes of death in 

women.3 Current statistics also suggest than one in eight women will develop breast cancer at 

some point in their lifetime and more than 71,000 new cases are expected to be diagnosed by 2035 

in the UK.3 Approximately 75% of primary breast tumours are diagnosed as being positive for a 

hormone receptor, which can either be progesterone (PR) or the estrogen receptor alpha (ERα).4 

ERα is a ligand-activated transcription factor, which regulates the expression of sequences 

containing specific hormone response elements responsible for body functions in the reproductive 

system5, immune system6, bones7 and brain8. In the UK, the phenotype of around three-quarters 

of all breast cancers is characterised by the presence of ERα3,9,10 Therefore, ERα is a key receptor 

biomarker whose status plays a pivotal role in the classification of breast cancer subtypes, since 

its overexpression is related with increased proliferation and metastasis in breast cancer11 which 

makes it an important marker for prediction of the likelihood of a patient developing metastatic 

disease.12 Hence, the accurate assessment of ERα status is essential for diagnosis and treatment 

decision making for breast cancer patients.  

 

Currently, the most commonly used methods for assessing and characterising ERα in human breast 

cancer cell lines are immunofluorescence13,14, western blotting15 and reverse transcription 

polymerase chain reaction (RT-PCR).16 Although these methods can be useful for measuring ERα 

expression, there are still technical limitations as these approaches are destructive, require 

processed/fixed samples17,18 and are not always suitable for in vivo use. Immunofluorescence uses 

fluorescent dyes which usually have high background signals19 and limited multiplexing 

capabilities. Additionally, western blot and RT-PCR involve time-consuming experimental steps 

which require cell lysis and cellular subfractionation.20,21 

 

Surface-enhanced Raman spectroscopy (SERS) has attracted considerable interest as a non-

invasive optical technique with unique advantages, such as narrow spectral bands that increase the 

multiplexing capabilities, high sensitivity, selectivity and specificity.22,23,24 Most importantly, 

SERS allows the detection of single nanotags and enables the spatial and temporal understanding 

of where a molecule is located at a single cell level.   
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SERS nanotags have been successfully synthesised for various bioanalytical characterisation of 

cancers25,26 including breast cancer.27,28,29 The design of SERS nanotags usually involves attaching 

Raman reporters to the surface of gold (Au) or silver (Ag) nanoparticles (NPs) and functionalising 

with a specific targeting biomolecule, such as monoclonal antibodies, drugs or DNA sequences.30 

Poly-ethylene glycol (PEG) can also be attached to the nanoparticles to decrease the toxic effects31, 

reduce non-specific cellular internalisation32, facilitate longer circulation time in biological 

fluids33 and reduce aggregation of nanotags in biological solutions.34 These nanotags can be 

introduced to unprocessed samples in a range of in vitro, ex vivo and in vivo applications making 

SERS a powerful bioanalytical tool for early tumour identification and characterisation. 

 

Here, anti-ERα antibody functionalised AuNPs (ERα-AuNPs) were developed for characterising 

and distinguishing breast cancer cells with different ERα statuses using SERS. In parallel, we were 

able to investigate the efficacy of fulvestrant, a commercially available ERα degrader. To our 

knowledge, this is the first study where the assessment of SERS response per cell has been utilised 

to characterise ERα cancer phenotype at a single cell level and inform about fulvestrant drug 

activity. This is a novel first step towards using SERS for both diagnosis and investigation of the 

efficacy of SERDs drugs in breast cancer. This research opens up potential future personalised 

clinical approaches where patient derived samples could be screened for assessing the receptor 

status and the treatment efficacy for overcoming late diagnosis and drug resistance outcomes.  

 

3.3  Experimental 
 

3.3.1  Materials 

 
As previously described in 2.3.1. 

 

3.3.2  Nanoparticle Synthesis and Functionalisation of ERα-AuNPs  
 

As previously described in 2.3.2. 

 

3.3.3  Nanotags Characterisation 
 

As previously described in 2.3.3. 
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3.3.4  Cell Culture Conditions 
 

MCF-7 cells (ATCC® HTB-22™) and SKBR-3 (ATCC® HTB-30™) were obtained from 

American Type Culture Collection (ATCC) (Queens Road, Teddington, Middlesex, TW11 0LY, 

UK). Cells were maintained between passage number 5 and 30. The human breast cancer cells 

were cultured in Rosewell Park Memorial Institute medium (RPMI 1640) supplemented with 1% 

penicillin/streptomycin (10000 units per mL), 1% fungizone, and 10% heat-inactivated fetal 

bovine serum (FBS). Cells were incubated under humidified 37 °C and 5% CO2 in a humidified 

incubator. Cells at a confluence of ca. 90% growing in a T175 flask were trypsinised and re-

suspended in medium to give a concentration of ca. 1 × 106 cells per mL.  

 

3.3.5  ERα-AuNPs and Fulvestrant Treatment 
 

MCF-7 cells (1x106 cells per mL) were seeded onto sterile 22-mm square glass coverslips with 

culture medium. ERα-AuNP nanotags (60 pM, 2h) were incubated with the cells at 37 °C, 5% CO2 

in a humidified incubator. The coverslips were washed in PBS three times and fixed in 4% 

paraformaldehyde for 15 min. For assessing fulvestrant activity, MCF-7 cells (1x106 cells per mL) 

seeded onto sterile 22-mm square glass coverslips and treated with 1% DMSO (control) or with 

fulvestrant (500 nM and 1 μM) for 24 h. ERα-AuNPs (60 pM) were then added to cells for 2 h. 

The coverslips were washed in PBS three times and fixed in 4% paraformaldehyde for 15 min. All 

fixed cells were washed in PBS and dH20 and left to air dry before mounting on a standard glass 

microscope slide for SERS imaging. 

 

3.3.6  Western Blot Experiments After Fulvestrant Treatment  
 

Cells (1x106 per mL) were plated in 10 cm diameter dishes with 10 mL RPMI and left for 24 h 

before fulvestrant treatment (0.01 μM to 1 μM, 24 h). The next day the media was aspirated from 

the culture. The treatments were washed in ice cold PBS twice and were lysed with 200 μL of ice 

cold RIPA buffer (#10017003, Thermo Fisher), containing protease and phosphatase inhibitors (# 

A32959, Pierce). The cells were immediately scraped off the plate and their extracts were 

transferred to a microcentrifuge tube. The samples were kept on ice for 15 min and were 

centrifuged at 14,000 rpm for 15 min at 4 oC. The cell lysate supernatant was then used for protein 

quantification using the BCA assay. The cell lysate samples (20 μL, 1 mg/mL) were diluted with 
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5X SDS loading buffer, heated to 95 oC for 5 mins and microcentrifuged for 5 min at RT. 20 μL 

of the denatured cell lysate was loaded into a 12% gel (Mini Protean TGX stain free Pre-cast gels, 

#456-8085, Bio-Rad) and run at 140 V for 40 min. A prestained molecular weight marker (5 μL) 

was also loaded into the gel to determine the molecular weights of the proteins. The gel was 

electrotransferred to a 0.2 μm nitrocellulose membrane (#170-4159, Bio-Rad) with the BioRad 

TransBlot Turbo Transfer System using the Midi gel 10 mins transfer setting. The membrane was 

blocked with 5% BSA blocking buffer for 1 hr at room temperature. After blocking, the membrane 

was incubated at 4 oC overnight whilst rocking with the appropriate primary antibody diluted in 5 

mL 5% w/v BSA, 1X TBS, 0.1% Tween 20. The next day the membrane was washed three times 

for 5 min each with 15 mL of TBST buffer (1.5% Tween 20 in 1x TBS). The membrane was 

incubated with the appropriate secondary antibody in 10 ml of 5% BSA blocking buffer with 

gentle agitation for 1hr at room temperature and was washed three times for 5 mins each with 15 

mL of TBST buffer afterwards. Finally, for the detection of the proteins, the membrane was 

incubated with 1:1 of PierceTM ECL western blotting substrate (# 32106, Thermo Fisher) for 1 

min. Finally, a Bio-Rad ChemiDoc MP Imaging System- Universal Hood III with Image Lab 

V.4.1 software was used to image and quantify the protein levels on the membrane. 

 

3.3.7  Fluorescence Microscopy 
 

MCF-7 cells were seeded onto a 6-well plate (1x106 cells per mL) and incubated at 37 °C and 5% 

CO2 for 24 h. After 24 h the cells were washed in PBS three times and fixed in 4% 

paraformaldehyde for 15 min at room temperature. The fixed cells were permeabilised with 0.1% 

Triton X-100 in PBS for 10 min. The cells were then washed in PBS three times for 5 min. Then, 

the cells were blocked with 1% BSA, 22.52 mg/mL glycine in 0.1% PBS-Tween for 1 h. The cells 

were then incubated with the diluted antibody (ab16660) (1/200 dilution in 1% BSA in PBS-

Tween) overnight at 4 oC. The cells were then washed in PBS three times for 5 min. Finally, the 

cells were incubated with the secondary antibody (Alexa Fluor® 647) (1/200 dilution in 1% BSA) 

for 1 h at room temperature in the dark. The cells were then washed in PBS three times for 5 min 

and 1 μg/mL of DAPI (DNA stain) was added for 10 min. The images were generated using a 

Leica Microsystems TCS SP8 with continuous wave visible lasers and Leica DMi8 inverted 

microscope and DFC 7000T and TL LED cameras. The software was Leica Application Suite X 

V.3.1.5.16308 to carry out live/dead studies a 63× magnification HC PL APO water objective with 
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a 1.2 NA was used. Intensity and area of fluorescence were measured using Image J (National 

Institute of Health (NIH)) software with Fiji plug-in to measure the area of the fluorescent stain.35  

 

3.3.8  Raman Cell Mapping 
 
As previously described in 2.3.9. 

 

3.3.9  Calculation of Relative SERS Response Value in MCF-7 Cells 
 

As previously described in 2.3.10. 

 

3.3.10  Statistical Analysis 
 
As previously described in 2.3.11. 

 

3.4  Results and Discussion 
 

3.4.1  Effects of ERα-AuNPs on Cell Viability  
 
The nanoparticle synthesis and characterisation of ERα-AuNPs have been previously discussed in 

section 2.4.1. Here, to validate the ability of SERS nanotags to identify and distinguish breast 

cancer cells with different ERα statuses, two breast cancer cell lines, ERα-positive MCF-7 cells 

and ERα-negative SKBR-3 cells were chosen.36 Previous western blot experiments showed that 

ERα protein was detectable only in MCF-7 cells but not in the SKBR-3 cells (as previously shown 

in 2.4.2). Immunofluorescence experiments also confirmed that ERα was highly expressed in 

MCF-7 cells, in contrast to SKBR-3 where there was no detectable ERα (Figure 1).  
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Figure 2: Cell viability carried out using trypan blue cell viability assay for SKBR-3 cells 

following treatment with 60 pM BPE-AuNPs, 60 pM PEG5000-AuNPs or 60 pM ERα-AuNPs for 

48 h Data are expressed as the mean ± standard deviation of experiments performed in three 

biological repeats.  

 

 

 

 

 

 

 

 

 

 

 

Before introducing the ERα-AuNPs in cells, their cytotoxicity was assessed in MCF-7 and SKBR-

3 cells. 60 pM of nanotags, with and without anti-ERα antibody functionalisation, were incubated 

with cells for 2 h before cell viability experiments. As described in 2.4.3, the viability in MCF-7 

cells treated with ERα-AuNPs was over 97%. Similarly, SKBR-3 cells treated with ERα-AuNP 

nanotags exhibited 99% viability in contrast to PEG5000-AuNPs (94% cell viability) and BPE-

AuNPs (81% cell viability) (Figure 2). These results indicated that the ERα-AuNPs showed good 

biocompatibility and did not cause any detectable cell toxicity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Immunofluorescence analysis for ERα distribution in MCF-7 and SKBR-3 cells. ERα 

expression was detected in MCF-7 cells in contrast to SKBR-3 cells. ERα was stained with Alexa 

Fluor® 647 (red) and nuclei stained with DAPI (blue). Scale bar= 5μm. 



 

 
95  

3.4.2  Characterisation of Breast Cancer Cells Using SERS 
 
To characterise the breast cancer cell phenotype based on the ERα expression, MCF-7 cells and 

SKBR-3 cells were incubated with the ERα-AuNP nanotags under the same conditions (60 pM, 2 

h). SERS imaging showed that ERα-AuNPs were more accumulated in MCF-7 cells rather than 

SKBR-3 cells (Figure 3A). Additionally, the average SERS signal, calculated from ten cells in 

three independent biological replicates, showed that MCF-7 cells had a higher and less noisy SERS 

spectrum compared to SKBR-3 cells (Figure 3B). Specifically, the SERS intensity of BPE Raman 

reporter (attached on ERα-AuNPs) at 1610 cm-1 (highest peak intensity) was statistically 

significant higher in MCF-7 in comparison to SKBR-3 cells (4.5-times higher) (Figure 3C). 

Therefore, 2D SERS showed that ERα-AuNP nanotags were specifically associated with the ERα 

positive cells.  
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Figure 3: ERα-AuNPs were more accumulated in MCF-7 compared to SKBR-3 cells (A) SERS 

map of MCF-7 and SKBR-3 cells incubated with ERα-AuNPs (60 pM, 2 h) at 37 oC. The images 

were generating using a Renishaw InVia Raman microscope with 50× magnification NIR APO 

Nikon water immersion objective with a 1.0 NA and 1.2 mW laser power (10% power) from a 

HeNe 633 nm excitation source with step size y,x 1.0 μm, 0.1s acquisition time and a 1200 l/mm 

grating in high confocality mode. The red false colour images, representing ERα-AuNPs, were 

generated using WiRE™ - Renishaw plc 4.4 software and direct classical least square analysis 

(DCLS) based on a BPE Raman reporter spectrum. DCLS fitted the unknown data (collected 

during cell mapping) to a linear combination of BPE reference spectrum. The minimum look up 

table (LUT) thresholds were set to exclude any poorly correlating or noisy spectra (min= 0.4). 

Results are representative of 3 independent experiments (SERS mapping of 10 cells in each 

experiment). Scale bars= 10 μm. (B) Average SERS spectra of MCF-7 (black) and SKBR-3 (grey) 

cells incubated with ERα-AuNPs (60 pM for 2 h) calculated from 10 cells in 3 independent 

experiments. (C) Average SERS intensity at 1610 cm-1 (highest peak of BPE Raman reporter). 

The average of 10 samples from 3 independent biological replicates is shown. Error bars presented 

as mean ± S.D. * Significant difference (p< 0.05) in a Student’s t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further investigate ERα-AuNPs location within MCF-7 cells, 3D SERS mapping experiments 

were performed throughout the whole cell depth (30 μm in total). The 3D images confirmed that 

the SERS signal was generated within the cells rather than the surface (Figure 4A). 3D SERS 

images confirmed that the nanotags were concentrated in certain intracellular locations, suggesting 

the presence of ERα within the cells. The exact points in MCF-7 cells that were used for the 

generation of SERS spectra throughout the z-axis are shown in Figure 4B. The images were 

generated by creating a false colour image using WiRE™ - Renishaw plc 4.4 software package on 

a Renishaw InVia microspectrometer. Direct classical least square analysis (DCLS) was used to 

match the cell spectra with the reference spectrum of BPE Raman reporter, which corresponded 

to ERα-AuNP nanotags. The minimum and maximum look up table (LUT) thresholds were set to 

exclude any poorly correlating or noisy spectra, (min= 0.4).  
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SERS was found to be more effective for investigating ERα expression and localisation compared 

to immunofluorescence. Specifically, the immunofluorescence experiments that were carried out 

in MCF-7 cells gave high background signal in comparison to SERS experiments (Figure 1). 

Additionally, immunofluorescence was a laborious experiment that involved fixation, 

permeabilization and blocking of the cells before the incubation of primary and secondary 

antibodies. SERS avoids all these steps by being a quick, non-destructive technique that requires 

only one primary antibody for the characterisation of MCF-7 cells. This clearly demonstrates that 

SERS and ERα-AuNPs can be utilised to investigate ERα status in different breast cancer cells 

with high sensitivity and specificity. 

 

 

 

 

 

 

(B) (A) 

Figure 4: SERS signal in MCF-7 came from within the cells rather than the surface (A) 3D SERS 

map from MCF-7 treated with ERα-AuNPs (60 pM, 2h). (B) 3D Raman mapping waterfall plot 

of average SERS spectra at different z-axis points treated with ERα-AuNPs (60 pM, 2 h). 3D 

SERS images were generating using a Renishaw InVia Raman microscope with 50× magnification 

NIR APO Nikon water immersion objective with a 1.0 NA and 1.2 mW laser power (10% power) 

from a HeNe 633 nm excitation source with step size y,x=1.0 μm and z= 3.0 μm, 0.1 s acquisition 

time and a 1200 l/mm grating in high confocality mode. 
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3.4.3  Calculation of Relative SERS Response Value in Breast Cancer Cells 
 

As previously described in 2.4.4 the calculation of relative SERS response value can be performed 

using WiRE™ - Renishaw plc 4.4 and Fiji image processing software. This calculation gives an 

estimation of the percentage of SERS responsive pixels per cell and indicates SERS relative value 

per condition. It should be noted that this is not a direct quantification of the total number of 

nanotags in cells. However, it is a way to obtain a relative assessment of nanotags uptake using a 

direct, rapid and non-destructive optical approach averaged across multiple cells (10 per condition 

investigated). Here, MCF-7 and SKBR-3 cells were treated with ERα-AuNPs (60 nM, 2h) or 

PEG5000-AuNPs (60 nM, 2h) to evaluate their SERS response value. The results showed that 

there was a statistically significant higher percentage area of SERS response in MCF-7 compared 

to SKBR-3 cells (4.2-times higher) (Figure 5). Additionally, it was observed that the SERS 

response from ERα-AuNPs was 3.8-times higher in comparison to PEG5000-AuNPs (no anti-ERα 

antibody functionalisation) in MCF-7 cells (1.68% and 0.44% respectively). In contrast, there was 

no statistically significant difference between the ERα-AuNPs and PEG5000-AuNPs (0.4% and 

0.6% respectively) in SKBR-3 cells (Figure 5). These results further confirmed the strong targeting 

effect of ERα-AuNPs for ERα positive cells compared to the negative ones, while the nanotags 

with no anti-ERα antibody functionalisation had no targeting effect in both cell lines.  
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3.4.4  Assessment of Fulvestrant Efficacy Using SERS in Breast Cancer 
 

Approximately 75% of primary breast tumours in women are positive to hormone receptor which 

can either be progesterone (PR) and/or estrogen receptor alpha (ERα).4 In the UK, the phenotype 

of around three-quarters of all breast cancers is characterised by the presence of ERα.3,9 Currently, 

both ERα and PR positive patient are treated with the same hormonal therapy.37 Therefore, the 

assessment of anti-ERα treatment efficacy will also be beneficial for patients with PR positive 

breast cancer. Fulvestrant is the first commercially available selective estrogen receptor degrader 

(SERD).38,39 SERD is a category of drugs that binds to ERα and causes its degradation and, thus, 

its downregulation.40 However, like other hormonal drugs, fulvestrant is related to side effects, 

such as decreased white blood cells, abnormal liver functions and infections.39,41 The ability to 

understand fulvestrant efficacy is important for improving the way that drug is used clinically. 

Here, we used SERS to assess fulvestrant activity in MCF-7 cells. Firstly, MCF-7 cells were 

treated with increasing concentrations of fulvestrant (0.01 μM to 1 μM) for 24 h before their lysing 

and western blot analysis. The results showed that higher fulvestrant concentration led to a higher 

decrease of ERα expression in MCF-7 cells compared to DMSO (vehicle control) treated cells 

(Figure 6A, 6B). Since 500 nM and 1 μM fulvestrant resulted in the lowest ERα expression, these 

concentrations were used for SERS imaging. Specifically, MCF-7 cells were treated with 500 nM 

and 1 μΜ fulvestrant for 24 h before the addition of ERα-AuNPs nanotags (60 pM) for 2h.  

 

SERS clearly correlated with western blot experiment and showed that SERS provided a relative 

quantification of ERα expression levels since a decreased nanotags accumulation was observed 

after 500 nM and 1 μM fulvestrant treatment compared to DMSO (vehicle control) (Figure 3C). 

Specifically, a higher reduction in ERα-AuNPs accumulation was observed at 1 μM fulvestrant in 

comparison to 500 nM fulvestrant treatment (Figure 6C). The calculation of SERS response value 

in MCF-7 cells showed that there was a statistically significant decrease (5.4-times reduction) 

between the MCF-7 cells treated with 1% DMSO (vehicle control) and the ones treated with 1 μM 

Figure 5: Calculation of relative SERS response value in MCF-7 and SKBR-3 cells treated with 

ERα-AuNPs (60 nM, 2h) or PEG5000-AuNPs (60 nM, 2h). A statistically significant higher SERS 

response was observed in MCF-7 incubated with ERα-AuNPs compared to SKBR-3 cells. The 

average of 10 samples from 3 independent biological replicates is shown. Error bars presented as 

mean ± S.D. *Significant difference (p< 0.05) in a one-way analysis of variance (ANOVA) test. 
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fulvestrant (Figure 6D). Moreover, 500 nM fulvestrant treatment led to 2.3 times decrease in the 

area of SERS response compared to 1% DMSO. These results proved that that SERS can be used 

as a powerful method for understanding the activity of commercially available drugs by providing 

real time measurements of activity at the single cell level. Additionally, new potentials are opened 

for correlating SERS response with the quantification data from western blot to estimate ERα 

expression levels using SERS without the need of time consuming and destructive western blot 

analysis.  
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Figure 6: ERα-AuNPs used to assess fulvestrant activity in MCF-7 cells. (A) ERα expression in 

MCF-7 cells treated with different concentrations of fulvestrant (0.01 μM to 1 μM) for 24 h. Cell 

lysates were prepared from breast cancer lines and western blot analysis carried out using a 

secondary antibody to ERα, b-actin was used as a loading control. (B) Quantitative analysis of the 

relative expression of ERα and GAPDH (housekeeping protein). The results are expressed as 

means ± SD of triplicate determinations. P < 0.001 versus 1% DMSO (vesicle control). (C) Images 

were generating using a Renishaw InVia Raman microscope with 50× magnification NIR APO 

Nikon water immersion objective with a 1.0 NA and 1.2 mW laser power (10% power) from a 

HeNe 633 nm excitation source with step size y,x 1.0 μm, 0.1s acquisition time and a 1200 l/mm 

grating in high confocality mode. The red false colour images, representing ERα-AuNPs, were 

generated using WiRE™ - Renishaw plc 4.4 software and direct classical least square analysis 

(DCLS) based on a BPE Raman reporter spectrum. The minimum look up table (LUT) thresholds 

were set to exclude any poorly correlating or noisy spectra (min= 0.4). Scale bar= 20 μM (D) 

Percentage area of SERS response in MCF-7 treated with fulvestrant (500 nM and 1 μM) for 24 

h and then with ERα-AuNP nanotags (60 pM, 2 h). The average of ten samples from three 

independent biological replicates is shown. Error bars presented as mean ± S.D. *Significant 

difference (p< 0.05) in a one-way analysis of variance (ANOVA). 
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3.5  Conclusion 
 

ERα-AuNP nanotags and SERS imaging were successfully demonstrated for characterising ERα-

positive breast cancer cells and informing about the efficacy of fulvestrant, a commercial ERα 

degrader. SERS was used as a non-destructive method that allowed the spatial and temporal 

understanding of ERα location at a single cell level. Specifically, SERS imaging showed a higher 

nanotag accumulation in ERα-positive (MCF-7) cells compared to ERα-negative cells (SKBR-3) 

confirming the specificity and strong targeting effect of ERα-AuNPs against ERα. Most 

importantly, SERS was found to be more effective to identify ERα in breast cancer cells compared 

to immunofluorescence experiments performed since it was a less time-consuming process that 

led to low background signals. The novelty of our work also relies on the fact that relative SERS 

response had an excellent correlation with western blot experiments carried out after fulvestrant 

treatment. Therefore, SERS can be used to get a qualitative idea of ERα expression levels, before 

and after fulvestrant treatment, and inform about drug’s efficacy. It is, therefore, highlighted that 

SERS imaging could be of great importance for diagnostic accuracy, involving molecular 

characterisation and intracellular imaging, and understanding of drug activity in different cell 

types. Future prospective studies may involve using SERS as a complementary approach for 

monitoring patient derived breast cancer cells for diagnosis and evaluation of drug treatment.  
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4.1  Abstract 
 

Breast cancer is an increasing public health problem as it is the most commonly diagnosed cancer 

and the leading cancer death cause among women. The characterisation of cancer phenotype is 

usually performed in 2D monolayered in vitro tumour models that are unable to recapitulate the 

complexity of tumour microenvironment. Thus, it is important to develop three-dimensional (3D) 

breast tumour models that are better in vivo mimics for understanding the tumour growth 

mechanisms and its response to therapeutics. The combination of surface enhanced Raman 

scattering (SERS) with microfluidic devices can provide a biological characterisation of cancer 

phenotype and understanding of drug activity in an animal-free 3D environment with high 

selectivity, specificity and multiplex capacity. Here, we present the first application of SERS with 

microfluidic devices for the detection of estrogen receptor alpha (ERα) in 3D live breast cancer 

spheroids. The ex vivo spheroid model was formed in a microfluidic device using the ERα positive 

MCF-7 human breast cancer cells. The anti-ERα antibody-functionalised gold nanoparticles 

(ERα-AuNPs) and the anti-HER2 antibody-functionalised gold nanoparticles (HER2-AuNPs) 

were incubated with MCF-7 spheroids in the microfluidic devices and spectroscopically analysed 

using SERS. 2D SERS mapping confirmed the strong targeting effect of the specific ERα-AuNP 

nanotags toward ERα in contrast to the non-specific HER2-AuNPs. Moreover, 3D SERS 

confirmed the great penetration capabilities of the nanotags into the tumour models as high SERS 

signals were generated within the spheroids. We also introduced the drug fulvestrant in the 

microfluidic devices, the first-in-class approved selective estrogen receptor degrader (SERD), to 

assess its efficacy in MCF-7 spheroids compared to 2D cultures. The results demonstrated that the 

2D and 3D MCF-7 cells have different biological and architectural behaviours that affected their 

sensitivity to fulvestrant exposure. The importance of carrying out experiments using 3D tumour 

spheroids is, therefore, highlighted to further improve the understanding of the molecular actions 

of the drug. These results illustrate the potential of using SERS and microfluidic systems as a tool 

for cancer cells characterisation and SERD investigation in a more representative in vivo 

environment. 

 

Keywords: Surface-enhanced spectroscopy (SERS), estrogen receptor alpha (ERα), microfluidic 

devices, MCF-7 spheroids, cancer targeting, fulvestrant efficacy  
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4.2  Introduction 
 
Breast cancer is a major health issue among women worldwide.1,2 In the UK, one person is 

diagnosed with breast cancer every 10 minutes and one in eight women will develop breast cancer 

at some point in their life.3 Different studies have shown that breast cancer proliferation and 

metastasis are highly affected by the cancers cellular and physical microenvironment.4,5,6 A 

limitation of cell-based studies for breast cancer is that the majority of the characterisation and 

development of new therapeutic agents are conducted in two-dimensional (2D) monolayer cell 

cultures.7 Therefore, cellular processes, such as drug transport, cell-cell and/or cell-matrix 

interactions, are not taken into consideration.8,9 Studies have shown that 2D breast cancer cell 

cultures have different behaviours, gene expressions and, usually, higher sensitivity to anti-cancer 

drugs than three-dimensional (3D) models.10,11 Significantly, often drug compounds tested 

positive in 2D cultures fail in clinical trials.12,13 These findings highlight the need for 3D in vitro 

tumour models that better recapitulate aspects of the in vivo breast cancer microenvironment.  

 

Microfluidic technologies offer a powerful tool for the creation of 3D breast cancer tumour 

spheroids and the in vitro investigation of the physiological and biological properties of the 

tumour.14,15 The technology is an excellent tool to bridge the gap between 2D monolayer cultures 

and animal models, offering excellent solutions for miniaturised yet large throughput spheroid 

assays with high accuracy, faster analysis and potential for automation.16,17,18,19  

 

Importantly, microfluidics can be combined with analytical spectroscopic methods using 

fluorescence 20 21 22 or surface enhanced Raman spectroscopy (SERS)23 for high-throughput 

detection of molecules and facilitating understanding of 3D biological systems. The combination 

of SERS with microfluidic devices has been carried out in a variety of experimental conditions, 

such as rapid analysis of food contaminants24, multiplex recognition of interleukins from blood 

plasma25 and detection of prostate cancer biomarkers26. SERS offers signal enhancement factors 

of 104-108 in comparison to conventional Raman by adsorbing a molecule of interest onto a 

roughened metal surface, such as colloidal suspensions of gold and silver nanoparticles 27,28,29. 

SERS is a non- destructive analytical technique that offers high specificity, selectivity and 

multiplexed capabilities due to the sharp fingerprint spectra produced.30,31 Recently, significant 

developments have been produced using SERS for cancer imaging32,33,34 and drug screening.35,36  

 



 

 
109  

In this study, we developed a novel assay whereby 3D breast cancer spheroids, grown and  cultured 

in microfluidic devices, were characterised with SERS using gold nanoparticles (AuNPs) 

functionalised with anti-ERα antibodies and BPE Raman reporter (ERα-AuNPs) or anti-HER2 

antibody-functionalised nanotags and PPY Raman reporter (HER2-AuNPs). Also, we investigated 

the effects of Fulvestrant, a commercially available selective estrogen receptor degrader (SERD), 

on MCF-7 spheroids using SERS under different drug treatments. To our knowledge, this is the 

first time the combination of microfluidics and SERS has been used for tumour identification, 

phenotype characterisation and assessment of drug activity in a 3D breast cancer model.  

 

4.3  Experimental 
 

4.3.1  Materials 

 
Anti-Erb2 antibody (ab16899) and anti-Erb2 antibody (ab16899) were purchased from Abcam 

(330 Cambridge Science Park, Cambridge, CB4 0FL, UK). LIVE/DEAD Viability/Cytotoxicity 

Assay Kit diacetate (FDA) -propidium iodide (PI) and Synperonic F108 were purchased from 

Sigma-Aldrich (The Old Brickyard, New Road, Gillingham, Dorset, SP8 4XT, UK). 

Hoechst33342 was purchased from Thermo Scientific (3 Fountain Dr, Inchinnan, Renfrew PA4 

9RF, UK). All other materials are previously described in 2.3.1. 

 

4.3.2  Device Design and Preparation  
 

Multi-layered microfluidic devices were produced using standard soft lithography techniques and 

used for culturing spheroids, following established protocols.37 Briefly, a 10:1 ratio of 

Polydimethylsiloxane (PDMS) prepolymer (Sylgard 184, Dow Corning) and curing agent were 

mixed and dispensed onto patterned silicon wafers. The wafers were degassed and subsequently 

incubated at 85°C for a minimum of 3 h to allow curing of the PDMS solution. PDMS layers were 

then cut from the wafers and wells were formed using a 4 mm surgical biopsy punch (Miltex). 

PDMS layers were cleaned and treated with oxygen plasma (Pico plasma cleaner, Diener 

electronic) to permanently bond the layers together, forming a microfluidic device. Devices were 

then stored overnight at 85°C and exposed a second time to oxygen plasma before injecting a 1% 

solution of Synperonic F108, creating ultra-low adhesion conditions. After storage of the devices 

for a 24 h in an incubator at 37°C and 5% CO2, they were washed using phosphate buffered saline 
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(PBS) and Roswell Park Memorial Institute 1640 culture medium (RPMI). Devices were stored at 

37 °C and 5% CO2 in a humidified incubator before cell seeding. MCF-7 cells were seeded into 

devices at a concentration of 5×106 cells/mL to form spheroids, with each microfluidic channel 

containing at least 100 spheroids. Media was exchanged every 48 h. 

 

4.3.3  Nanoparticle Synthesis and Functionalisation of ERα-AuNP and 

HER2-AuNP Nanotags 
 

The nanoparticle synthesis and the functionalisation of ERα-AuNPs are described in 2.3.2. For 

anti-HER2 functionalisation, 74 μL of EDC solution (1 mg/mL in 10 mM MES, pH 6.0) was 

mixed with 40 μL of HS-PEG5000-COOH (12.5 μM in dH20) followed by the addition of 217 μL 

of NHS (1 mg/mL in 10 mM MES, pH 6.0) and 20 μL of anti-HER2 antibody (2.5 mg/mL in 

dH20). The final solution was incubated in 669 μL of 10 mM HEPES buffer pH 7.0 on a shaker 

plate for 18 h at room temperature. 10 μL of 4-(1H-pyrazol-4-yl)pyridine (PPY) (0.1 μM) was 

added to bare AuNPs (990 μL) and the solution was incubated on the shaker plate for 30 min 

followed by centrifugation at 6,000 rpm for 20 min. The solution of EDC-NHS-PEG5000-mAb 

was added dropwise to the pelleted PPY-AuNPs. The nanotags were incubated on a shaker plate 

for 3 h. The excess of free antibody was removed by centrifugation at 6,000 rpm for 10 min. 

 

4.3.4  Nanotags Characterisation 
 

As previously described in 2.3.3. 

 

4.3.5  2D Breast Cancer Cell Culture 
 

MCF-7 cells (ATCC® HTB-22™) were obtained from American Type Culture Collection 

(ATCC) (Queens Road, Teddington, Middlesex, TW11 0LY, UK). The cells were cultured in 

Rosewell Park Memorial Institute medium (RPMI 1640) supplemented with 1% 

penicillin/streptomycin (10000 units per mL), 1% fungizone, and 10% heat-inactivated fetal 

bovine serum (FBS) at 37 °C and 5% CO2 in a humidified incubator. Cells at a confluence of ca. 

90% growing in a T175 flask were trypsinised and re-suspended in RMPI medium. Solutions 

containing ca. 5 × 106 cells/ mL were used for microfluidic devices.  
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4.3.6  Nanotags Loading and Fulvestrant Treatment in Microfluidic Devices  
 
Fulvestrant stock solution was dissolved in DMSO and stored at 4 °C. Immediately prior to 

injection into devices, fulvestrant solution was diluted in RPMI media to the desired concentration. 

Both concentrations had been modified from previously obtained 2D data to be suitable for 3D 

culture (as described in 3.4.4). Spheroids were exposed to fulvestrant solution (1 μΜ and 10 μΜ) 

on the third day of their culture in the microfluidic devices and incubated for 24 h at 37 °C and 

5% CO2. Fulvestrant was then removed from microfluidic devices and ERα-AuNPs (60 pM), 

HER2-AuNPs (60 pM) or a mixture of ERα/HER2-AuNPs (60 pM) nanotags were incubated into 

the devices for 2 h. Nanotags were gently pipetted prior to injection into devices, ensuring their 

flow through the entirety of the microfluidic channel. After 2 h, nanotags were removed, and the 

channels were washed twice with PBS to remove any unbound nanotags. Control experiments 

were performed for each set of experiments, where spheroids were cultured in the absence of 

nanotags or fulvestrant treatment.  

 

4.3.7  Cell Viability Studies in Microfluidic Devices 
 

Spheroids were observed via bright-field microscopy using an inverted microscope (Axio 

Observer Z1, Zeiss) connected to an Orca Flash 4.0 camera (Hamamatsu). Images were collected 

every second day, and, before and after nanotag or drug treatment. To determine spheroid viability 

throughout the culture period, live/dead staining of spheroids was performed at several time 

points: 2 h after nanotag exposure (day 4), 3 days after nanotag exposure (day 7) and 6 days after 

nanotag exposure (day 10). Spheroids were stained with 8 µg/mL fluorescein diacetate (FDA), 20 

µg/mL propidium iodide (PI) and 5 µmol/L Hoechst33342. The staining solution was added to the 

devices for 30 min. PBS was then used to wash out excess staining solution. Epifluorescence 

microscopy was performed in accordance with the schedule for the spheroid’s viability studies. 

 

4.3.8  Quantification of Viability Studies  
 

The viable fraction (Vf) of spheroids was calculated by calculating the ratio of FDA area on the 

day of staining (AreaFDA) over the brightfield area of the spheroid on the day before treatment 

(AreaBF), as seen in the following equation: 
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𝑉𝑓 =
𝐴𝑟𝑒𝑎𝐹𝐷𝐴
𝐴𝑟𝑒𝑎𝐵𝐹

 

Spheroids possessing a Vf ≥ 1 were considered to have been unaltered by exposure to nanotags or 

fulvestrant treatment since they had either remained the same size or increased in size over the 

culture period. Brightfield and fluorescent spheroid areas were also used to extricate spheroid 

perimeters for shape factor and area growth analysis. The shape factor (Sf) of a spheroid was also 

used as an assessment of its health: 

𝑆𝑓 =
𝑃2

4𝜋𝐴′
 

P denotes the spheroid perimeter where P= 2πr. A represents the area of the spheroid, described 

as (A=πr2).  

 

4.3.9  SERS Cell Mapping  
 
A Renishaw InVia Raman confocal microscope (Renishaw, Wolton-under-Edge, U.K) was used 

to generate 2D and 3D SERS data. 2D SERS maps were collected using edge Streamline HR high 

confocality mode with 3 μm spatial resolution in the x and y directions. 3D SERS maps were 

collected using edge Streamline HR high confocality mode with a 3 μm step size resolution in the 

x and y directions and 4 μm between z-stacks. A 20× objective (N.A. 0.40), 1.2 mW laser power 

(10% power) from a HeNe 633 nm excitation source and a 1200 l/mm grating in high confocality 

mode were used. Windows-based Raman Environment (WiRE™ - Renishaw plc) 4.4 software 

package was used to pre-process the data using cosmic ray removal and baseline correction 

features. The image was generated using direct classical least square analysis (DCLS) based on a 

BPE or PPY Raman reference spectrum whereby a false colour was generated only when there 

was a good spectral fit between the reference and the collected spectra. 

 

4.3.10 Statistical Analysis  
 

As previously described in 2.3.11. 
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4.4  Results and Discussion 
 

4.4.1  Synthesis and Characterisation of ERα-AuNPs and HER2-AuNPs  
 

The nanoparticle synthesis and characterisation have been previously discussed in section 2.4.1. 

Briefly, gold nanoparticles (AuNPs) were functionalised with anti-ERα and anti-HER2 antibodies 

via carbodiimide crosslinking chemistry using carboxyl acid PEG polymer (HS-PEG5000-

COOH). The coupling chemistry was achieved after the attachment of the Raman reporters 1,2-

Bis(4-pyridyl) ethylene (BPE) (for anti-ERα functionalisation) or 4-(1H-pyrazol-4-yl) pyridine 

(PPY) (for anti-HER2 functionalisation) to the AuNPs surface. To confirm the successful 

functionalisation, the nanotags were characterised using extinction spectroscopy, agarose 

electrophoresis and a lateral flow immunosorbent assay. The extinction spectroscopy spectra 

showed that there was a shift in localised surface plasmon resonance when antibodies were added 

to AuNPs (Figure 1A, 1B), confirming the successful attachment of the antibody to the metal 

surface. The nanotags did not show any aggregation in the extinction spectra, indicating the 

AuNPs were stable after the addition of the antibodies on their surface. The successful antibody 

functionalisation was also confirmed with agarose gel electrophoresis, since the PEG5000-AuNPs 

travelled further than the ERα-AuNPs and HER2-AuNPs, suggesting that the nanotags were of 

different size and/or charge (Figure 1C). Lateral flow immunosorbent assay (LFA) also showed 

that the antibodies were on the AuNPs surface and that they remained active since a spot onto the 

detection zone of the nitrocellulose strip appeared when the nanotags bound to their matching 

secondary IgG antibodies (anti-rabbit IgG for ERα and anti-mouse IgG for HER2). The spot was 

present only in samples with the There was no detected spot when PEG5000-AuNPs was tested 

with the anti-mouse IgG and anti-rabbit IgG confirming the successful binding of the anti-ERα 

antibody and anti-HER2 to the AuNPs surface (Figure 1D). The functionalised AuNPs were 

analysed by Raman using a 638 nm laser excitation which showed that both ERα-AuNPs and 

HER2-AuNPs gave strong and characteristic SERS signal from their representative Raman 

reporter (BPE and PPY Raman reporter respectively) (Figure 2). Therefore, the nanotags 

characterisation confirmed that the AuNPs were successfully functionalised with ERα and HER2 

antibodies along with BPE and PPY Raman reporters respectively. 
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Figure 1: (A) Extinction spectra of PEG5000-AuNPs (grey) and ERα-AuNPs (orange) 

nanotags. (B) Extinction spectra of PEG5000-AuNPs (grey) and HER2-AuNPs (purple) 

nanotags. (C) Agarose gel after electrophoresis showing the distance travelled by PEG5000-

AuNPs, ERα-AuNPs and HER2-AuNP nanotags. Gel electrophoresis is a method of separation 

and analysis, based on the size and charge of the samples being analysed. Samples travel 

through a gel matrix due to an electric charge being applied through the gel. Larger samples 

travel slower through the gel compared to smaller samples, which can travel faster through the 

porous matrix.50 (D) Lateral flow immunosorbent assay strips showing the spot from ERα-

AuNPs and HER2-AuNPs on the detection zone of the nitrocellulose strip. The spot was 

present only in samples with the matching secondary IgG antibody for ERα (anti-rabbit) or 

HER2 (anti-mouse) applied. There was no detected spot when PEG5000-AuNPs was tested 

with the anti-rabbit IgG and anti-mouse IgG confirming the successful binding of the anti-ERα 

antibody and anti-HER2 to the AuNPs surface. The HS-PEG5000-COOH was used for the 

functionalisation to prevent nonspecific interactions between the functionalised nanotags and 

other cellular components. Additionally, it provides the functional group for the covalent the 

attachment of the anti-ERα antibody or anti-HER2 antibody. The HS-PEG5000-COOH was 

able to bind to the gold surface due to the strong binding affinity of the thiol group to gold 

surface.51 

ERα-AuNPs  
(BPE Raman Reporter) 

HER2-AuNPs  
(PPY Raman Reporter) 
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4.4.2  Formation of Live MCF-7 Spheroids and Cell Viability Studies After 

Nanotags Incubation 
 

The microfluidic device was developed with polydimethylsiloxane (PDMS) which has excellent 

optical transparency and biocompatibility. A suspension of MCF-7 cells was seeded into each 

open wells of a microfluidic device containing seven independent channels (Figure 3A), each of 

which had four arrays of 64 microwells (150 µm). Cells sedimented at the bottom of microwells 

(Figure 3B) and, due to low adhesion condition, formed compact spheroids within 24 h of culture 

(Figure 4A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The MCF-7 spheroids were formed in PDMS microfluidic devices. (A) Photograph of 

the microfluidic device. Each device had seven channels, containing up to 256 spheroids. (B) 

Schematic diagram showing the principle of formation of MCF-7 spheroids in the low-adhesion 

microfluidic device.  

 

(B) (A) 

Figure 2: (A) Structure of BPE Raman Reporter and its SERS spectrum after its adsorbed on 40 

nm AuNPs in an aqueous solution at 10-7 M concentration. (B) Structure of PPY Raman Reporter 

and its SERS spectrum after its adsorbed on 40 nm AuNPs in an aqueous solution at 10-7 M 

concentration. The SERS analysis was carried out using a Snowy Range CBEx 2.0 handheld 

Raman spectrometer equipped with a 638 nm laser with a maximum laser power of 40 mW. The 

spectra were collected using 100% laser power with 0.05 s accumulation time. The software used 

to acquire spectra was Peak 1.1.112. 
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To investigate the targeting effect of ERα-AuNP nanotags against ERα, MCF-7 spheroids were 

also treated on day 4 of culture with specific ERα-AuNPs, non-specific HER2-AuNPs or with a 

mixture of specific ERα-AuNP nanotags and non-specific HER2-AuNP nanotags (ERα/HER2-

AuNPs). Western blot and immunofluorescence experiments confirmed that MCF-7 are positive 

for ERα, whilst they do not express any detectable levels of HER2 (as described in section 2.7 SI, 

Figure S9 and section 3.7 SI, Figure S1). ERα-AuNPs, HER2-AuNP or ERα/HER2-AuNPs 

mixture were incubated in the spheroids for 2 h. Spheroid viability was investigated on day 4 (after 

the addition of the nanotags), day 7 and day 10 after cell seeding in devices. The bright-field 

images showed that ERα-AuNPs and ERα/HER2-AuNPs incubation did not affect spheroids 

integrity (Figure 4B, 4C). Moreover, no significant difference in the area growth of spheroids was 

observed between controls and nanotag treated spheroids (Figure 4D), nor in the shape of the 

spheroids, throughout the 10-day culture period (Figure 4E). To further test the effect of ERα-

AuNPs and ERα/HER2-AuNPs mixture on the viability of MCF-7 spheroids, live/dead staining 

with fluorescein diacetate (FDA) and propidium iodide (PI) was performed. Results showed that 

nanotags did not produce toxic effects on the spheroids over the culture period (Figure 4F, 4G).  
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Figure 4: Effects of ERα-AuNPs and ERα/HER2-AuNPs mixture on the formation and viability 

of MCF-7 spheroids. (A) Brightfield images showing the temporal evolution of MCF-7 spheroids 

cultured in a microfluidic device over ten days without nanotags treatment, (B) with ERα-AuNPs 

treatment and (C) with ERα/HER2-AuNPs mixture treatment. D1 = day 1 of cell seeding, D4(B) 

= day 4 of cell seeding (before the addition of nanotags), D4(A) = day 4 of cell seeding (after the 

addition of nanotags), D7 = day 7 of cell seeding, D10 = day 10 of cell seeding. (D) Plot of the 

spheroid area growth (%) for untreated MCF-7 cells (black), MCF-7 cells treated with ERα-AuNP 

nanotags (red) and MCF-7 cells treated ERα/HER2-AuNPs mixture (blue). (E) Plot of spheroids 

shape factor in untreated cells (black), cells treated with ERα-AuNP nanotags (red) and cells 

treated with ERα/HER2-AuNPs mixture (blue). (F) Representative images of spheroid viability 

at different time points. Viable cells appeared as green (FDA staining), while non-viable MCF-7 

cells appear as red (PI staining). (G) Plot of the viable fraction (Vf) of spheroids for untreated 

MCF-7 cells (black), MCF-7 cells treated with ERα-AuNP nanotags (red) and MCF-7 cells treated 

ERα-AuNPs and ERα/HER2-AuNPs mixture (blue). For all plots, each point was obtained from 

32 spheroids. Error bars presented as mean ± S.D. 
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4.4.3  Targeting Effect of ERα-AuNP Nanotags in MCF-7 Spheroids:  

2D SERS Imaging 
 
To determine the targeting effect of ERα -AuNPs in  ERα-positive MCF-7 breast cancer spheroids, 

the spheroids were incubated with either the specific ERα-AuNPs, which should bind to ERα on 

MCF-7 cells, or with the non-specific HER2-AuNP nanotags, serving as negative control As 

previously characterised in section 2.4.2, MCF-7 cells express high levels of ERα and no 

detectable levels of human epidermal growth factor receptor 2 (HER2). Therefore, HER2-AuNP 

nanotags provided an excellent negative control. First, an empty microfluidic device was 

characterised to identify potential unwanted SERS signal. The results showed that although PDMS 

gave a low intensity SERS at 1260 cm-1 and 1410 cm-1 these peaks did not overlap with the peaks 

from BPE and PPY Raman reporters on the nanotags (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

 

At day 4, ERα-AuNPs (60 pM, 2 h), HER2-AuNPs (60 pM, 2 h), or with ERα/HER2-AuNPs 

mixture (60 pM, 2 h) were introduced into the microfluidic device and incubated for 2 h before 

washing twice with PBS to remove any unbound nanotags. The spheroids were then Raman 

imaged using a laser excitation wavelength of 633 nm. Specifically, 2D SERS mapping was 

carried out by focussing the laser of a Renishaw InVia Raman confocal microscope through the 

microfluidic device which was mounted on a coverslip  

Figure 5: Stacked SERS spectra from PDMS and ERα-AuNPs in a microfluidic device. The peak 

from PDMS at 1410 cm-1 does not overlap with the Raman peak at 1610 cm-1 (representative peak 

for ERα-AuNP nanotags). Therefore, PDMS will not interfere with the SERS spheroids mapping 

results.  
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2D SERS mapping from spheroids incubated with ERα-AuNPs demonstrated a high nanotag 

accumulation and a strong SERS signal in the spheroids, confirming the strong targeting effect of 

the ERα-AuNP nanotags to the MCF-7 spheroids (Figure 6A, 6B). In contrast, the spheroids 

treated with the HER2-AuNP nanotags appeared to have lower nanotag accumulation, 

demonstrated by the low SERS signal corresponding to PPY Raman reporter on HER2-AuNP 

nanotags (Figure 6C, 6D), probably due to low non-specific binding of HER2-AuNP nanotags in 

MCF-7 spheroids. Some non-specific binding was expected due to the enhanced permeability and 

retention (EPR) effect where tumours retain nanoparticles in their microenvironments.38,39,40 
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Figure 6: ERα-AuNP nanotags showed strong targeting effect towards MCF-7 spheroids, while 

low HER2-AuNP accumulation was observed in MCF-7 spheroids due to non-specific binding of 

the nanotags with the cells. (A) Brightfield image of an MCF-7 spheroid in a microfluidic channel 

merged with the corresponding SERS signal from ERα-AuNP nanotags. (B) SERS signal from 

ERα-AuNP nanotags and representative SERS spectrum from the highest signal point. (C) 

Brightfield image of an MCF-7 spheroid in a microfluidic channel merged with the corresponding 

SERS signal from HER2-AuNPs control nanotags. (D) SERS signal from HER2-AuNP nanotags 

and the representative SERS spectrum from the highest signal point. The images were generated 

with a 20× magnification NIR APO Nikon objective, laser power of 12 mW (100% power), from 

a HeNe 633 nm excitation source with a 0.1 s acquisition time per point, and 1200 l/mm grating 

in high confocality mode. The false coloured images that represent the ERα-AuNPs were 

generated using the WiRE™ - Renishaw plc 4.4 software package on a Renishaw InVia 

microspectrometer and direct classical least square analysis (DCLS) based on a BPE Raman 

reporter spectrum. The minimum and maximum look up table (LUT) thresholds were set to 

exclude any poorly correlating or noisy spectra (min= 0.6). 
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To further confirm the specificity of ERα-AuNP nanotags for the MCF-7 spheroids, a 1:1 mixture 

of both the ERα and HER2 targeted nanotags, ERα/HER2-AuNPs mixture, was co-incubated in 

MCF-7 spheroids. The results confirmed that ERα-AuNP nanotags had a stronger targeting effect 

towards MCF-7 spheroids compared to HER2-AuNPs. Specifically, the ERα-AuNPs showed 

greater accumulation than HER2-AuNPs within the same spheroid (Figure 7A). Additionally, the 

spheroids had statistically significant higher (2.7 times) Raman signal at 1610 cm-1 (representative 

peak of BPE Raman reporter on ERα-AuNPs) than at 955 cm-1 (representative peak of PPY Raman 

reporter on HER2-AuNPs) (Figure 7B). These results established the ability of ERα-AuNP 

nanotags to identify and characterise ERα positive breast cancer spheroids using SERS. 
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Figure 7: ERα-AuNPs showed great targeting effect and specificity for MCF-7 spheroids 

compared to HER2-AuNPs (A) MCF-7 spheroid incubated with ERα/HER2-AuNPs mixture (60 

pM, 2h) in microfluidic devices. The false colour images correspond to the SERS signal from 

ERα-AuNPs (left) and HER2-AuNPs (right) within the same spheroid. The images were generated 

using the WiRE™ - Renishaw plc 4.4 software package on a Renishaw InVia microspectrometer 

and direct classical least square analysis (DCLS) based on a BPE and PPY Raman reporter 

reference spectrum for ERα-AuNPs and HER2-AuNPs respectively. The minimum and maximum 

look up table (LUT) thresholds were set to exclude any poorly correlating or noisy spectra (min= 

0.6). SERS was performed with a 20× magnification NIR APO Nikon objective, laser power of 

12 mW (100% power), from a HeNe 633 nm excitation source with a 0.1 s acquisition time per 

point, and 1200 lines/mm grating in high confocality mode. (B) Representative reference spectrum 

of ERα-AuNPs (BPE Raman reporter) (red) and HER2-AuNPs (PPY Raman reporter) (purple) in 

H20 The SERS analysis was carried out on a Snowy Range CBEx 2.0 handheld Raman 

spectrometer equipped with a 638 nm laser with a maximum laser power of 40 mW. The spectrum 

was collected using 100% laser power with 1 s accumulation time. The software used to acquire 

spectra was Peak 1.1.112. (C) Average Raman intensity at 1610 cm-1 (representative peak for BPE 

Raman reporter attached on ERα-AuNPs) and 955 cm-1 (representative peak for PPY Raman 

reporter attached HER2-AuNPs). The average of three samples from three independent biological 

replicates is shown. Error bars presented as mean ± S.D. * Significant difference (p< 0.05) in a 

Student’s t-test. 
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4.4.4  Targeting Effect of ERα-AuNP Nanotags in MCF-7 Spheroids:  

3D SERS Imaging 
 

Previous work from our group has shown that SERS signal in 2D MCF-7 cells was generated 

within the cells rather than the surface confirming that the nanotags were uptaken from MCF-7 

cells and were located in certain intracellular areas (as described in 3.4.2) Here, 3D SERS was 

also used as a non-destructive imaging approach for investigating the uptake and penetration 

abilities of the AuNPs nanotags through the MCF-7 spheroids. Specifically, to validate whether 

the signal from ERα-AuNP nanotags came from the surface or from within the spheroids, 3D 

SERS mapping was carried out throughout the whole volume (200 μm in total) of MCF-7 

spheroids treated with ERα-AuNPs (60 pM, 2 h) or HER2-AuNPs (60 pM, 2 h). The 3D SERS 

maps were collected using edge Streamline HR high confocality mode with a 3 μm step size 

resolution in the x and y directions and 4 μm between z-stacks. The representative average z-

stacking results showed that SERS signal was detected from locations within the spheroids 

volume, rather than just the spheroid surface (Figure 8A, 8B). These results strongly suggested 

the nanotags were targeting ERα and penetrating the spheroids, giving a strong SERS signal depth. 

The spheroids incubated with HER2-AuNPs were also mapped using 3D SERS. The 

representative SERS z-stack signal from HER2-AuNPs showed that although SERS signal was 

detected within the spheroids, it was much lower compared to ERα-AuNPs (Figure 8C, 8D). These 

results suggest that the non-specific nanotags were also able to diffuse into the spheroids. 

However, their much lower accumulation indicated that their uptake was non-specific as there was 

no HER2 for them to target. The maximum SERS signal and the z-plane at different z-axis points 

from ERα-AuNPs are shown in Figure 9A, 9B. These results further established the great labelling 

ability of the ERα-AuNP nanotags to target ERα with great penetration capabilities. Therefore, 

microfluidics and SERS could potentially be utilised for identification and characterisation of 

breast cancer tumours ex vivo at high depth with sensitivity and specificity. 
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Figure 8: ERα-AuNP nanotags demonstrated greater accumulation within the MCF-7 spheroids in 

comparison to HER2-AuNPs. (A) 3D SERS map of an MCF-7 spheroid incubated with ERα-

AuNP nanotags (60 pM, 2 h) in the microfluidic device. (B) Stacked 3D SERS spectra from ERα-

AuNP nanotags generated at different z positions in the spheroid. (C) 3D SERS map of an MCF-

7 spheroid incubated with HER2-AuNPs (60 pM, 2 h) in the microfluidic device. (B) Stacked 3D 

SERS spectra from HER2-AuNPs generated at different z positions in the spheroid. Spheroids 

were mapped with a total volume of 200 μm. False colour represents the areas where SERS signal 

from nanotags was present throughout the spheroids. The minimum look up table (LUT) threshold 

was set to exclude any poorly correlating or noisy spectra (min= 0.6). A 20× magnification NIR 

APO Nikon water immersion objective with a 1.0 NA was used on the samples at a laser power 

of 12 mW (100% power) at the sample, from a HeNe 633 nm excitation source with step size y,x: 

3.0 μm, z: 4.0 μm, 0.1s acquisition time and a 1200 l/mm grating in high confocality mode. 
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Figure 9: (A) 3D Raman mapping results and SERS spectra obtained at different z-axis points (red 

circle) through MCF-7 spheroids with ERα-AuNP nanotags (60 pM, 2h). The z-axis moves from 

top to bottom of the spheroids to get the SERS signal from the nanotags throughout the spheroid. 

(B) Z-plane representing the different z-axis points of MCF-7 spheroids SERS mapping. The plane 

shows that SERS signal from ERα-AuNPs is detected in different areas within the spheroids 

confirming the penetration of the nanotags into the spheroids. A 20× magnification NIR APO 

Nikon water immersion objective with a 0.4 NA was used on the samples at a laser power of 12 

mW (100% power) at the sample, from a HeNe 633 nm excitation source with step size y,x: 3.0 

μm, z: 4.0 μm, 0.1s acquisition time and a 1200 l/mm grating in high confocality mode. The 

minimum and maximum look up table thresholds were set to exclude any poorly correlating or 

noisy spectra (min= 0.6). 
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4.4.5  Assessment of Fulvestrant Activity in MCF-7 Tumour Spheroids 
 
Most patients with ERα positive breast cancer benefit from endocrine therapy that targets the ERα 

pathway with higher efficacy and lower side effects.41 Endocrine therapy involves a class of drugs 

called selective estrogen receptor down-regulators (SERDs) which bind to ERα resulting in its 

degradation and downregulation.42 Fulvestrant is the first approved SERD for the treatment of 

ERα positive breast cancer.43,44 Understanding the activity of fulvestrant using in vitro models can 

lead to improving the way the drug is used in the clinic. Previous work from our group, using 

SERS, has shown that 1 μM of fulvestrant decreased the relative expression levels of the ERα 

protein in 2D MCF-7 cell cultures (as shown in section 3.4.4). Here, SERS and microfluidics were 

used to assess the efficacy of fulvestrant in spheroids. On day 3 of culture, fulvestrant (1 μM and 

10 μM) was added to the spheroids for 24 h. Bright-field imaging was performed after fulvestrant 

addition to investigate any induced toxicity and structural differences in the spheroids (Figure 

10A). The results showed no significant difference at day 4 between the fulvestrant treated and 

the intreated spheroids. Viability staining showed that at day 4 there were no significant changes 

in the area of growth (Figure 10B) and the cell viability (Figure 10C) between the untreated and 

fulvestrant treated spheroids. Therefore, day 4 was considered optimal for the addition of the 

nanotags in the spheroids. However, a significant decrease in the area growth of the spheroids 

treated with 1 μM and 10 μM fulvestrant compared to the controls was observed on day 10 (Figure 

10B). Additionally, the live/dead staining showed that both 1 μM of fulvestrant and 10 μM of 

fulvestrant had a toxic effect on the MCF-7 spheroids. (Figure 10C, 10D).  
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To assess the nanotag targeting effect based on the SERS response after 24 h of fulvestrant 

treatment, the spheroids were incubated on day 4 with ERα-AuNPs (60 pM, 2h). After 2h 

incubation of ERα-AuNPs (60 pM), the spheroids were washed twice with PBS to remove any 

unbound nanotags and SERS imaging was carried out using a laser excitation wavelength of 633 

nm. For the SERS mapping, similarly sized spheroids were chosen from both the untreated and 

fulvestrant treated samples. This step was carried out to increase the confidence that any eventual 

reduction of the SERS signal in the fulvestrant treated spheroids was due to the ERα degradation 

and not reduction of the spheroid size. 2D SERS mapping was carried out by focussing the laser 

of a Renishaw InVia Raman confocal microscope through the microfluidic device which was 

mounted on a coverslip. A 20× objective (N.A. 0.40) was used on the samples with a laser power 

of 12 mW (100% power) at the sample, from a HeNe 633 nm excitation source with a 0.1 s 

acquisition time per point, and a 1200 l/mm grating in high confocality mode. SERS mapping 

showed that there was lower nanotag accumulation in the spheroids treated with 10 μM fulvestrant 

Figure 10: Fulvestrant treatment affected the growth and viability of MCF-7 spheroids in the 

microfluidic devices. (A) Brightfield imaging analysis was carried out on different days in 

spheroids without treatment (MCF-7 alone) and with 1 μΜ and 10 μΜ fulvestrant treatment. There 

was a significantly greater disaggregation with 10 μΜ (light green) fulvestrant treated spheroids 

in comparison to the untreated spheroids (black) by day 10. (B) Calculation of the percentage area 

growth of spheroids after 1 μΜ (dark green) and 10 μΜ (light green) fulvestrant treatment. 

Interestingly, it was shown that 1μΜ fulvestrant has a greater effect on the spheroids in terms of 

the area of grown compared to 10 μΜ fulvestrant. Although there was not a significant difference, 

this result was less expected. Hence, it was assumed that it may have been an anomaly with that 

particular channel in the device. Different devices should be used for each staining day to compare 

these results. (C) Cell viability assay of spheroid at different day points using live/dead staining 

with fluorescein diacetate (FDA) and propidium iodide (PI). Viable cells appear green, while non-

viable cells appear red. (D) Calculation of viable fraction of untreated spheroids (black), spheroids 

treated with 1 μM fulvestrant (dark green) and 10 μM fulvestrant (light green). Similar to the area 

of growth, the viable fraction was slightly lower for 1 μM fulvestrant compared to 10 μM 

fulvestrant. Further live/dead staining should be performed to investigate these results. The viable 

fraction was estimated by calculating the ratio of FDA area on the day of staining over the 

brightfield area of the spheroid on the day prior to nanotags treatment. The average of 32 spheroids 

is shown. Error bars presented as mean ± S.D 
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in comparison to 1 μM fulvestrant and the untreated spheroids (Figure 11A). Additionally, a 

statistically significant decrease (1.8 times) was observed in the SERS intensity at 1610 cm-1 

(representative peak of BPE Raman reporter attached to the ERα-AuNPs) after treatment with 10 

μM of fulvestrant compared to the untreated spheroids (Figure 11B). On the other hand, no 

significant difference was observed between the untreated spheroids and 1 μM fulvestrant 

treatment (Figure 11B). Therefore, this suggested that 10 μM of fulvestrant reduced the amount 

of ERα in the spheroids, while 1 μM fulvestrant seemed to not cause any ERα reduction. These 

results showed some differences with our previous SERS experiments that evaluated fulvestrant 

efficacy in 2D MCF-7 cell culture (as shown in section 3.4.4). Specifically, in the 2D environment, 

1 μM fulvestrant was sufficient to statistically reduce the amount of ERα. However, in the MCF-

7 spheroids, this concentration seemed to not cause any reduction. This data highlights that 2D 

and 3D MCF-7 cultures may have different biological behaviours and architectural phenotypes 

that contribute to how MCF-7 cells are exposed and react to drug, in this case fulvestrant, 

treatment. Therefore, the ERα association and localisation may be different in the spheroids 

compared to 2D monolayered MCF-7 cell cultures that have affected sensitivity to fulvestrant 

exposure. The requirement for higher fulvestrant concentration in the spheroids suggests that there 

was probably a lower drug penetration and distribution into the spheroids which may have reduced 

the therapeutic effect of the drug at the target site. Therefore, it is vital to identify these variabilities 

and perform the same experimental approach using various fulvestrant concentrations at different 

treatment times to investigate the drug efficacy and penetration performance in more 

representative in vivo environment. 
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Figure 11: Spheroid treatment with 10 μM of fulvestrant led to lower ERα-AuNP accumulation 

suggesting ERα reduction in MCF-7 spheroids. (A) SERS map of untreated MCF-7 spheroids and 

spheroids treated with fulvestrant (1 μM and 10 μM) for 24 h and then with ERα-AuNP nanotags 

(60 pM, 2 h). The images were generated with a 20× magnification NIR APO Nikon objective, 

laser power of 12 mW (100% power), from a HeNe 633 nm excitation source with a 0.1 s 

acquisition time per point, and a 1200 l/mm grating in high confocality mode. The false coloured 

images representing the ERα-AuNPs were generated using the WiRE™ - Renishaw plc 4.4 

software package on a Renishaw InVia microspectrometer and direct classical least square 

analysis (DCLS) based on a BPE Raman reporter reference spectrum. The minimum and 

maximum look up table (LUT) thresholds were set to exclude any poorly correlating or noisy 

spectra (min= 0.6). Scale bar= 10 μm (B) Average Raman intensity at 1610 cm-1 (representative 

peak for BPE Raman reporter). The average of three samples is shown. Error bars presented as 

mean ± S.D. * Significant difference (p< 0.05) in a one-way analysis of variance (ANOVA) test. 
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4.5  Conclusion 
 

Many recent studies on high-throughput microfluidics are based on fluorescence. 22,45 Here, we 

demonstrate that the multiplexing capabilities of SERS combined with anti-ERα antibody 

functionalised (ERα-AuNPs) and anti-HER2 antibody functionalised (HER2-AuNPs) nanotags 

can be successfully applied to characterising tumour spheroids with the advantages of high 

sensitivity and specificity. The results showed that SERS can provide a high-throughput method 

without the use of fluorescence for analysis of 3D tumour models. This novel combination of 

microfluidics and SERS was successfully applied to identifying and classifying live ERα-positive 

MCF-7 breast cancer spheroids. Also, it allowed us to assess the activity of fulvestrant, the first 

commercially available ERα degrader in 3D models. The spheroids formed inside the microfluidic 

device maintained their integrity and viability after SERS nanotags treatment. Specifically, a 

strong targeting effect of ERα-AuNPs was observed in MCF-7 spheroids compared to HER2-

AuNPs. Most importantly, 3D SERS mapping revealed that SERS signal was detected from areas 

within the inner part of the spheroid, confirming the uptake and penetration of the nanotags into 

the cells in a 3D environment. The reduction of ERα protein after fulvestrant treatment was also 

verified from the lower SERS signal generated in the fulvestrant treated spheroids. Different 

studies have reported similar drug behaviours46,47,48,49 which support our evidence that the type of 

cell culture can substantially alter the effect of a drug on the cells. Therefore, this work highlights 

the importance of performing assay based on 3D cultures that may better reflect some aspects of 

the in vivo tumour environment. This paper emphasises the benefits of combining microfluidics 

and SERS as a fundamental non-destructive analytical tool alternative t fluorescence microscopy. 

Future opportunities may involve multiplex detection of different biomarkers and investigation of 

the drug efficacy in spheroids grown from patient derived cells for personalised therapeutic 

approaches by using a combination of nanotechnology and microfluidics for targeted, high 

throughput and high sensitivity methods.  
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5.1  Abstract 
 

In the field of optical medical imaging, there is a major need for the detection of molecular 

biomarkers at high depth through tissue. Surface-enhanced spatially offset Raman spectroscopy 

(SESORS) is an innovative analytical technique that combines the remarkable enhancement of 

surface-enhanced Raman spectroscopy (SERS) with the high volume and thickness detection 

capabilities of spatially offset Raman spectroscopy (SORS).  

 

Herein, we present the use of a handheld SORS instrument with back scattering optics for 

detection of estrogen receptor alpha (ERα) ex vivo in live 3D tumour spheroids through tissue 

barriers using anti-ERα functionalised gold nanoparticles (ERα-AuNPs). Additionally, we 

investigate the use of SESORS for in vivo detection of breast cancer. The successful imaging of 

live 3D breast cancer tumour spheroids through 10 mm of porcine tissue and the detection of 

nanotags’ solution through tissue up to 15 mm were achieved using SESORS. The in vivo work 

indicated that the handheld SORS instrument was detecting scattered photons from areas deeper 

than the breast cancer tumour due to its fixed optical arrangements that were set at 8 mm offset 

distance. Nevertheless, a higher signal was detected in breast tumours compared to liver ex vivo 

after removal of the organs from the sacrificed animals, suggesting the strong targeting effect of 

ERα-AuNPs to the tumour site.  

 

Our results highlight the powerful capabilities of SESORS to track and detect SERS nanotags at 

high tissue thickness ex vivo. However, factors such as the depth of the tumour under investigation 

and the optical arrangements of the SORS spectrometer should be taken into consideration for 

successful detection in vivo. To our knowledge, this is the first report of the assessment of a 

handheld SORS instrument with back scattering optics for detecting breast cancer both ex vivo 

and in vivo. This study highlights the performance and capabilities of small, handheld SORS to 

detect and track SERS nanotags based on the characteristics of the surface breast cancer in vivo 

and ex vivo. This opens up exciting opportunities for using SESORS and SERS as non-destructive 

and sensitive techniques for improved biomedical imaging in a clinical environment. 

 

Keywords: Surface enhanced spatially offset Raman spectroscopy (SESORS), ex vivo, in vivo, 

ERα, tumour spheroids, at depth detection  
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5.2  Introduction 
 
Breast cancer is the leading cause of oncologic mortality and morbidity among women 

worldwide.1,2 Current statistics in the UK suggest than one in eight women will develop breast 

cancer at some point in their lifetime and more than 71,000 new cases are expected to be diagnosed 

by 2035.3 The most prominent limitations of the current screening approaches are the false positive 

and false negative results and the overdiagnosis that may lead to late and non-efficacious 

overtreatment. It is estimated that of all screenings, 10-20% are false positive while 15-20% are 

false negative.4 Therefore, there is a need for advancements in optical medical imaging for 

improved analytical tools for more accurate detection of breast cancer. 

 

 Surface enhanced spatially offset Raman spectroscopy (SESORS) combines the deep penetration 

capabilities of SORS with the signal enhancing, sensitivity and specificity benefits of SERS.5 

Although, SESORS requires the introduction of SERS nanotags, the readout can be completely 

non-invasive and it can be achieved at higher depths in comparison to traditional Raman and SERS 

techniques.6,7 Hence, there is the prospect of utilising SESORS for imaging and targeting of small 

tumours in vivo using functionalised nanoparticles.8,9 Nicolson et al. demonstrated for the first 

time the detection of live breast cancer 3D multicellular tumour spheroids containing surface 

enhanced resonance Raman scattering (SERRS) active gold nanoparticles through 15 mm of 

porcine tissue. The group also demonstrated a multiplex system for imaging and distinguishing 

three singleplex nanotags within breast cancer tumour models through 10 mm of tissue using a 

handheld SORS instrument.10 Additional studies have shown that SESORS spectrometers can 

detect the nanotags at high depths of tissue and bone.5,6,11 These biomedical applications expand 

the potential of using SESORS in vivo.  

 

Currently, there are no scientific approaches that use SESORS for in vivo detection. However, 

there are in vivo experiments that have performed the detection of biomarkers using SERS 

imaging. One of the first SERS in vivo applications was conducted in 2008 where Qian et al. 

functionalised nanotags with single-chain variable fragment (ScFv) antibodies to target EGFR 

overexpression in different cancers.8 Another study verified that functionalised nanotags showed 

greater affinity for the tumour after injection of nanotags in tumour-bearing mice models in 

comparison to non-functionalised nanotags.12 Wang et al. worked on the functionalisation of 

nanotags with three different antibodies: anti-HER2, anti-EGFR and an isotype control.13 The 
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nanotags were tested in vivo into two different tumour types with a varied expression of HER2 

and EGFR. After the topical administration of the nanoparticles, the tumours were implanted and 

were analysed using SERS. The results showed the potential of simultaneous detection of the 

targeted nanotags for the assessment of the molecular expression of cancer.13 Nanotags have also 

been used in vivo for the diagnosis of other diseases, such as the indication of atherosclerosis and 

inflammation.14 Recently, Noonan et al. reported the targeted in vivo imaging of different vascular 

inflammatory biomarkers, using SERS and antibody-functionalised nanoparticles to assess 

localised vascular inflammation in mouse models, demonstrating the capabilities of SERS as a 

potential clinical imaging technique.15 

 

Here, SESORS was used to detect ERα positive breast tumours ex vivo and in vivo. Specifically, 

we report for the first time the use of gold nanoparticles (AuNPs) functionalised with anti-ERα 

antibody (ERα-AuNPs) for ex vivo tracking of live 3D MCF-7 spheroids buried at 10 mm tissue 

and the detection of breast tumour in vivo using a SORS instrument with back scattering optics.  

 

5.3 Experimental 
 

5.3.1  Materials 
 

As previously described in section 2.3.1. 

 

5.3.2  Nanoparticle Synthesis and Functionalisation of ERα-AuNPs 
 

As previously described in section 2.3.2. 

 

5.3.3  Nanotags Characterisation 
 

As previously described in section 2.3.3. 

 

5.3.4  3D Breast Cancer Spheroids Formation and ERα-AuNPs Incubation  
 

MCF-7 cells (ATCC® HTB-22™) were obtained from American Type Culture Collection 

(ATCC) (Queens Road, Teddington, Middlesex, TW11 0LY, UK). The human breast cancer cells 
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were cultured in Rosewell Park Memorial Institute medium (RPMI 1640) supplemented with 1% 

penicillin/streptomycin (10000 units per mL), 1% fungizone, and 10% heat-inactivated fetal 

bovine serum (FBS). Cells were incubated at 37 °C and 5% CO2 in a humidified incubator. Cells 

at a confluence of ca. 90% growing in a T175 flask were trypsinised and re-suspended in medium 

to give a concentration of ca. 1 × 106 cells per mL. Cells were incubated with ERα-AuNP nanotags 

(60 pM, 2 h) and they were then were trypsinised and re-suspended in medium to give a 

concentration of ca. 2.5 × 106 cells/mL. MCF-7 breast cancer spheroids were formed using the 

hanging drop method, that involved the growing of spheroids from drops of cell suspension (20 

μL) onto the lid of a 15 cm petri dish containing 12 mL RPMI medium. The lid was placed on the 

dish and MCF-7 breast cancer spheroids grew over 9 days at 37 °C and 5% CO2 in a humidified 

incubator to a size <1mm. The medium was removed from the drops and replaced after 3 days. 

MCF-7 cells aggregated in the drops that remained intact by surface tension and therefore grew 

into breast cancer spheroids. No reduction in growth was observed suggesting that the ERα-AuNP 

nanotags did not cause any cell toxicity.  

 

5.3.5  Detection of ERα-AuNP Nanotags Through Tissue Barrier Detection 
 

Pork loin tissue was cut into sections of 5 mm thickness each. ERα-AuNP nanotags (60 pM, 400 

μL) was placed into a Suprasil quartz microcuvette (1 mm path length). Pork loin tissue was then 

placed in front of the cuvette and it was brought into contact with the laser using the nose cone of 

the SORS spectrometer. This ensured there was no air/space between the tissue and instrument. 

All measurements were carried out using the fixed maximum exposure time (10 sec exposure time 

in total, 2 sec integration time, 5 accumulations) at an 8 mm offset distance using a handheld 

SORS instrument with 830 nm laser excitation wavelength (Agilent Resolve instrument). 

 

5.3.6  Detection of Live 3D Breast Cancer Spheroids Through Tissue Barrier 
 
For the 2D SESORS mapping experiments the breast cancer tumour spheroids were placed directly 

onto a section of tissue and another tissue (5 mm or 10 mm thickness) was placed on top of the 

tissue containing the spheroids. The two-layer sample was then brought into contact with the laser 

using the nose cone of the SORS instrument. The SORS spectrometer was positioned above the 

tissue with the laser pointing down onto the sample. An x-y-positioning stage was used to enable 

SESORS 2D mapping of the ERα-AuNPs nanotags into the 3D breast cancer tumour spheroids 
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through 5 mm or 10 mm of tissue. False colour heat maps were produced in Matlab using the 

intensity of the 1610 cm-1 peak (representative peak from BPE Raman reporter) and plotted as a 

combination surface/contour false colour 2D heat. The stage started from x= 0 and y= 0 point and 

it was moved in 5 mm steps each time (x= 6 points, y= 4 point) creating a 6 x 4-pixel image out 

of 24 spectra. The z point remained fixed for the whole mapping (the stage was not moved in the 

z-direction). All spectra were baselined for the creation of the 2D SERS intensity map. 

 

5.3.7  In Vivo Tumour Targeting and Detection  
 

In vivo SESORS and SERS measurements were performed in two female CD-1 nude mice (d.o.b 

18/03/19) that were implanted s/c bilaterally with MCF-7 cells (1 x 106 cells/mL, 100 μL per 

implant). The two tumours in each mouse (right and left tumour) were monitored and measured 

twice weekly. When tumour size reached approximately 5 mm in diameter, ERα-AuNPs nanotags 

were injected (600 pM, 50 μL) intravenously via the tail in a single injection. 4 h post-injection 

the mice were anaesthetised and imaged using handheld SORS and handheld SERS instruments. 

The protocol was Experimental Request Form (ERF) 044-WGH-19, which was reviewed and 

approved by the vet before the start of the study. The experimental procedures overall and Project 

Licences were reviewed by the Animal Welfare Ethical Review Board (AWERB).  

 

The in vivo SESORS and SERS spectra were measured at the tumour sites and the anatomical 

location of the liver in live mice using a handheld SORS instrument with 830 nm laser excitation 

wavelength (Agilent Resolve instrument) and a handheld Raman spectrometer (CBex from Snowy 

Range Instruments) with 785 nm laser excitation wavelength. The SESORS measurements were 

obtained using a 2 s integration time, with 5 accumulations at an 8 mm offset. The laser power 

density was 450 mW which was lower than the maximum permissible expose (MPE) of skin to 

laser radiation according to British standards.16 The nose cone was fitted to use the instrument in 

a contact mode setting. The in vivo SERS measurements were obtained using a 2 s integration 

time, with 5 accumulations. A point and shoot adaptor with a single element lens and a numerical 

aperture of 0.5 were fitted. This gave an average laser power of 43 mW.  
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5.3.8  Ex Vivo Tumour Targeting and Detection  
  

Mice were euthanized by cervical dislocation. Breast tumours (right and left) and liver were 

removed and imaged ex vivo without any fixation, sectioning or staining. SESORS and SERS 

spectra were measured using the same instrument settings as the in vivo work. 

 

5.3.9  Data Processing  
 

All spectra were baselined before the data analysis. Principal component analysis (PCA) was 

performed on spectra obtained from the handheld SORS instrument to find any potential difference 

between the spectrum and the tissue barrier. For PCA the spectra were normalised and processed 

using Matlab software (Version 2015a, The MathWorks, Natrick, MA, USA). The offset spectra 

were used for the SESORS data analysis.  

 

5.4  Results and Discussion 
 

5.4.1  Detection of ERα-AuNPs in Solution Through Tissue Barrier 
 
The synthesis and characterisation of ERα-AuNPs have been previously discussed in section 2.4.1. 

To evaluate the full capabilities of SESORS, ERα-AuNPs (functionalised with an anti-ERα 

antibody and BPE Raman reporter) were analysed in vitro through tissue barriers using a handheld 

SORS spectrometer with back scattering optics with 830 nm laser excitation wavelength. 

Specifically, the nanotags’ solution was held in a quartz microcuvette and analysed through 

different thicknesses of porcine tissue barriers. The tissue (5 mm) was mounted on a stage to create 

the desired thickness and were placed in front of the microcuvette (Figure 1A). The tissue was 

then brought into contact with the laser from the SORS spectrometer by placing the nose cone 

against the tissue leaving no air space between the tissue and the instrument (Figure 1A). Previous 

work from our group has shown that 8 mm offset (maximum capability of SORS instrument) gives 

the greatest level of detection through barriers17, hence, 8 mm offset was used for all experiments.  

 

SESORS results showed that it was possible to detect the characteristic peak at 1610 cm-1 of BPE 

Raman reporter (attached on the ERα-AuNPs) through up to 15 mm of tissue (Figure 1B). SERS 

signal was not detectable after the addition of 20 mm tissue barrier, where the dominant signal 
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Figure 1: Experimental set up with porcine tissue barrier using handheld SORS instrument. (A) 

The tissues were mounted on a stage and clamped together to create the desired thickness. The 

thickness of the tissue was increased by 5 mm for each set of spectra acquisition with 25 mm 

maximum total thickness. Tissues were brought into contact with the laser using the nose cone of 

the SORS spectrometer which ensured that there was no air/space between the tissue and the 

instrument. A glass Suprasil quartz micro cuvette (1 mm thickness) containing the ERα-AuNPs 

nanotags (60 pM, 400 μL) was placed behind the porcine tissue. (B) Baselined stacked SESORS 

spectra of ERα-AuNPs through porcine tissue. Dashed boxes show the characteristic peak of the 

nanotags at 1610 cm-1 and the peak from porcine tissue at 1430 cm-1. As the thickness of the tissue 

barrier is increased, it is challenging to distinguish the 1610 cm-1 at thicknesses beyond 15 mm. 

The peak at 1430 cm-1 starts to be present in the spectra after 20 mm tissue thickness. All 

measurements were carried out using the fixed maximum exposure time (10 sec exposure time in 

total, 2 sec integration time, 5 accumulations) at 8 mm offset distance at 830 nm wavelength.  

 

was from the porcine tissue at 1430 cm-1 (Figure 1B). Principal component analysis (PCA) was 

also performed for the identification of variations in spectra. PCA showed clear discrimination 

between the spectra from the nanotags and tissue barrier at 15 mm (Figure 2A, 2B). The maximum 

exposure time of the SORS instrument was fixed at 10 sec, therefore a longer exposure time may 

further improve the signal intensity. Nevertheless, the experiments confirmed the detection of 

ERα-AuNPs at high depth and demonstrated the potential of SESORS to detect nanotags through 

tissue thicknesses using a back-scattering configuration. The detection of signal at high depths 

using SESORS demonstrated the capabilities of a handheld SORS instrument to detect 

biomolecules in vitro and ex vivo.  
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Figure 2: Raman signal was collected from ERα-AuNP nanotags through up to 15 mm of porcine 

tissue using a handheld SORS spectrometer with back scattering optics at 830 nm laser excitation 

wavelength (A) PCA plots from SERS spectra of different porcine thicknesses (0 mm to 25 mm) 

with BPE and tissue reference spectrum. PCA was important for the discrimination of the nanotags 

and the spectra received from the tissue barriers. The results confirmed that ERα-AuNP nanotags 

were detected through a porcine tissue to depths of up to 15 mm. (B) PC1 scores plots 

discriminating from nanotags through different porcine thicknesses (0 mm to 25 mm) along with 

BPE and tissue reference spectrum. Distinct separation is observed between the nanotag and tissue 

spectra. 
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5.4.2  Detection of ERα-AuNPs in Live 3D Breast Cancer Tumour Spheroids 

Through Tissue Barrier 
 
This research aimed to establish whether ERα-AuNPs could be detected at high depth within the 

ERα positive breast cancer tumour spheroids. Therefore, here, live 3D breast cancer tumour 

spheroids were used as an ex vivo model for breast tumour combined with ERα-AuNPs to target 

and track ERα. Cancer spheroids, in contrast to traditional 2D cell cultures, better resemble the 

3D in vivo environment making them an excellent model for experimental processes prior to in 

vivo experiments.18 MCF-7 cells were incubated with ERα-AuNPs (60 pM, 2 h) and the 3D breast 

cancer tumour spheroids were grown over 9 days at 37 °C and 5% CO2 in a humidified incubator. 

The tumour spheroids retained their spherical shape and no reduction in growth was observed 

during their culture, suggesting that ERα-AuNPs did not cause any cellular toxicity (Figure 3A). 

Once the spheroids were approximately 1 mm in size, they were placed on a piece of porcine tissue 

and another 5 mm or 10 mm of tissue was then placed on the top. The two-layer tissue was brought 

into contact with the laser using the nose cone of the SORS spectrometer (Figure 3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) (B) 



 

 
148  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

False colour 2D heat intensity maps were then created using the intensity of the BPE peak at 1610 

cm-1 (attached on ERα-AuNPs) to track the localisation of the 3D breast cancer tumour spheroids 

within the tissue. The schematic for the creation of the heat maps is shown in SI Figure S1. The 

2D heat intensity maps confirmed the detection and localisation of the spheroids through up to 10 

mm of porcine tissue. This result confirmed the uptake and accumulation of the nanotags within 

the tumour. Specifically, the heat intensity maps showed that there was clear discrimination 

between the areas where the tumour spheroids were present (maximum intensity depicted as the 

red colour) and where they were not (minimum intensity depicted as the blue colour) (Figure 4A, 

4C). Therefore, using the handheld SORS instrument it was possible to sensitively detect and 

successfully map live 3D breast cancer tumour spheroids at high depths ex vivo. This is a 

significant step towards the detection of nanotags to locate tumours at high depths in vivo.  

 

 

 

 

 

 

Figure 3: Experimental set up with porcine tissue as a barrier using a handheld SORS instrument 

with a nose cone. (A) Formation of live 3D breast cancer tumour spheroids incubated with ERα-

AuNP nanotags. (B) Handheld SORS instrument mounted above a flat tissue sample with live 3D 

breast cancer tumour spheroids containing the ERα-AuNPs nanotags. The tumour spheroids were 

placed onto 5 mm thickness of porcine tissue. Then, 5 mm or 10 mm thickness tissue was placed 

on the top of the tissue layer containing the spheroids. The two-layer tissue was brought into 

contact with the laser using the nose cone of the SORS spectrometer. This ensured there was no 

air/space between the plastic and the instrument. In comparison to previous work involving the 

cuvette, the tissue section was laid flat on the stage and the handheld instrument mounted above 

the sample. This set up is more representative of an in vivo approach compared to that using the 

cuvette. The x-y positioning stage was used to enable mapping of the 3D breast cancer tumour 

spheroids containing SERS nanotags through tissue. All measurements were carried out using the 

fixed maximum exposure time (10 sec exposure time in total, 2 sec integration time, 5 

accumulations) at an 8 mm offset distance at 830 nm wavelength. 
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Figure 4: A false colour 2D heat SESORS map of MCF-7 spheroids containing ERα-AuNPs 

nanotags through (A) 5 mm and (C) 10 mm of porcine tissue. The map was constructed using the 

intensity of the nanotag peak at 1610 cm-1. Measurements were carried out using a xy translational 

stage. The stage started from x= 0 and y= 0 point and it was moved in 5 mm steps size each time 

(x= 6 points, y= 4 point) creating a 6 x 4 pixels image consisting of 24 spectra. The spectra were 

baselined prior to processing. A combination surface/contour false colour was used to generate a 

2D heat map and show the location of the spheroids through 5 mm and 10 mm of tissue. (B) and 

(D) corresponds maximum intensity spectrum from the spheroid (brown) and a spectrum from 

outside of the spheroid (green) collected at 8 mm offset. Dashed boxes show the characteristic 

peak of ERα-AuNPs nanotags at 1610 cm-1 and the peak from porcine tissue at 1430 cm-1.  All 

measurements were carried out using a 2 s integration time, 5 accumulations and 830 nm excitation 

wavelength at 450 mW laser power. Clear discrimination is observed between the spectra from 

the 3D breast cancer spheroids, containing the ERα-AuNPs nanotags, and the tissue where the 

spheroids were not present. The blue colour corresponds to a minimum intensity where there was 

no spectral contribution from the ERα-AuNPs nanotags.  
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5.4.3  In Vivo Tumour Targeting Using SESORS and SERS 
 

To further extend the potentials of SESORS and validate the targeting capabilities of ERα-AuNPs, 

SESORS and SERS were performed in vivo to image two live mice with ERα positive breast 

cancer tumours. The mice were inoculated with ERα overexpressing MCF-7 cells and the tumours 

allowed to grow to 0.5 cm in diameter which ensured that they would not become too big to avoid 

the risk of them becoming necrotic. After the tumour growth, ERα-AuNPs (600 pM, 50 μL) were 

injected through the tail vein of the animals (Figure 5A, 5B). 4 h post nanotag injection, SESORS 

and SERS spectra were acquired from the anaesthetised mice using a handheld SORS with back 

scattering optics (830 nm wavelength excitation) and a handheld SERS spectrometer (785 nm 

wavelength excitation). The measurements were carried out by focusing the laser beam externally 

through the skin. After the in vivo imaging, the animals were sacrificed, and breast tumours and 

liver were imaged ex vivo. For the ex vivo imaging, the organs were analysed directly after they 

were brought into contact with the laser using the nose cone of the SORS instrument or the point 

shoot adaptor of the SERS spectrometer.  

 

The in vivo SESORS imaging did not detect any SESORS signal in breast tumour areas, which 

was assumed to be due to the fixed optical arrangements of the SORS instrument (Figure 5C). 

Specifically, SORS spectrometer was fixed at 8 mm offset distance, which probably allowed the 

detection of scattered photons at deeper areas from where breast tumour was located. This means 

that the high spatial offset distance led to the domination of the deeper layer photons from the 

analyte in the acquired spectra.17 However, SESORS signal was observed in the tail, which was 

the point of ERα-AuNPs injection, suggesting that some of the nanotags did no travel through the 

animal’s body after 4 h from the injection. 

 

Nevertheless, SESORS signal was detected ex vivo, using SORS instrument, in both left and right 

breast tumours after their removal from the sacrificed animals. Specifically, the signal was 

detected inside left and right breast tumours, while there was no nanotag accumulation in the liver 

(Figure 5D). These data confirmed the successful ERα-AuNPs translocation to breast tumour area 

and suggested the strong targeting capabilities of the nanotags after their systemic delivery in vivo 

 

Interestingly, a shift in SESORS signal was observed ex vivo as there was an increase at 1000 cm-

1 peak intensity and a decrease at 1020 cm-1 compared to ERα-AuNPs reference spectrum (Figure 
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5D). This outcome may be related to the systemic injection of ERα-AuNPs that may have led to 

nanotags’ interaction with the mouse’s immune system, or the formation of a protein corona, that 

have changed the arrangement of BPE Raman reporter on ERα-AuNPs surface. However, the main 

peak at 1610 cm-1 of BPE reporter was present in both left and right tumour suggesting the great 

potentials of using SESORS for detection and phenotypic characterisation of tumours ex vivo.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

(B) 



 

 
152  

Figure 5: In vivo SESORS and SERS imaging. Two female mice that were implanted with ERα 

positive MCF-7 cells (1 x 106 cells/mL, 100 μL per implant). The mice developed a (A) right breast 

tumour and a (B) left breast tumour. When tumour size reached approximately 0.5 cm in diameter 

ERα-AuNPs were injected (600 pM, 50 μL) intravenously via the tail in a single injection. Image 

(A) shows the point of intravenous tail injection and the anatomical region of the liver in the 

mouse. Baselined stacked SESORS spectra obtained 4 h after nanotag injection (C) in vivo and 

(D) ex vivo in the animal’s organs. (C) SESORS signal was observed in vivo only in the tail (grey) 

but not in the left breast tumour (blue), right breast tumour (green) or the liver (yellow). (D) 

SESORS signal was observed ex vivo in the left breast tumour (blue), right breast tumour (green) 

but not in the liver (yellow). Dashed boxes show that peaks at 1200 cm-1 and 1610 cm-1 were 

present. SESORS measurements in vivo and ex vivo were carried out using 2 s integration time, 5 

accumulations, 830 nm excitation wavelength at 450 mW laser power. The instrument had a fixed 

8 mm offset. 
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To further evaluate the possibility of detecting and imaging breast cancer in vivo and ex vivo using 

SERS, the same experiment to SESORS was carried out using a handheld Raman spectrometer 

(CBex from Snowy Range Instruments) with 785 nm laser excitation wavelength. SERS has the 

benefits of signal enhancement, sensitivity and specificity, however, it does not hold the SORS 

penetration capabilities. Previous work from our group showed Raman signals were collected from 

surface enhanced resonance Raman spectroscopy (SERRS) active nanotags through 10 mm of 

tissue using the same handheld Raman spectrometer.19 Here, initial experiments were performed 

to detect ERα-AuNPs solution, held in a quartz microcuvette, through different thicknesses of 

porcine tissue in vitro. The results showed that SERS signal was detected through up to 10 mm of 

tissue using the handheld Raman spectrometer while the peak from the porcine tissue was present 

from the first 5 mm of tissue (SI, Figure S2).  

 

SERS imaging showed that handheld Raman spectrometer detected signal both in vivo and ex vivo, 

after the removal of the organs from the sacrificed animals (Figure 6A, 6B). Specifically, high 

SERS signal was observed in the right and left breast tumours in vivo (Figure 6A, 6C). However, 

a high SERS signal was also detected in the tail of the mouse (Figure 6A, 6C). This result indicated 

that although the nanotags reached their target, some of them were still accumulated in the tail and 

did not travel through the animal’s body. A higher nanotag incubation time, before SERS imaging, 

may have led to lower ERα-AuNPs concentration in the tail. Figure 6A shows that a low signal 

was also measured in the liver of the animals, which was an indication that ERα-AuNPs started 

clearing from the body 4 h after their injection. SERS imaging at a longer nanotag incubation time 

may also have shown a decrease in the liver signal due to nanotag excretion from the body. The 

ex vivo imaging confirmed the targeting effect of ERα-AuNPs towards the breast tumour since the 

highest signal was observed in the left and right breast tumours compared to the liver (Figure 6B, 

6D). The clear discrimination of tumour and liver spectra in vivo and ex vivo is shown in SI, Figure 

S3 where all spectra have been baselined and normalised. 

 

However, as it can be shown from Figure 4A and 4B a shift of the SERS signal was observed both 

in vivo and ex vivo compared to the reference spectrum of BPE Raman reporter (attached on ERα-

AuNPs). Specifically, there was an increase in the peak intensity at 1350 cm-1 and 1540 cm-1. In 

contrast, the dominant peak of BPE spectrum, at 1610 cm-1, was not present at all both in the in 

vivo and ex vivo imaging. Although it was not clear why the lower intensity peaks were enhanced, 

it was assumed that this alteration was probably due to the systemic injection of the nanotags. 
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Specifically, the introduction of the ERα-AuNPs to the animal’s body may have led to their 

interaction with the mouse’s immune system, such as macrophages, that may have changed the 

configuration of BPE Raman reporter around the nanotags’ surface. These conformational changes 

may have led to the generation of bare nanotags in the tumour area that enhanced the signal of 

other molecules, such as collagen and amino acids. More in vivo experiments with different 

experimental settings using both spectrometers should be performed to investigate this result.  

 

False colour 2D heat SERS intensity maps were also created at 1540 cm-1 peak to visualise the 

tumour in vivo using SERS. The map confirmed that it was possible to determine the nanotags’ 

distribution throughout the anatomical location of breast tumour in vivo. Specifically, the heat 

intensity maps showed that there was clear discrimination between the areas where the nanotags 

were present in the tumour (red colour represents nanotags) and where they were not (blue colour 

represents background) (Figure 6F). Therefore, SERS mapping indicated that the nanotags were 

distributed throughout the area of interest in the tumour, while there was a low signal in areas 

outside of it (Figure 6G). These results showed that SERS is a useful and sensitive technique for 

in vivo detection of surface tumours, such as breast cancer.  
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5.5 Conclusion 
 

This work investigated the detection and tracking of ERα ex vivo in live 3D breast tumour 

spheroids incubated with gold nanoparticles functionalised with anti-ERα antibody (ERα-AuNPs) 

using handheld SORS and in vivo using handheld SORS and handheld Raman instruments. The 

analysis using the handheld SORS spectrometer with 830 nm laser excitation wavelength allowed 

the successful ex vivo detection of spheroids treated with the nanotags through 10 mm of tissue. 

This outcome established the powerful capabilities of SESORS in detecting molecules at high 

depths with great specificity and sensitivity. 

Figure 6: Baselined stacked SERS spectra obtained 4 h after ERα-AuNPs injection (A) in vivo 

and (B) ex vivo after animals were sacrificed (A) Highest SERS signal was observed in the left 

breast tumour (blue) and tail (grey). SERS signal was observed in the liver (yellow) indicating 

that some of the nanotags started clearing from the body after 4 h incubation. Dashed boxes show 

that peaks at 1300 cm-1, 1350 cm-1 and 1540 cm-1 that were present in vivo. Another peak at 1020 

cm-1 that corresponded to BPE Raman reporter spectrum was observed ex vivo in the breast 

tumours, but not in the liver. (C) Zoomed SERS spectra at 1540 cm-1 in vivo showing the spectra 

from left breast tumour (blue), right breast tumour (green), liver (yellow) and tail (grey). (D) 

Zoomed SERS spectra at 1540 cm-1 ex vivo showing the spectra from left breast tumour (blue), 

right breast tumour (green), liver (yellow) and tail (grey). (E) Image of the anaesthetised mouse 

before SERS imaging. The white box represents the area that was mapped (F) False colour 2D 

heat SERS intensity maps of tumours area constructed using the peak intensity at 1540 cm-1. 

Measurements were carried out starting from x= 0 and y= 0 points and spectrometer were moved 

in 1 mm steps size each time (x= 3 points, y= 3 points) creating a 3 x 3 pixels image out of 9 

spectra. The spectra were baselined before processing. A combination of surface/contour false 

colour was used to generate a 2D heat map and show the location of the tumour in vivo. (G) 

Merged image of anaesthetised mouse and false colour 2D heat SERS intensity map showing 

clear discrimination between the spectra from tumour containing the ERα-AuNPs and areas 

outside of tumour where the nanotags were not present. SERS measurements in vivo and ex vivo 

were carried out using a handheld Raman spectrometer (CBex from Snowy Range Instruments) 

with 785 nm laser excitation wavelength 2 s integration time, 5 accumulations at 43 mW laser 

power. A point and shoot adaptor with a single element lens and a numerical aperture of 0.5 were 

fitted. 
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The in vivo experiments indicated that the handheld SORS instrument was detecting scattered 

photons from greater depths, below the breast tumour, due to its fixed optical arrangements at 8 

mm offset distance. However, the nanotags’ signal was detected ex vivo using the SORS 

instrument in the tumours removed from sacrificed mice. No signal was generated from the liver 

ex vivo which indicated the targeting effect of the nanotags towards the ERα positive breast cancer 

tumour. SERS experiments, using a handheld Raman instrument with 785 nm laser excitation 

wavelength, showed that it was possible to detect the nanotags in vivo and ex vivo confirming the 

targeting effect of ERα-AuNPs against breast tumour. However, a shift in SERS signal was 

observed that was probably related to conformational changes of the nanotags that may have led 

to enhancement of molecules inside the tumour such as collagen and amino acids. More in vivo 

experiments with different experimental settings using both spectrometers should be performed to 

investigate this result. 2D SERS intensity map performed in vivo around the tumour area 

confirmed that it was possible to visualise the hotspot of the tumour using SERS. SESORS has 

great potentials as a new technique to image tumours located at higher depths where other optical 

techniques have low detection capabilities. Here, we demonstrated the importance of adjusting the 

optical arrangements of SORS spectrometer based on the tumour depth to utilise the full potentials 

of the technique for successful in vivo detection. The optimisation of these parameters will further 

increase the performance ability of the handheld SORS spectrometer and open up the opportunities 

of using SESORS for targeted diagnosis in a clinical environment.  
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5.7 Supporting Information 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SI Figure S1: Schematic for the top view of the tissue for the 2D heat map creation. (B) 3D breast 

cancer tumour spheroids were placed onto a section of tissue and 5 mm or 10 mm section of 

porcine tissue was then placed on top of the tissue layer upon which the 3D breast cancer tumour 

spheroids were positioned. The experimental set-up involved mounting the instrument above the 

tissue samples. The sample was then brought into contact with the laser via the nose cone. (C) 

Representation of heat SERS intensity observed in the false colour 2D heat map. All spectra were 

collected at an 8 mm offset. In the region where the spheroids models were present, the highest 

SERS intensity was observed (red colour). This shows the targeted tracking of 3D breast cancer 

tumour spheroids through 10 mm of tissue. Before the 2D heat map, the offset spectra were 

baselined, and 1610 cm-1 peak was selected for the creation of the map. The map was constructed 

using the peak intensity at 1610 cm-1. Measurements were carried out using a xy translational 

stage which started from x= 0 and y= 0 points and it was moved in 5 mm steps each time (x= 6 

points, y= 4 points) creating a 6 x 4-pixel image out of 24 spectra. The z point remained fixed for 

the whole mapping (the stage was not moved in the z-direction). All measurements were carried 

out using a 2 s integration time, 5 accumulations, 830 nm laser excitation wavelength. 

 

(A) 

(B) (C) 



 

 
160  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

(B) 

SI Figure S2: SERS signal was collected from ERα-AuNPs solution through up to 10 mm of 

porcine tissue using a handheld Raman spectrometer (CBex from Snowy Range Instruments) with 

785 nm laser excitation wavelength. The tissue (5 mm) was mounted on a stage to create the 

desired thickness and were placed in front of the Suprasil quartz micro cuvette (1 mm thickness) 

containing the ERα-AuNPs. The tissue was then brought into contact with the laser from Raman  

spectrometer by using a point and shoot adaptor with a single element lens and a numerical 

aperture of 0.5. SERS measurements were obtained using a 2 s integration time, with 5 

accumulations. A were fitted. This gave an average laser power of 43 mW (A) Baselined stacked 

SERS spectra of ERα-AuNPs through porcine tissue. Dashed boxes show the characteristic peak 

of the nanotags at 1610 cm-1 and the peak from porcine tissue at 1300 cm-1. As the thickness of 

the tissue barrier is increased, it is challenging to distinguish the 1610 cm-1 at thicknesses beyond 

10 mm. The peak from the porcine tissue at 1300 cm-1 starts to be present in the spectra after 5 

mm tissue thickness. (B) Zoomed baselined stacked SERS spectra of ERα-AuNPs through porcine 

tissue.  
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SI Figure S3: Baselined and normalised stacked SERS spectra obtained (A) in vivo 4 h after 

nanotag injection and (B) ex vivo from the removed organs of sacrificed animals. (A) Dashed boxes 

show that peaks at 1300 cm-1, 1350 cm-1 and 1540 cm-1 that were present in vivo. (B)Another peak 

at 1020 cm-1 was observed ex vivo only in left and right tumour, but not in the liver, that 

corresponded to the peak from the nanotags reference spectrum. (C) Reference spectrum of BPE 

Raman reporter (attached on ERα-AuNPs) in dH20. All measurements were carried out using a 

handheld SERS spectrometer (785 nm wavelength excitation).at 2 s integration time, with 5 

accumulations. A point and shoot adaptor with a single element lens and a numerical aperture of 

0.5 were fitted. This gave an average laser power of 43 mW.  
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6. Thesis Conclusions 
 

Breast cancer is fast becoming the leading cause of oncologic morbidity and mortality among 

women worldwide. Although there are different methods for breast cancer phenotype 

characterisation, there are still limitations that may lead to false positive and false negative results 

and consequently to late diagnosis and lower life expectation. Therefore, it is vital to introduce 

novel optical imaging techniques for overcoming the current analytical challenges. 

 

The aim of this thesis was to use surface enhanced Raman spectroscopy (SERS) as a non-

destructive bioanalytical method that offers higher specificity, selectivity and multiplex capacities, 

in comparison to conventional imaging techniques. Specifically, SERS was combined with anti-

estrogen receptor alpha (ERα) antibody functionalised gold nanoparticles (ERα-AuNPs) for 

targeting, detecting and tracking the intracellular distribution of ERα in breast cancer.  

 

After ERα-AuNPs characterisation, the nanotags cellular uptake, classification of breast cancer, 

assessment of fulvestrant efficacy, characterisation of 3D breast cancer spheroids, and detection 

of nanotags at high depths using SESORS were exploited. Various techniques were employed to 

carry out the aims of the thesis including optical imaging, analytical chemistry and biochemistry. 

 

Initially, the cellular uptake of ERα-AuNPs was investigated under different cellular endocytosis 

inhibition conditions, using non-destructive 2D and 3D SERS imaging. It was shown that ERα-

AuNPs were internalised in MCF-7 cells in a temperature-dependent way, excluding the scenario 

their passive diffusion to the cells. Additionally, it was found that both dynamin and membrane 

ERα participated, at least in a part, in ERα-AuNPs uptake in MCF-7 cells since their inhibition 

resulted in high nanotags’ accumulation in the plasma membrane rather than intracellularly. The 

novelty of this work was also the development of an accurate way for calculating the relative 

SERS response value in MCF-7 cells to obtain a relative assessment of nanotags uptake using a 

direct and rapid optical approach averaged across multiple cells. Therefore, this study highlighted 

the benefits of using non-destructive 3D SERS for investigation of the cellular uptake mechanisms 

by generating 3D images of the entire cell volume whilst maintaining cell integrity compared to 

other destructive, time-consuming and expensive techniques, such as TEM. These data can 

provide important information regarding the optimisation of nanotag design for greater and more 

efficient cellular uptake that leads to strong targeting effects with lower cellular toxicities. 
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After the investigation of the uptake mechanisms of ERα-AuNPs in MCF-7 cells, SERS was used 

to characterise breast cancer cells and inform about fulvestrant efficacy, a commercially available 

ERα degrader. The results showed that MCF-7 (ERα+) cells had a higher SERS response in 

comparison to SKBR-3 (ERα-) cells confirming their strong targeting effect towards ERα in breast 

cancer. SERS also appears to be a more effective method in comparison to immunofluorescence 

for ERα analysis. Specifically, immunofluorescence ERα staining was also a laborious and time-

consuming method that led to high signal background compared to SERS involving cell fixation, 

permeabilization, blocking and use of two antibodies. SERS also showed excellent correlation 

with the ERα expression levels obtained by western blot experiments after fulvestrant treatment, 

since lower SERS response was observed in fulvestrant treated MCF-7 cells. Therefore, it was 

highlighted that SERS is a great tool for cell characterisation and understanding of drug activity. 

 

To confirm that SERS can also be utilised in a more in vivo representative environment, 

microfluidic devices were used to form live 3D breast cancer spheroids. These 3D tumour models 

are better mimics of the in vivo environment in contrast to conventional 2D monolayered cell 

cultures. Here, SERS was shown to be a great high-throughput method for the characterisation of 

the spheroids. Specifically, ERα-AuNPs showed a strong targeting effect in MCF-7 spheroids in 

contrast to the non-specific HER2-AuNPs. Most importantly, the 3D SERS images showed that 

the nanotags had great penetration capabilities to travel through the spheroids since SERS signal 

was detected within the 3D tumour. Additionally, SERS and microfluidics were utilised to assess 

fulvestrant activity. Although a lower SERS signal was observed in MCF-7 spheroids treated with 

fulvestrant, the drug concentration was required to be 10 times higher to have an effect on the 

spheroids compared to the 2D cell culture. These data highlights that 2D and 3D cell cultures may 

have district biological behaviours, due to their architectural differences, that affect drug 

penetration and its therapeutic efficacy. Therefore, the importance of including both 2D and 3D 

models is emphasised here for a better reflection of the in vivo environment. These results 

highlighted that SERS and microfluidics can be successfully applied to identifying and classifying 

live ERα-positive MCF-7 breast cancer spheroids ex vivo. 

 

To further increase the detection capabilities of ERα-AuNPs, SERS was combined with the depth 

penetration benefits of backscattering SORS (SESORS). ERα-AuNPs were initially tracked 

through up to 15 mm of porcine tissue and they were then taken up from live 3D MCF-7 breast 
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cancer spheroid and detected ex vivo through 10 mm of tissue using a handheld SORS with a back-

scattering configuration. These results confirmed that SESORS was able to detect and identify the 

localisation of ERα-AuNPs at high tissue thicknesses. The in vivo experiments showed that 

handheld SORS instrument was detecting scattered photons from greater depths, below the breast 

tumour, due to its optical arrangements that were fixed at 8 mm offset distance. However, the 

nanotags were detected ex vivo using the handheld SORS instrument in breast tumours removed 

from the sacrificed mice. No signal was generated from the liver ex vivo which confirmed the 

targeting effect of ERα-AuNPs towards the ERα positive breast cancer tumour and their ability to 

reach their target in vivo. Therefore, this research highlighted the importance of adjusting the 

optical arrangements of SORS spectrometer, based on the tumour depth, to utilise the full potential 

of the technique for successful in vivo detection. The optimisation of these parameters will further 

increase the performance ability of the handheld SORS spectrometer for a significant step towards 

potential clinical applications in the field of biomedical imaging and disease detection. 

 

7. Future Work 
 

7.1  Investigation of Cellular Uptake Mechanism of Functionalised 

Gold Nanoparticles into Breast Cancer Cells Using SERS 
 

To further investigate the cellular uptake of ERα-AuNP nanotags, it will be important to identify 

if other molecules, such as caveolin, play any role in ERα-AuNPs internalisation. Hence, the use 

of other targeted endocytosis inhibitors will offer a better understanding of the way that the 

nanotags are uptaken. Additionally, other breast cancer cells should be examined to identify the 

effect of the cell line on the nanotags uptake. This will provide information on the effect of cell 

proliferation on ERα-AuNPs endocytosis.  

 

Another interesting experimental approach would be the endosomal staining of MCF-7 cells with 

different markers. There are several endosome markers for early endosomes (e.g. Rab5), late 

endosomes (e.g. Rab7) and recycling endosomes (e.g. Rab11). Therefore, tracking can be 

performed in the main endocytosis compartments to explain the way that the cargo is transported 

from one endocytic compartment to another until its elimination from the cells. The fluorescent 

images from the endosomal staying, and the ones are taken from Raman could be potentially 
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correlated to co-localise ERα-AuNPs and endosomes. Hence, it will be possible to perform 

nanotags trafficking and inform about their cell localisation and fate.  

 

Finally, it would be interesting to analyse ERα-AuNPs cellular elimination to investigate whether 

the nanotags undergo lysosomal exocytosis or if they are recycled back to the plasma membrane. 

The main challenges for cellular elimination experiments are that it is difficult to quantify the 

number of excreting nanotags. A combination of different techniques, such as inductively coupled 

plasma mass spectrometry (ICP-MS) and transmission electron microscopy (TEM), should be 

performed to study this. All these experimental approaches will be invaluable to understand the 

physiological functions and mechanisms of the nanotags’ cellular endocytosis and exocytosis. 

 

7.2  Characterisation of Estrogen Receptor Alpha (ERα) Positive 

Breast Cancer Cells and Understanding of Fulvestrant Activity 

Using SERS 
 

For this experiment, it would be useful to perform ICP-MS to correlate the SERS imaging with 

the quantification of the total number of nanotags in the cells extracted from ICP-MS. Another 

option for the nanotags quantification in cells is dark-field microscopy. However, this technique 

has some limitations such as that it detects scattering light from cellular areas and, therefore, leads 

to unavoidable fluctuations and measurement errors. Hence, additional optimisations should be 

also performed for the conduction of dark field experiments.  

 

Future work can involve the performance of TEM in cells treated with the nanotags to allow the 

optical sectioning throughout various levels of the cell and confirm about nanotags localisation. 

Additional immunofluorescence experiments that stain ERα could be carried out, after SERS 

mapping, to investigate ERα-AuNPs localisation compared to ERα. Moreover, additional 

biomarkers could be targeted using antibody functionalised nanotags, such as HER2 and PR. 

Identifying and characterising three biomarkers at the same time would prove a strong validation 

of the multiplex capabilities of SERS, compared to conventional fluorescent imaging.  

 

Furthermore, future experimental approaches could be performed to identify the efficiency of 

novel anticancer drugs against ERα. For instance, the project could investigate other drug 

candidates, such as RAD1901 a SERD that is currently into clinical trials (ClinicalTrials.gov #: 
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NCT02338349). The assessment of RAD1901 efficacy could be compared to fulvestrant using 

SERS to inform about its clinical niche.  

 

7.3  Detection of Estrogen Receptor Alpha (ERα) and Assessment 

of Fulvestrant Efficacy in Live MCF-7 Tumour Spheroids Using 

Microfluidic Devices and SERS  
 
Additional experiments could be carried out to investigate the nanotag targeting effect in co-

culture of known and unknown breast cancer cell lines. This will enable us to investigate whether 

it is possible to characterise different breast cancer phenotypes ex vivo. Additional 3D SERS 

mapping experiments on the spheroids should be carried out using different step sizes, 

accumulation times and laser powers. This data would provide valuable information on the optimal 

conditions that should be performed for strong and rapid SERS signals. Moreover, it would be 

important to further investigate the drug distribution and penetration in the spheroids to understand 

the drug activity in various drug doses, incubation times and spheroid sizes.  

 

SERS nanotags could also be incubated in spheroids formed from patients’ biopsies in the 

microfluidic devices. This can provide important information regarding the tumour characteristics 

for potential ex vivo clinical breast cancer diagnosis. Future opportunities may involve multiplex 

detection of different biomarkers in patients’ biopsies, and investigation of the efficacy of novel 

anticancer drugs, by using a combination of nanotechnology and microfluidics. 

 

7.4  Ex Vivo and In Vivo Detection of Estrogen Receptor Alpha 

(ERα) in Breast Cancer Using Handheld SERS and SESORS 

Instruments 
 

Future experimental approaches could be focused on performing multiplex ex vivo targeting of 

biomarkers by using nanotags functionalised with different Raman reporters and antibodies. 

Specifically, the multiplex detection of both ERα and HER2 with ERα-AuNPs and HER2-AuNPs 

using SESORS would provide a great tool to identify both biomarkers simultaneously. In the 

current work, SESORS was used to detect live 3D tumour spheroids with 1 mm size through 10 

mm of porcine tissue. Tumour models that are larger in size could probably lead to ERα-AuNPs 

detection through even higher tissue thicknesses. Previous studies from our group have shown that 
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resonant chalcogenpyrylium-based SERS nanotags offered highly significant and successful 

detection of 3D breast tumour models through 15 mm of tissue.191 Therefore, it would be useful 

to functionalise the ERα-AuNPs with resonant Raman reporters (SESORRS) to investigate if 

enhancement of signal will be observed that will lead to signal detection at higher thickness ex 

vivo and in vivo. Additionally, a benchtop SORS instrument could also be used to investigate if a 

higher depth penetration and a better signal to noise SERS spectra would be acquired.  

 

The main challenge of the in vivo work was that SESORS instrument was detecting scattered 

photons deeper that surface breast tumour due to its optical arrangement. Therefore, the main 

future in vivo work would be to carry out the same experiment using a handheld SORS 

spectrometer with adjustable offset distances to get valuable information of the optimal optical 

arrangements required to detect the breast tumour in vivo. Additionally, it would useful to 

investigate the detection of other tumours, located deeper in the animal or/and change the animal 

model used, to see if SORS instrument would be useful for the detection of deeper cancers types. 

Finally, it would be useful to use other animal models with denser breast tissues that are more 

clinically relevant to human breast cancer. After the successful in vivo targeting of breast cancer 

using SESORS, a multiplex approach should also be considered to detect different biomarkers 

simultaneously. These approaches will be vital to explore the full potential of SESORS for in vivo 

breast cancer diagnosis. 
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9. Appendix 
 

9.1  Instrumentation 
 

9.2.1 Extinction Spectroscopy 
 

All extinction spectroscopy was carried out on an Agilent Carry 60 UV-visible spectrophotometer 

in combination with Cary Win UV software. The instrument was left to warm up and equilibrate 

for at least 10 min. The range of wavelengths scanned was 300-800 nm. A dH2O blank was used 

before the sample analysis to perform the baseline correction.  

 

9.2.2  Dynamic Light Scattering and Zeta Potential  
 

A Malvern Zetasizer Nano ZS was used to carry out all size measurements along with Zetasizer 

μV and APS version 6.20 software. Approximately 1 ml of sample was run in a disposable plastic 

cuvette with a standard Malvern Dip cell.  

 

9.2.3  Scanning Electron Microscopy Imaging 

  
All the SEM experiments were carried out on a Sirion 200 Schottky Field Emission Electron 

Microscope operating at an accelerating voltage of 30 kV and a magnification of 500 nm. Silicon 

wafers were cleaned before use with dH20 and EtOH and were dried under nitrogen flow. The 

wafers were placed in an oxygen plasma cleaner for 60 s before the treatment with 50 μL 



 

 
192  

poly(diallyldimethylammonium) chloride (30 μL PDDA in 1 mL 1 mM NaCl for 30 min. Then, 

the wafers were washed with dH20 and were dried under nitrogen flow. 10 μL of the nanoparticles 

was placed onto the silica wafer and left to be dried overnight before the analysis.  

 

9.3  Experimental 
 

9.3.1  Protein Estimation- Bicinchoninic Acid Assay (BCA Assay) 
 

Protein content was estimated per sample with a BCA assay. A calibration curve prepared by 

adding to a 96 well plate in duplicate 0.25, 0.5, 1, 1.5, 2, 3, 4 mg/mL protein from a stock BSA 

solution. Each of these was made to a total volume of 10 μL, similarly, the test samples were added 

as 1 μL to 9 μL dH2O. The BCA reagent was made freshly each time and added at the last moment 

as a 1:50 dilution of Solution B: Solution A (#1859078 and #23228, Pierce). The BCA reagent 

(100 μL) was added to each well containing 1 μL of the appropriate protein standard and incubated 

for 1 h at 37 °C in a dark chamber before reading on the TECAN Spark 20M plate reader with 

Spark Control V2.1 software for protein determination with BCA assay. The results were plotted 

on Microsoft Excel 2013 to achieve a linear response of 0.997 R2 value. The absorbance of the 

test samples was plotted against this and a concentration gained from the equation of the line. 

 

The amount of antibody absorbed onto AuNPs presented as the concentration and calculated as 

the difference in the antibody added and antibody remaining in the supernatant after the 

functionalisation. The average number of antibody molecules adsorbed onto each AuNPs was 

calculated by dividing the concentration of adsorbed antibody (converted to 133.75 nM using 

antibody MW of 160,000 g/ml) by the concentration of AuNPs (initial concentration was 0.028 

nM and AuNPs were centrifuged and concentrated to 2.8 nM). The absorbance from the antibody 

sample was corrected by subtracting the absorbance from the PEGylated control. 

 

9.3.2  Agarose Gel Electrophoresis 
 
1 % agarose gel was prepared by dissolving 100 mg of agarose in 100 mL 1x TBE buffer by 

applying heat and then leaving the gel to cool and set. The gel was added to the electrophoresis 

tank and it got completely covered with 1 x TBE buffer. The PEG5000-AuNPs and Ab-PEG5000-

AuNPs were centrifuged at 6000 rpm for 20 min. The supernatant was removed, and the pellet 
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was re-suspended with 10 μL dH2O. The sample was mixed with 1 μL 6 x loading bugger and 

was loaded into a well of the agarose gel. A voltage of 160 V was applied to the gel for 40 min.  

 

9.3.3  Lateral Flow Assay 
 
Secondary IgG antibody (0.5 μg/mL) was spotted onto the nitrocellulose strip and left to dry. 10 

μL of the PEG5000-AuNPs and Ab-PEG5000-AuNPs was added to the conjugate pad and the 

strip was placed in 100 μL HEPES buffer (1M, pH 7.0) which initiated the flow. A non-specific 

secondary IgG antibody was used as a control. 
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