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The need for early detection of cancer has resulted in the development of a number of 

molecular identification techniques that can screen for cancer biomarkers or cellular 

components indicative of a cancerous state. Biomarkers play a crucial role in cancer 

diagnosis and their identification and quantification can help monitor disease progression 

and therefore significantly contribute to clinical prognosis and to individualization and 

optimization of systemic therapy. Nanomaterial-based imaging systems provide the 

sensitivity, selectivity, and high multiplexing capability needed for molecular detection 

when leveraging the optical phenomenon of surface-enhanced Raman scattering (SERS). 

SERS is a vibrational spectroscopic technique that can be used to detect molecules 

present on or near the surface of plasmonic nanomaterials such as gold nanoparticles. The 

objective of this dissertation was to develop a SERS-based imaging tool for phenotype 

assessment of cancer cells and tissues by utilizing the optical properties of gold nanostars 

(i.e. gold nanoparticles (AuNPs) with a spherical core and sharp protruding spikes) 

together with the effective targeting ability of aptamers. It was hypothesized that gold 
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nanostars would be able to provide excellent SERS enhancement factors that would 

enable the quantification of biomarker expression at the single cell level. However, 

toxicity of the nanoparticles is a critical issue that needs to be taken into consideration 

before their implementation in vitro. For this purpose, detailed multi-parametric 

assessment of gold nanoparticle toxicity was carried out in cancerous (glioblastoma cells, 

U-87) and healthy cells (human fibroblasts) where the effects of nanoparticle shape, 

surface chemistry, and size on cell toxicity and cellular uptake were assessed.  The study 

demonstrated that gold nanostars can be effectively taken up by both cell types without 

inducing significant toxicity when capped by a suitable ligand. They were therefore 

considered to be less toxic when compared to other nanoparticle shapes with the same 

surface coating and at the same dosage. Gold nanostars were then implemented in the 

development of a SERS based sensing platform for the recognition of soluble and cell-

membrane embedded epithelial cell adhesion molecule (EpCAM) protein with high 

sensitivity and selectivity. EpCAM is a key epithelial biomarker that is overexpressed in 

several types of cancer and changes in its expression have been associated with the onset 

of metastasis. The developed biosensor enabled the detection and quantification of 

EpCAM at the single cell level in two cancer cells with varying expression levels, MCF-7 

and PC-3. The highly sensitive cellular targeting with a detection limit of 10 pM was 

achieved by using EpCAM aptamers. The results demonstrated potential in using this 

approach for detecting cells that undergo phenotype variations during cancer metastasis. 

Finally, the gold nanostar aptamer-based SERS tags were implemented to distinguish 

between early and late stage prostate cancer based on the expression of the prostate-

specific membrane antigen (PSMA) biomarker. The SERS tags enabled sensitive 
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detection of the PSMA biomarker in the prostate cancer cell LNCaP and in a tissue 

microarray containing samples from prostate cancer patients. Results showed elevated 

PSMA expression with progression of the disease and was found to outperform 

immmunofluorescence. Overall, the dissertation established the importance of cancer 

diagnosis and staging based on biomarker expression and demonstrated the potential of 

SERS based diagnostic tools for molecular detection. 
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1.1 Background 

Cancer is one of the leading causes of death worldwide; among the total number of 

cancer-related deaths, 90% are due to metastasis. The American Cancer Society estimates 

that in year 2018, the number of new cancer cases will reach 1,735,350, with 609,640 

cancer related deaths in the United States alone.
1 The survival rates of patients with 

metastatic cancer are usually low because of late diagnosis and possibly limited access to 

timely and standardized treatment options. Studies have shown that early detection is 

highly crucial for clinical diagnosis and successful treatment of the disease.  

Cancer biomarkers comprise a wide range of biochemical entities. They can consist of 

proteins, DNA, mRNA, enzymes, metabolites, and even cell surface receptors. They can 

be present in biological fluids such as blood and serum as well as in tumor tissues.
2
 They 

are defined as a substance that can be measured in a patient which would allow us to 

distinguish between a normal biological response and a diseased state.
3
 Biomarker 

research would allow diagnosis and classification of the tumor, and be useful in 

monitoring treatment response, toxicity, and recurrence of the disease. 
4
  

There are several biological challenges involved in the detection of cancer biomarkers. 

The complexity of the disease makes it challenging to identify a single biomarker able to 

detect with sensitivity and high specificity all cancers of a specific organ. So far there are 

no biomarkers that meet the diagnostic and prognostic requirements of a cancer screening 

tool. There is therefore a need to establish the clinical relevance and applicability of new 

biomarkers and integrate them into clinical practices. In addition, techniques for 

biomarker detection tend to have high sensitivity but low specificity, leading to a higher 
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incidence of false-positive results, which may translate into unnecessary diagnostic tests 

for patients and overtreatment. Longitudinal and cross-sectional studies on a panel of 

cancer biomarkers would therefore help avoid false positives in cancer diagnosis.
4
 Lately, 

techniques are being implemented to analyze biomarkers from a variety of biological 

fluids (i.e. liquid biopsy), including molecules present in blood, serum, or urine, that 

reflect the presence of a tumor in the body. These biomarkers include screening for 

circulating tumor cells (CTCs) and other macromolecules such as mRNA, DNA, and 

proteins originating from the tumor cells in circulation. Studies indicate that identification 

and quantification of these tumor markers can help monitor disease progression and 

therefore contribute to clinical prognosis.
5 

Current techniques focus on detection based on 

tumor cell morphology and their immune and cell-surface properties.
6-7

 However, there is 

a broad morphological heterogeneity observed among CTCs derived from the same 

tissue, in part as an effect of the epithelial-to-mesenchymal transition. Thus, a CTC 

population may comprise cells expressing several surface markers with self-renewal and 

tumor initiating capabilities. Therefore, techniques relying on the identification on CTCs 

of epithelial markers alone may prove to be insufficient in disease prognosis.
7
 

Several promising detection methods for the identification of cell surface and 

intracellular biomarkers have been developed. These include enzyme-linked 

immunosorbent assays (ELISA),
8
 surface plasmon resonance (SPR),

9
 electrochemical 

assays,
10

 colorimetric assays,
11

 and fluorescence methods.
12

 Optical detection techniques 

have remained the most commonly used methods; among them fluorescence detection is 

the most prevalent. While these techniques are highly efficient and provide good 

sensitivity, there are still challenges that need to be addressed.
4, 13 

Fluorescence detection 
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suffers from the disadvantages of quenching, photobleaching, and tissue 

autofluorescence. In addition to this, a large spectral overlap is observed in fluorescent 

molecules making it difficult to interpret multiple targets simultaneously, i.e. carry out 

multiplexing.
14

 As a result, the use of multi-functional nanomaterial-based systems for 

cancer detection and targeted therapy has significantly increased over the past decade.
15 

Since early diagnosis of cancer improves survival rates, recently there has been a lot of 

interest in developing detection techniques that screen for molecular and cellular 

biomarkers that are indicative of a cancer state.
16 

Gold nanoparticles (AuNPs) in 

particular have been preferred over other nanomaterials due to their stability and 

biocompatibility.
17-18

 

1.2 Surface Enhanced Raman Spectroscopy (SERS) 

Surface enhanced Raman spectroscopy (SERS) is a vibrational spectroscopic technique 

where extremely intense Raman signals can be achieved when a Raman molecule is 

placed in close proximity to the surface of a nanostructured noble metal.
19

 Raman 

spectroscopy is based on the inelastic scattering of monochromatic light originating from 

a laser source. This technique is helpful in obtaining useful information related to the 

vibrational energy of the molecules being monitored.
20

 However, the efficiency of Raman 

scattering is very low. Raman molecules exhibit cross sections of the order of 10
-29

 cm
2
 

molecule
-1

 sr
-1

 while in comparison a fluorescent cross-section is of the order of 10
−16

 

cm
2
 molecule

−1
 sr

−1
.
21

 This limitation can be overcome by taking advantage of the SERS 

effect. 
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The signal enhancements observed in SERS are made possible by the use of plasmonic 

nanoparticles like gold nanoparticles (AuNPs) as signal enhancing substrates. When 

AuNPs interact with the electromagnetic radiation of a laser source, the conduction 

electrons begin to oscillate coherently. The collective oscillation of the electrons, known 

as surface plasmon, takes place at the interface between the metal surface and the 

surrounding dielectric medium, and when in resonance with an incoming radiation, 

displaces the electron cloud from its equilibrium position. This equilibrium position is 

then reinstated by coulombic restoring forces which form an oscillating dipole that 

resonates at a specific frequency called localized surface plasmon resonance (LSPR). The 

surface plasmon resonance is dependent on the size and shape of the AuNPs along with 

the local dielectric properties and this phenomenon (shown in Figure 1.1) forms the basis 

of SERS.
22-23

  

 

Figure 1.1 Illustration of the oscillations of surface plasmons in a spherical nanoparticle. 

Figure reproduced with permission.
24

  

1.3 SERS Tags  

SERS tags are AuNP-based labeling systems that can indirectly identify and localize 

selected targets, thereby demonstrating optical labeling similar to fluorescent dyes in 

fluorescence microscopy. SERS tags are composed of a gold nanoparticle core which 
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provides near field enhancements necessary for SERS, Raman reporter molecules for 

labeling, a passivating coating layer to ensure stability and biocompatibility, and 

targeting moieties to enable selective targeting of the biological target (e.g. proteins, 

cells, etc.). The highly specific recognition enabled by SERS tags is provided via the use 

of aptamers or antibodies.  

1.4 Nanoparticles 

AuNPs of different morphologies such as nanospheres, nanorods, and nanostars can be 

synthesized and functionalized with various targeting ligands, therapeutic drugs, and 

imaging labels.
25

 The surface plasmon resonance varies based on the morphology and 

size of the particles. It ranges from 520-550 nm for nanospheres; it exhibits two 

resonance peaks for nanorods, one at 520-550 nm (corresponding to the transverse axis of 

rods) and one at  > 630 nm, whose position depends on the aspect ratio of the rods, and 

is defined as the longitudinal mode; it is broad and located in the near infrared (NIR) 

region for nanostars. In the NIR range, water, blood, and biological tissues are semi-

transparent to the electromagnetic radiation thus rendering rods and stars more suitable 

for use in biological applications.
26

  

In SERS-based experiments, the presence of a probe molecule near the plasmonic 

nanoparticle enhances its Raman signal by at least 5-6 orders of magnitude, with values 

up to 10
10 

at the hot spots.
27 

These hot spots are generally found at the edges and vertices 

of isolated NPs that have sharp features like nanostars. Gold nanostars are excellent 

sensing platforms that can produce SERS enhancement factors of 10
9
,
28

 a value that is 

only two orders of magnitude lower than that necessary for single molecule detection, 
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due to the presence of multiple sharp tips that can generate multiple hot spots. Hot spots 

can also be found at the junction between electromagnetically coupled NPs like dimers of 

nanospheres with inter-particle gaps of 1-2 nm.
29

 

1.5 Raman Reporter 

Raman reporter molecules are Raman active molecules with intrinsically high cross-

sections that play an important role in the development of a SERS tag. Each Raman 

molecule possesses a unique and narrow spectral fingerprint, which allows multiple tags 

to simultaneously detect several target molecules. Selection of the appropriate Raman 

reporter for an application is dependent on several factors. Typically, molecules with 

large Raman scattering cross sections are chosen since they help produce strong SERS 

signals. It is also necessary for the reporters to have a strong affinity with the metallic 

colloid in order to provide stability to it and prevent desorption when being 

functionalized further. Hence, the most commonly used reporters for gold and silver 

nanoparticles include sulfur- and nitrogen- containing molecules. In addition to these 

factors, it is necessary to choose molecules that have simple spectra characterized by few 

peaks so as to reduce peak overlap; limited peak overlap enables the implementation of 

multiplexed assays for the detection of target molecules.
30

  

1.6 Surface Coating 

Surface coating of SERS tags for biological applications is fundamental in ensuring 

biocompatibility and stability of the tags. Tags that are not coated often encounter 

adverse effects under physiological conditions like opsonization and aggregation.
31

 In 

addition, the surfactants used for particle synthesis often induce toxicity. Several 
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methodologies have been developed to surface coat materials that will help overcome 

these challenges. They are usually coated with a biomolecule, polymers, liposomal 

coating, or glasses such as silica. The most commonly used biomolecule is bovine serum 

albumin (BSA). It can be easily adsorbed onto the surface of a nanoparticle via weak 

interactions with the metal surface and forms a protective shell. 
32-33

 However, such 

molecules do not always resist enzymatic cleavage when introduced in a host organism 

and lose their activity in a short time.
31

 Among polymeric coatings, polyethylene glycol 

(PEG) is considered an ideal polymer as it ensures biocompatibility and excellent 

biodistribution in vivo.
34

 The use of PEG allows modification with different chemical end 

groups which enable it to bind strongly to targeting moieties on the SERS tag. Liposomes 

are a new class of coatings for nanoparticles. They are being used for applications since 

they provide stability to the tags and enable targeting moieties like antibodies to be 

attached to them directly. 
35

 Another method for the functionalization of SERS tags is by 

silica coating them. It provides the advantages of having low nonspecific binding, high 

stability, and finely tunable control over the shell thickness. 
36

 

1.7 Targeting Molecules 

Targeting molecules such as antibodies, aptamers, or small molecule ligands allow the 

SERS tags to specifically recognize and bind the target of interest. It is necessary to link 

them covalently to the tags to avoid dissociation when suspended in solution. The 

targeting molecules are typically attached to the coating layer on NPs by taking 

advantage of synthetically added or already present pendant groups. For instance, stable 

covalent bonds can be formed by using sulfhydryl containing groups to bind to metallic 
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NPs surface; stable amide bonds can be formed with amine groups using the linker 

molecule N-succinimide; and biotin-modified tags can be linked to streptavidin-tagged 

nanoparticles. Along with these, reagents such as 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) can be used to react the 

carboxylic acid groups of the antibodies with reactive moieties available on molecules to 

form an amide bond.
31

  

Antibodies have found a wide range of applications in the detection of biomarkers; 

however, they suffer from the limitations of being expensive and sensitive to 

manipulation.
37

 To overcome these issues, a new class of targeting molecules known as 

aptamers has demonstrated potential as an alternative identification tool.  They are easy 

to synthesize and have the ability to target a wide range of molecules with high affinity 

and specificity.
38-39

 Aptamers are single-stranded DNA or RNA molecules with small 

molecular weight between 8 to 15 kDa. They are extremely stable and have negligible 

toxicity and immunogenicity. They are synthesized using a method called Systematic 

Evolution of Ligands by Exponential Enrichment (SELEX)
38

 and can be developed to 

target molecules ranging from small compounds to large cell membrane and 

transmembrane proteins.  

1.8 Applications of SERS in Cancer Biomarker Detection  

One of the fundamental applications of SERS tags has been in the multiplexed detection 

of cell-surface cancer biomarkers, which has enabled screening of cancer cells.
40

 

Circulating tumor cells present in the blood stream or the lymphatic system play a crucial 

role in the onset and evolution of metastasis, by forming secondary tumors at a distant 



10 

 

 

 

site.
41

 Studies have shown that identification and quantification of biomarkers present on 

these cells can help monitor disease progression and therefore significantly contribute to 

clinical prognosis and to individualization and optimization of systemic therapy.  

SERS tags have been used successfully to identify and isolate cancer cells in biological 

samples based on the expression of biomarkers in in vivo imaging and ex vivo diagnostic 

sensors.
42

 In ex vivo applications, they have been shown to directly bind and separate 

cancer cells from blood samples or isolate the cells using functionalized substrates. For 

instance, Zhang et al.
43

 used 60 nm gold nanospheres functionalized with a Raman 

molecule (pMBA) and anti-EpCAM antibody with specificity against non-small-cell lung 

cancer cells. They spiked 1 mL of whole human blood with 100 cancer cells among 

which they were able to capture 34 cells on a nitrocellulose membrane based on the 

detection of EpCAM. Nima et al.
44

 used silver coated-gold nanorods for the multiplexed 

identification of circulating tumor cells originating from breast cancer. They used four 

different Raman reporter molecules that were targeted four biomarkers: Keratin 18, 

Insulin-like growth factor antigen (IGF-1), CD44, and EpCAM that are specific to breast 

cancer cells. They observed that by coating gold nanorods with silver, a two-fold SERS 

signal enhancement could be seen. In addition to that, they were able to detect and isolate 

MCF-7 cells with high specificity in whole human blood. Wang et al. were able to detect 

cancer cells in the presence of white blood cells using nanoparticles. They targeted the 

biomarker, epidermal growth factor (EGF), which plays a key role in squamous cell 

carcinoma of the head and neck. Using these SERS tags, they were able to target and 

isolate 1-720 tumor cells per milliliter of whole blood from 19 patients.
5
 Ahirwar et al.

45
 

showed that aptamers together with nanospheres can detect and quantify estrogen 
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receptor alpha (ERα), a key biomarker protein in breast cancer. They found that this 

“aptasensor” could efficiently detect and quantify ERα in the range 10 ng/mL- μg/mL 

protein.  

In addition to isolating tumor cells, it is also necessary to understand the heterogeneity in 

biomarker expression to study their behavior. Hanif et al. 
46

 carried out single cell 

analysis in a variety of tumor cells including MCF-7A, HeLa and MCF-10A cells where 

they looked at variation in the expression of the protein nucleolin, which is an 

overexpressed marker in most cancer cells. They specifically looked at the variation of 

expression in different subcellular regions of the tumor cells since it influences cancer 

proliferation and treatments.  They designed a portable gold coated nanopipette which 

was functionalized with an aptamer specific to nucleolin. Complementary DNA-modified 

Ag nanoparticles with the Raman reporter p-mercaptobenzonitrile were used to produce 

the SERS signal. In the absence of the target nucleolin, the DNA on the AgNPs formed a 

hybrid with the aptamer on the nanopipette and resulted in an increase in the SERS 

signal. The probe was then inserted into the nucleus, cytoplasm, and cell surface of the 

tumor cells to understand the spatial distribution and subcellular localization of nucleolin. 

This study shows potential in the detection of proteins at a single cell level that could 

perhaps have implications in cancer diagnosis and treatment.   

1.9 Application of SERS in Tissue Imaging  

SERS-based imaging using gold nanoparticle-based tags have been employed for protein 

localization in tissues although detection of cellular and tissue antigens is typically 

carried out using immunohistochemistry and immunofluorescence. One of the first uses 
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of SERS in tissue imaging was carried out by Schlücker et al.
47

 in prostate tissue 

specimens to demonstrate the localization of prostate specific antigen (PSA), which is a 

protein expressed abundantly in the prostate tissue. They conjugated an anti-PSA 

antibody to a gold-silver nanoshell to detect the presence of PSA. They observed 

detectable Raman signals in the epithelium of the prostate tissue while no signal was 

observed in the stroma and the lumen. The sensitivity of the assay was later improved by 

using a silica coating on the gold-silver nanoshells.
48

 Other studies include the work 

carried out by Lutz et al.
49

 where they developed composite organic-inorganic 

nanoparticles (COINs) conjugated with a PSA antibody to look at their detection 

sensitivity in prostate tissue sections. The sensitivity of SERS detection was compared to 

immunofluorescence staining with an Alexafluor conjugated antibody. A slightly higher 

occurrence of false positive staining was observed with SERS, although overall the 

detection sensitivity and signal intensity observed were comparable with that seen with 

immunofluorescence staining. Most importantly, the SERS signal could be distinguished 

from the background autofluorescence of the tissue which is beneficial in analyzing 

proteins with low expression levels.  

These studies show that gold nanoparticle-based SERS tags possess the specificity and 

ability to identify several targets simultaneously without spectral overlap.  They further 

attest to the benefits of using gold nanoparticles based SERS for cancer and tissue 

biomarker identification. 
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1.10 Dissertation Hypothesis and Overview  

The overall objective of this dissertation was to develop a SERS-based imaging tool for 

the phenotype identification of cancer cells and tissues by utilizing the optical properties 

of gold nanostars (i.e. gold nanoparticles with a spherical core and sharp protruding 

spikes) together with the effective targeting ability of aptamers. SERS tags are one of the 

promising techniques for the ultrasensitive and multiplexed detection of target molecules. 

It was hypothesized that gold nanostars would be able to provide excellent SERS 

enhancement factors that would enable the quantification of biomarker expression at the 

single cell level. Studies from our group using SERS tags developed from dimers of gold 

nanoparticles have shown that they are extremely sensitive and can selectively image 

cancerous cells.
40

 These tags were therefore exploited for the molecular identification and 

quantification of cell surface biomarkers with extreme sensitivity and selectivity and 

yielded improved SERS-based detection limits for biological applications.   

To achieve the overall objective of this dissertation, the following specific aims were 

designed: (1) To understand the cytotoxicity of gold nanoparticles with different 

morphologies and surface chemistries; (2) To develop aptamer-functionalized nanostars 

for the recognition of both soluble and cell-membrane embedded proteins that would 

enable the quantification of biomarker expression at the single cell level in cancer cells of 

different phenotype; (3) To develop SERS tags that would allow assessment of the 

clinical stage of prostate cancer using the prostate-specific PSMA biomarker.  

The remaining chapters have been organized as below:   
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Chapter 2 provides information on how the shape of particles (like spheres, rods, and 

stars), size, and surface chemistry influences their cytotoxicity and establishes the need to 

understand their mechanism before implementing them in an in vitro or in vivo study. 

The deliverables included synthesizing and characterizing AuNPs with different 

morphologies (spheres, rods, and stars), followed by functionalizing them with the 

surfactant cetyltrimethylammonium bromide (CTAB), PEG, and human serum albumin 

(HSA). The performance of the nanoparticles was then studied via a multi-parametric in 

vitro study in glioblastoma cells (U-87) and fibroblasts. The biocompatibility was 

established with several assays such as MTT, lactate dehydrogenase (LDH), reactive 

oxygen species (ROS), and caspase 3/7 assays. Cellular uptake of the nanoparticles was 

analyzed with transmission electron microscopy (TEM) and inductively coupled plasma 

mass spectrometry (ICP-MS). 

Chapter 3 focuses on the development of a SERS sensing platform that enabled the 

quantification of biomarker expression at the single cell level in cancer cells of different 

phenotype. For this work, the epithelial cell adhesion molecule (EpCAM) aptamer 

developed using cell-SELEX protocols was employed. The sensitivity of the assay was 

improved from 1 nM to 10 pM by using a truncated version of the EpCAM aptamer in 

which the number of nucleotides was drastically reduced from 48 nucleotides to 17 

nucleotides. Performance of the sensing platform was assessed using atomic force 

microscopy (AFM), and SERS maps. The sensing platform was then used to quantify the 

expression of the EpCAM biomarker in two cancer cells, PC-3 and MCF-7, at the single 

cell level. Experiments carried out included measuring the cell capture efficiency on the 
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substrates and assessing their SERS signals. Population level predictions of EpCAM 

expression were carried out using flow cytometry.  

Chaper 4 focuses on the development of gold nanostar-aptamer functionalized SERS tags 

that allowed the assessment of the clinical stage of prostate cancer in tissue microarrays 

using the prostate-specific PSMA biomarker. For this work, the prostate specific 

membrane antigen (PSMA) aptamer was employed. SERS maps were carried out to 

assess the performance of this assay. Following this initial assessment, the tags were 

employed to quantify the expression of the PSMA biomarker at the single cell level in the 

prostate cancer cells LNCaP and PC-3 using SERS maps. The PSMA expression on these 

cells was confirmed with Western Blot and RT-PCR analysis. Differences in the binding 

capability of PSMA antibody and PSMA aptamer to the prostate cancer cells were tested. 

The tags were then employed in a prostate tissue microarray containing samples from 38 

patients with different disease stages. The difference in the expression of the PSMA 

biomarker observed via SERS maps at different stages of the disease was compared to 

that seen with immunofluorescence staining of the tissue microarray.  

Chapter 5 contains the conclusion. Findings from all experiments carried out to satisfy 

the specific aims have been summarized and future research directions for the projects 

are discussed. 
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2.1 Abstract 

In recent years, we and others have become interested in evaluating the use of surface-

enhanced Raman scattering (SERS) tags for early cancer detection and in designing new 

approaches to demonstrate the applicability of this spectroscopic technique in the clinic. 

SERS-based imaging in particular offers ultra sensitivity up to the single molecule, 

multiplexing capability, and increased photostability and has been shown to outperform 

fluorescence. However, to employ SERS tags for early cancer detection, it is important to 

understand their interaction with cells and determine their cytotoxicity. We have been 

particularly interested for quite some time in determining if and how gold nanostars, 

which have been demonstrated as outstanding SERS enhancing substrates, can be safely 

employed in living systems and translated to the clinic. In this study, we carried out a 

multiparametric in vitro study to look at the cytotoxicity and cellular uptake of gold 

nanoparticles on human glioblastoma and human dermal fibroblast cell lines. 

Cytotoxicity was evaluated by incubating cells with three different morphologies of 

AuNPs, namely nanospheres, nanorods, and nanostars, each having three different 

surface chemistries (cetyltrimethylammonium bromide (CTAB), poly(ethylene glycol) 

(PEG), and human serum albumin (HSA)). Our results showed that the surface chemistry 

of the nanoparticles had predominant effects on cytotoxicity, and the morphology and 

size of the nanoparticles only slightly affected cell viability. CTAB-coated particles were 

found to be the most toxic to cells, and PEGylated nanostars were determined to be the 

least toxic. Caspase-3 assay and LDH assay revealed that cell death occurs via apoptosis 

for cancerous cells and via necrosis for healthy ones. Cellular uptake studies carried out 

via TEM showed that the particles retain their shape even at long incubation times, which 
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may be beneficial for in vivo SERS-based disease detection. Overall, this study provides 

valuable information on gold-nanoparticle-induced cytotoxicity that can be leveraged for 

the development of safe and effective nanoparticle-based therapeutic and diagnostic 

systems. 

2.2 Introduction 

The use of noble metal nanoparticles (NPs) in a wide variety of biomedically relevant 

applications has steadily grown in recent years, raising concerns over their safety and true 

applicability in vivo. There is a common understanding that silver nanoparticles, by 

virtue of their redox properties, readily undergo oxidation at the surface, releasing Ag+ 

ions that can then lead to the production of reactive oxygen species (ROS) and thus be 

correlated with increased apoptotic and necrotic levels in various types of cell 

populations.
1
 For this specific reason, Ag NPs are often used as antibacterials, but 

because of it, they are not as often encountered in in vitro and in vivo applications as 

much as gold NPs do. With respect to the latter, however, even though individual works 

generally provide basic cytotoxicity assessments, primarily carried out via MTT and 

trypan blue assays, there is a fundamental lack of systematic studies in which the size, 

shape, and surface chemistry of the Au NPs are all taken into account to provide a 

multiparametric evaluation of the biocompatibility of these materials. Moreover, the 

studies available in the literature mostly assess the toxicity of diseased cells that are being 

targeted in a specific application, ignoring the fact that, fundamentally, the most 

important cellular response to be monitored should be that of healthy cells, whose 

viability should not be impacted by NP administration. Importantly, certain studies, 
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although providing a broad cytotoxicity assessment for gold NPs of variable shape, do so 

by  targeting HeLa cells, which are known to be extremely durable and prolific but, 

because of this reason, might not be the ideal cell type to use to provide accurate 

conclusions that can be generalized for the majority of mammalian cells. In our group, we 

are particularly interested in studying the cytotoxicity of gold nanostars because they are 

an ideal substrate for surface enhanced Raman scattering (SERS), a spectroscopic 

technique that is at the core of our research and can be leveraged for biomedical sensing, 

diagnostics, and imaging.
 −4

 We are primarily interested in the implementation of SERS 

for the indirect identification of healthy and diseased cells and for the development of 

multimodal contrast agents based on the concept of SERS tags. 

SERS tags are composed of a plasmonic NP (in this case, gold), Raman reporter 

molecules, and targeting moieties such as antibodies, peptides, or aptamers and enable 

optical labeling functions, similar to what fluorescent dyes do in fluorescence 

microscopy.
5
 In SERS-based experiments, the presence of a probe molecule near the 

plasmonic nanoparticle enhances its Raman signal by  −6 orders of magnitude, with 

values up to 10
10

 at the hot spots. These hot spots are usually found near the edges and 

vertices of sharp features on isolated NPs such as nanostars or at the junction between 

electromagnetically coupled nanoparticles such as dimers of nanospheres with 

interparticle gaps of 1−  nm. The morphology of the plasmonic nanoparticles used can 

significantly influence its optical properties. Gold nanostars, in particular, can generate 

multiple hot spots and hence can be used as excellent platforms for SERS-based medical 

applications.
5
 They can produce SERS enhancement factors of almost 10

10
, a value that is 

only 2 orders of magnitude lower than that necessary for single molecule detection.
6
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However, to use SERS tags in vitro or in vivo, it is important to understand their 

interaction with cells and the nature of the cytotoxic response they elicit in them. It has 

been shown that the shape of the nanoparticles, their size, and surface chemistry greatly 

influence their cytotoxicity.
7
 However, besides a recent work by Cormode and co-

workers in which gold nanospheres and nanorods have been thoroughly evaluated via a 

multipronged toxicity assessment,
8
 no study of similar completeness has so far, to the 

best of our knowledge, provided a thorough, systematic comparison of the cytotoxicity of 

gold nanostars with respect to more well-known particles of comparable size and 

identical surface chemistry within an individual study covering both healthy and diseased 

cells and employing multiple toxicity assays and characterization tools. In this study, we 

carried out a detailed multiparametric in vitro study to look at the mechanisms of 

cytotoxicity and cellular uptake of gold nanoparticles on human glioblastoma (U87) and 

human dermal fibroblast cell lines focusing on spherical gold NPs, nanorods, and 

nanostars, functionalized with cetyltrimethylammonium bromide (CTAB), polyethylene 

glycol (PEG), and human serum albumin (HSA). We have evaluated cell viability via 3-

(4, 5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), lactate 

dehydrogenase (LDH), ROS, and caspase 3/7 assays and studied uptake with 

transmission electron microscopy (TEM) and inductively coupled plasma mass 

spectrometry (ICP-MS). The overarching goal of this study was to determine the 

cytocompatibility of Au nanostars and hence facilitate their applicability as contrast 

agents in molecular imaging studies, particularly those carried out using SERS.  
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2.3 Experimental Section  

2.3.1  Synthesis of AuNPs 

Gold nanoparticles with three different morphologies were synthesized using established 

protocols from literature.
 (9-11)

 Citrate capped gold nanospheres were synthesized 

according to a modified Turkevich method.
(9)

 Briefly, 8 mL of HAuCl4 salt solution 

(0.025 M) in milliQ water (477 mL) were heated up to boil after which citric acid 

trisodium salt (1% wt., 15 mL) was added under gentle stirring. After 5 minutes of 

boiling, the solution turned red and it was then allowed to cool to room temperature 

followed by centrifugation at 6000 g for 30 minutes to purify the nanospheres. 

Gold nanorods were synthesized using a seed-mediated growth method developed by 

Nikoobakht and El Sayed.
(10)

 For the seed solution, 5 mL of 0.2 M CTAB solution were 

mixed with 5 mL of 0.822 mM HAuCl4. To the stirred solution, 600 µL of ice cold 0.01 

M NaBH4 were added. The solution turned brownish yellow and was stirred vigorously 

for 2 min. For the growth solution, 243.1 mL of 0.2 M CTAB were mixed with 9.7 mL of 

0.004 M AgNO3. To this solution, 243.14 mL of 0.411 mM of HAuCl4 were added. After 

gentle mixing, 3.4 mL of 0.0794 M ascorbic acid were added which changed the color of 

the growth solution from dark yellow to colorless. This was followed by the addition of 

583.5 uL of the seed solution. The reaction was maintained in a water bath at  0  C under 

mild stirring conditions. The rods were then purified by centrifugation at 3500 g for 15 

minutes. 

Gold nanostars were synthesized according to a modified version of the surfactant-free 

nanostar synthesis described by Yuan et al.
(11)

 Briefly, 12 mL of HAuCl4 salt solution 
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(0.025 M), 1.2 mL of 1 N HCl were added to 288 mL of milliQ water. 750 µL of 12 nm 

citrate capped spheres (A=2.81) were then added to the mixture and mixed thoroughly by 

stirring. Then, 6 mL of 100 mM ascorbic acid and 12 mL of 3 mM AgNO3 were 

simultaneously added to the above mixture. The reaction was carried out for 7 minutes 

with gentle stirring and then purified by centrifugation at 3000 g for 15 minutes.  

2.3.2 Surface Functionalization of AuNPs 

For surface functionalization of AuNPs with CTAB, as synthesized citrate capped 

spheres were purified and resuspended at a concentration of 100 µg/mL. To 50 mL of 

nanospheres, 5 mL of a 0.5 M CTAB solution were added. The nanospheres solution was 

sonicated for a few seconds and placed on a shaker for one hour. It was then centrifuged 

twice at 6000 g for 15 minutes. For CTAB coating of surfactant-free nanostars, 58.2 mL 

of 0.5 M CTAB was added to the as synthesized nanostars described previously. The 

suspension was stirred for an hour at room temperature followed by centrifugation twice 

at 4000 g for 15 minutes.  

All thiolated molecules used in this work were pre-treated with Cleland’s reagent 

(Dithiothreitol, DTT) to eliminate any existing disulfide bonds.
(22)

 For PEG addition, 100 

µg/mL suspensions of AuNPs were prepared. A stock solution of 1 mg/mL hetero-bi-

functional PEG (HS-PEG-OCH3, M.W. 5000 Da) was prepared in milliQ water. Citrate 

capped nanospheres were centrifuged once at 6000 g for 15 min followed by the addition 

of 420 µL of 1 mg/mL PEG solution to the nanospheres pellet. The PEG coated spheres 

were then sonicated for a few seconds and placed on a shaker for a few hours. Surface 

functionalization of CTAB nanorods and surfactant-free nanostars with HS-mPEG was 
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carried out according to the method described by Liu et al. 
(23)

 Briefly,   μL of   vol % 

Tween  0 aqueous solution,   μL of 0.1 M bis(p-sulfonatophenyl)-phenylphosphine 

dihydrate dipotassium salt (BSPP), 1 .6 μL of 1.6 mM HS-mPEG ([HS-PEG]/[AuNP] = 

1.24 × 10
5
),  0 μL of   M NaCl, and  0 μL of water were added in that order to 100 μL 

of concentrated AuNP pellet. They were then sonicated for a few seconds followed by 

stirring at room temperature for a few hours.  

Functionalization of AuNPs with HSA was carried out in two steps. For the first step, a 

stock solution of 1 mg/mL hetero-bi functional PEG (HS-PEG-COOH, M.W. 5000 Da) 

was prepared in pH 12 milliQ water. All AuNPs were centrifuged once. To the AuNP 

pellet, 135 µL (for citrate capped spheres), 150 µL (for CTAB nanorods) and 155 µL (for 

CTAB nanostars) of 1 mg/mL PEG solution were added. They were sonicated for 30 

seconds followed by stirring for a few hours. Further functionalization of AuNPs with 

HSA was achieved via the addition of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC, 25 µM in 10 mM MES) and N-Hydroxysuccinimide (NHS-ester,     M in 10 mM 

MES) to the solution of PEG stabilized AuNPs. This was immediately followed by the 

addition of HSA (0.1  M final in milli  water). The binding was allowed to proceed for 

  hours at     C with gentle stirring. The AuNP solution was then centrifuged once and 

resuspended in 1  PBS with 0.0  % Tween  0 solution. It was then stored at 4  C until 

further use.  

2.3.3 Characterization of AuNPs 

The UV-Vis spectra were recorded on an SI Photonics Model 440 spectrophotometer. 

The morphology of AuNPs was evaluated using a Topcon 002B transmission electron 
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microscope and the size information was extracted using the Image J software. The 

concentrations of spherical AuNPs were calculated using the equation developed by Liu 

et al. 
(24)

  

DLS and zeta potential measurements were performed using a Malvern Zetasizer Nano-S 

instrument. Three sequential measurements were performed for both experiments using 

water diluent parameters with flow cell configuration. The zetapotential data were fit 

using Smoluchowski theory.  

2.3.4 Estimation of Ligand Concentrations on AuNPs 

For estimation of CTAB concentrations on AuNPs, 100 mL of nanospheres, nanorods 

and nanostars were synthesized according to the protocol described above. All AuNPs 

were centrifuged twice, their supernatant was removed and the pellets were then re-

suspended in 1mL of deuterated water (Sigma). CTAB concentrations were estimated via 

1
H NMR spectrum that was obtained on a 500 MHz Varian spectrometer. 

1
H NMR 

chemical shifts were reported in ppm downfield from tetramethylsilane and were 

referenced to deuterated water solvent. The concentrations on AuNPs were determined 

using a CTAB standard solution (3.7 mg, 10.5 mmol) that was dissolved in deuterated 

water at 35°C.  

PEG concentrations on AuNPs were estimated using thermo gravimetric analysis (TGA). 

TGA was carried out using a Simultaneous Thermal Analyzer STA 8000 (Perkin Elmer). 

The experiments were carried out between 35°C and 800°C at 10°C/min under a nitrogen 

atmosphere flowing at 30 mL/min. Each sample was prepared by drying the washed 



28 

 

 

 

AuNP samples (100 mL each). The amount of PEG attachment on the AuNPs was 

calculated as the percentage weight loss that occurs between 302°C and 450°C which 

corresponds to the degradation of SH-mPEG (5000 Da).  

HSA concentrations on AuNPs were estimated using a Pierce BCA Protein Assay kit 

(Thermo Scientific). AuNPs functionalized with HSA were synthesized according to the 

method described above. The AuNPs were centrifuged and the amount of excess HSA 

present in the supernatant as well as the initial HSA added to the synthesis was estimated 

using the BCA assay kit according to the manufacturer’s protocol.  

2.3.5 Cell Culture Maintenance 

Human glioblastoma cells (U87, passage 5 to 11) and primary human dermal fibroblasts 

(passage  0 to  8) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) cell 

culture medium that was supplemented with Fetal Bovine Serum (FBS) (10% v/v) and 

penicillin/streptomycin (1% v/v). Cells were incubated at     C in a 5 % CO2 

environment. Cells were cultured in a 96-well plate at different seeding densities. 100 µL 

of cell culture medium containing AuNPs at a concentration of 100 µg/mL were added to 

each well 24 hours after plating. The wells were incubated with AuNPs for the chosen 

time (4 hours and 24 hours) and then analyzed for toxicity. Each experiment had a control 

group (cells grown in medium without AuNPs) and was performed in triplicate.  

2.3.6 In vitro Cell Toxicity Studies 

Actively growing cells were seeded at a density of 10,000 cells/well (100 µL) in a 96-

well tissue culture plate for MTT assay. After allowing cells to attach for 24 hours, the 
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media was replaced and nine different groups of AuNPs at a concentration of 100 µg/mL 

were added to the wells. Cell viability was measured after 4 and 24 hours of exposure to 

AuNPs using an MTT cell proliferation assay (V13154 Vybrant MTT Cell Proliferation 

Assay Kit, Thermo Fisher) according to the manufacturer’s protocol. Briefly, after the 

completion of 4 hours and 24 hours, the aged media was replaced with 100 µL of fresh 

one. Following this, 10 µL of 12 mM MTT ( -(4,  -dimethylthiazol- -yl)- ,  -

diphenyltetrazolium bromide) were added to each well and incubated at     C for 4 hours. 

About 85 µL of media were removed from each well and replaced with 50 µL of 

dimethylsulfoxide (DMSO). The wells were then incubated at     C for 10 minutes. The 

water soluble MTT was reduced to an insoluble purple formazan dye crystals by 

metabolically active cells, and the concentration was determined by measuring the optical 

density at 540 nm.  

For analyzing the cellular cytotoxicity via lactate dehydrogenase (LDH) release from 

cells, U-87 cells were plated at a density of 3000 cells/ well while fibroblasts were plated 

at a density of 10,000 cells/well in a 96-well tissue culture plate. The optimum cell 

density for each cell type was determined according to Pierce LDH Cytotoxicity Assay 

Kit (Thermo Fisher) protocol. After allowing the cells to attach for 24 hours followed by 

incubation for the desired time with AuNPs, 50 µL of the supernatant were collected to 

analyze LDH release using the assay kit. The reaction was carried out according to the 

manufacturer’s protocol and the absorption was measured at 490 nm and 680 nm.  

In order to monitor the cellular reactive oxygen species (ROS) generated in the cells, a 

DCFDA Cellular ROS Detection Assay Kit (Abcam) was used. Both cell lines were 

seeded at a density of 10,000 cells/well in a 96-well tissue culture plate. The cells were 
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incubated with     M of  ’,  ’-dichlorofluorescin diacetate (DCFDA) for 45 minutes in 

the dark at     C according to the manufacturer’s protocol. The cells were then washed 

with 100 µL of 1X PBS. The fluorescent signal was recorded at an excitation of 485 nm 

and emission at 535 nm. The cells were then incubated with different AuNPs for the 

desired time and measured to determine the ROS content. 

To investigate whether exposure to AuNPs induces apoptosis in cells, we used an 

EnzChek Caspase-3 Assay Kit by Thermo Fisher. This kit allows the detection of 

apoptosis by looking for increase in the expression of caspase-3 and Asp-Glu-Val-Asp 

(DEVD) specific protease like caspase 7. For this assay, both cell lines were seeded at a 

density of 20,000 cells/well in a 96-well tissue culture plate. After allowing the cells to 

attach for 24 hours and incubating with AuNPs for 4 hours and 24 hours, the cells were 

washed with 1X PBS. The cells were then lysed with a lysis buffer and incubated with 

rhodamine 110 bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide) (Z-

DEVD-R110) according to the manufacturer’s instructions. The fluorescence was then 

measured at an excitation/emission of 496 nm and 520 nm respectively. 

2.3.7 Cellular Uptake Studies 

For the preparation of cellular samples for TEM, U87 cells and fibroblasts were seeded at 

a density of 40,000 cells/cm
2
 in a T-25 tissue culture flask. The cells were allowed to 

attach for 24 hours after which they were exposed to 100 µg/mL (5 mL) of PEG and HSA 

coated gold nanostars for 24 hours. Following incubation, the cells were washed once 

with 1X PBS. They were trypsinized, centrifuged at 1500 rpm for 5 minutes and washed 

again with 1X PBS. The cells were then fixed in 1.5 mL of fixative (2.5 % glutaraldehyde 



31 

 

 

 

and 4 % formaldehyde in 0.1 M cacodylate buffer at pH 7.4) and left at room temperature 

for 2 hours. After that, they were stored at 4  C until further analysis by TEM. 

Quantification of metal concentration inside the cells was performed by acid digestion of 

the cell samples followed by ICP-MS analysis. Cells were incubated at a density of 

10,000 cells/well in a 96-well tissue culture plate. They were allowed to attach for 24 

hours after which they were incubated with different groups of AuNPs. After 4 hours and 

24 hours, the cells were washed twice with ice cold 1X PBS. The cells were then scraped 

from the wells and collected in 100 µL of 1X PBS. After this, 300 µL of concentrated 

nitric acid (70 %) was added to the cell suspension. They were allowed to sit for an hour 

at room temperature after which they were microwave digested. They were then re-

suspended in 100 µL of concentrated hydrochloric acid and diluted to 8 mL using milliQ 

water. Following this, they were analyzed for metal concentration using ICP-MS.  

2.3.8 Statistical Analyses 

Statistical analyses were performed using a single factor analysis of variance with a 

Tukey’s post hoc test (ANOVA) in Origin 9.  software. All quantitative results 

(numerical values and representative diagrams) were expressed as the average ± standard 

deviation. 

2.4  Results and Discussion 

2.4.1  Synthesis and Characterization of Functionalized AuNPs 

A monodispersed suspension of gold nanospheres (AuNSp) of 25 nm in diameter was 

synthesized using a modified Turkevich method,
(9)

 which involves the citrate reduction of 
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the gold salt, HAuCl4. The synthesized spheres showed the characteristic UV-Vis 

plasmon resonance peak at 521 nm. Gold nanorods (AuNR) were synthesized using a 

seed mediated growth method adapted from Nikoobakht and El Sayed.
(10)

 UV-Vis data 

(Figure 2.1) showed the transverse plasmon resonance peak at 517 nm and the 

longitudinal resonance peak at 645 nm. Finally, gold nanostars (AuNS) having a plasmon 

resonance maximum centered at 774 nm were synthesized according to a modified 

version of the surfactant-free nanostar synthesis method we previously adopted.
(11)

 

Cetyltrimethylammonium bromide (CTAB) was then employed to recap the nanostars by 

replacing the ascorbic acid molecules stabilizing the surface of the as-synthesized NSs.  

 

Figure 2.1 UV-Vis absorption spectra (normalized) of as synthesized gold nanospheres 

(LSPR: 521 nm), gold nanorods (LSPR: 517 nm, 645 nm) and gold nanostars (LSPR: 774 

nm).  

The morphology and size of all the particles were verified using transmission electron 

microscopy (TEM), as seen in Figure 2.2. TEM data showed that the AuNSp have a 

relatively narrow size distribution, with an average diameter of 18.4 ± 1.9 nm. The 
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AuNRs showed an average length of 52.7 ± 5.9 nm and a width of 23.0 ± 3.6 nm, thereby 

having an aspect ratio (length/width ratio) of 2.2 for the synthesized CTAB-coated gold 

nanorods. The TEM micrographs for the AuNSs showed a spherical core with a large 

number of tips at the surface. The average tip-to-tip distance was measured to be 62.5 ± 

11.2 nm. 

 

Figure 2.2 Representative transmission electron microscopy (TEM) images of CTAB 

coated (A) nanospheres (B) nanorods and (C) nanostars. Scale bar = 50 nm for 

nanospheres and 100 nm for nanorods and nanostars. 

Surface functionalization of the nanoparticles was carried out following the analysis of 

particle size and morphology. Three different surface chemistries were utilized for the 

study: CTAB, PEG, and HSA. For the AuNSp group, the citrate spheres were further re-

suspended in CTAB to keep the surface chemistry consistent with the other two types of 

AuNPs. For PEG coating of AuNPs, a thiolated PEG was employed for ligand exchange, 

while HSA addition was carried out in two steps. Upon the addition of thiolated PEG 

(SH-PEG, MW 5000) to the AuNP suspension, the high reactivity of the thiol groups 

toward gold causes ligand exchange of either the citrate ions (in the case of AuNSp), or 

CTAB (in AuNR), or ascorbic acid (in AuNS). Thiolated PEG molecules covalently bind 
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to the AuNP surface and provide colloidal stability. For HSA coating, hetero-bifunctional 

PEG (COOH-PEG-SH, MW 5000) was first added to the AuNP suspensions. This step 

minimizes aggregation of NPs due to the presence of proteins in the cell culture medium 

while the presence of the carboxylic moiety enables further functionalization of the 

AuNP surface by following simple amine chemistry. Formation of an amide bond with 

pendant N-terminus of HSA was achieved via coupling reactions mediated by 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS-ester). 

After surface functionalization, all AuNPs showed an increase in size and a shift in the 

LSPR position (Figure 2.3). Since the position of LSPR is dependent on the thickness of 

the shell and dielectric function of the attached ligand (along with the size and shape of 

the NP),
(12)

 a shift indicates successful surface functionalization, with significant shifts 

for nanorods and nanostars and less pronounced ones for nanospheres, as expected. In 

UV-Vis spectroscopy experiments, a minor red shift of less than 5 nm in the plasmon 

peak was observed after surface functionalization of AuNSp, as typically observed for 

this type of particle.  

 

Figure 2.3 Characterization of the functionalized AuNPs. Panels (A) to (C) show the 

UV-vis spectra of CTAB-, PEG-, and HSA-coated nanospheres, nanostars, and nanorods 

respectively. 
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In addition to that, the dynamic light scattering (DLS) measurements shown in Figure 

2.4 revealed an increase in the average hydrodynamic diameter of spherical NP from 25.1 

± 0.2 nm (citrate NSp) to 35.2 ± 1.4 nm for CTAB coated nanospheres. PEG coated 

spheres showed a 5 nm increase in diameter (30.5 ± 0.7 nm) while HSA coated spheres 

increased by 14 nm (39.4 ± 0.4 nm), indicating successful functionalization of AuNSp 

with PEG and HSA. For AuNRs, the longitudinal plasmon peak position shifted from 645 

nm in CTAB rods to 640 nm for both PEG and HSA coated rods. In addition to that, the 

broadening of the LSPR band observed for HSA-capped AuNRs suggests a sidewise 

pairing of nanorods, which was evidenced in TEM. For the gold nanostars, the surfactant-

free stars (i.e. capped only by ascorbic acid) showed an LSPR peak at 778 nm. This 

coating wasn’t used for the cytotoxicity experiments due to the poor colloidal stability of 

the resulting nanoparticles in cell culture media. To improve their stability, either 

thiolated PEG or CTAB were added. CTAB-coated stars were further functionalized with 

hetero-bifunctional PEG and later with HSA. CTAB addition caused a blue shift of over 

100 nm to 668 nm while the PEG coated particles were found to have an LSPR at 721 

nm, which only shifted by 57 nm. The addition of HSA resulted in a peak position at 645 

nm. DLS measurements showed changes in the average hydrodynamic diameter of 

nanostars from 80.0 ± 0.5 nm for CTAB nanostars to 83.9 ± 3.0 nm (PEG nanostars) and 

82.2 ± 2.7 nm (HSA nanostars). DLS measurements are based on an algorithm that 

correlates the diffusion coefficient with particle size based on the Brownian motion of 

spherical particles.
 
Since AuNRs are non-spherical in shape, their DLS results would be 

inaccurate and hence measurements for this NP shape weren’t carried out.
(13)
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Figure 2.4 Plots A and B show dynamic light scattering (DLS) data that give the size 

distributions of CTAB, PEG, and HSA coated spheres and stars in Milli-Q water at room 

temperature. 

The surface ligand exchange was further confirmed by a shift of zeta potential of the 

colloidal nanoparticles measured by the Zetasizer. The ζ-potential is a measure of the 

electrophoretic mobility or net charge of NPs. The results of the surface charges of all 

AuNPs have been summarized in Table 2.1. We observed a shift in ζ potential from -36.1 

± 0.6 mV to 25.4 ± 1.6 mV after addition of CTAB to citrate NSp. PEG and HSA coated 

NSp had near neutral ζ values at -14.2 ± 0.9 mV and -13.9 ± 0.1 mV. For AuNRs, the 
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zeta potential values shifted from 38.4 ± 1.2 mV in CTAB to 1.3 ± 0.3 mV and -7.6 ± 0.3 

mV for PEG and HSA coatings respectively. In case of AuNS, the values decreased from 

43.5 ± 1.5 mV of CTAB to -8.2 ± 0.8 mV in case of PEG AuNS and -7.6 ± 0.5 mV for 

HSA AuNS. For all three types of PEG-coated AuNPs, the surface charge was found to 

decrease to near neutral zeta potential values which is in agreement with values found in 

literature.
(14)

 Nanoparticle surface neutrality is known to provide colloidal stability as 

well as increased biocompatibility. It has also been shown to decrease non-specific 

binding of proteins and other bio-molecules to the AuNP surface and to help improve 

distribution of AuNPs in biological fluids.
(15)

 The zeta potential values for HSA-coated 

NPs were also similar to those found in literature.
(16)

 

Table 2.1 Zeta potential values (mV) of AuNPs in water observed after synthesis and 

functionalization with different surface coatings. Results shown as mean ± standard 

deviation with n = 3 readings for each sample. 

 

2.4.2  Estimation of Ligand Concentrations on AuNPs 

The amount of ligands (CTAB, PEG and HSA) present on different AuNPs was 

quantified in order to understand the effect of ligands alone on cytotoxicity. CTAB 

concentrations on AuNPs were determined by comparing against the 
1
H NMR spectrum 

of a CTAB standard solution. The peak areas corresponding to the terminal H of the CH3 

AuNP CTAB HS-mPEG HSA 

Spheres 25.4 ± 1.6 -14.2 ± 0.9 -13.9 ± 0.1 

Rods 38.4 ± 1.2 1.3 ± 0.3 -7.6 ± 0.3 

Stars 43.5 ± 0.8 -8.2 ± 0.8 -7.6 ± 0.5 
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group present in CTAB solution were compared to each of the AuNP solutions. The 

following 
1
H NMR peaks (500 MHz, 25°C, H2O-d2): δ  . 0 (11 H, C(CH3)3, CH2), δ  .24 

(6 H, (CH2)4), δ 1.   (   H, (CH2)11), δ 0.91 (t, JHH = 11 Hz, 3H, CH3) were used to 

estimate CTAB concentrations in 100 mL of synthesized AuNPs. We determined that 

2.168 mg of CTAB was present in nanospheres, 1.148 mg of CTAB in nanorods and 

2.041 mg of CTAB was present in nanostars (Figure 2.5). 

 

Figure 2.5 Figure shows 
1
H NMR spectra of CTAB coated AuNPs. Panels show the 

spectra corresponding to A) CTAB nanospheres, B) CTAB nanorods, C) CTAB 

nanostars and D) a CTAB stock solution. 
1
H NMR chemical shifts are reported in ppm 

downfield from tetramethylsilane and were referenced to deuterated water solvent. 
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PEG concentrations on AuNPs were determined using TGA (Figure 2.6) and compared 

to an as received PEG sample. The amount of PEG attachment on the AuNPs was 

calculated as the percentage weight loss that occurs between 302°C and 450°C which 

corresponds to the thermal degradation of the polymer.
(17)

 For the AuNP samples, 

additional peaks were observed. Highest weight loss percentages (6.759 wt %) were 

observed in spheres indicating higher PEG attachments compared to other AuNPs. This 

weight loss corresponded to 0.307 mg in nanospheres. For nanorods, a weight loss 

percent of 2.92 (0.136 mg) was observed while nanostars had 2.09 % weight loss (0.274 

mg).  

 

Figure 2.6 Figure shows TGA of PEG coated AuNPs. Panel A shows the weight loss 

profile of PEG coated nanospheres, nanorods and nanostars. Panel B shows the weight 

loss observed in as-received PEG between 35  C and 800  C. 

HSA concentrations on AuNPs were determined using a Pierce BCA assay kit (Figure 

not shown). The initial amount of HSA added to each of the AuNP samples was found to 

be 151.5 ± 16.2 µg. The amount of HSA present in the supernatant of AuNPs were below 

the detection limit of the kit (less than 20 µg/mL) so accurate HSA concentrations 
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couldn’t be determined. For the cytoxicity study, HSA concentrations of  0  g, 100  g 

and 151.5 µg (in 50 mL of as synthesized AuNPs) were used. 

2.4.3  In vitro toxicity study 

The primary objective of this study was to elucidate whether the cytotoxicity of gold 

nanoparticles was due to the size, the shape, or the surface chemistry of the particles, or a 

combination of all, and to identify whether it depended on the nature of the cell 

examined. For this purpose, comparisons were made between U87 and human dermal 

fibroblast (hfb) cells. We also investigated the amount of internalized AuNPs and the 

effect of different capping agents, such as PEG and HSA, on the uptake of gold 

nanoparticles. To determine if AuNPs exhibit cytotoxic effects on U87 and hfb, the cells 

were initially exposed to a broad concentration range of PEG nanostars (0 to  00 μg/mL) 

in order to find the optimal dosage for the study. Cell viability was measured after 4 and 

24 hours of exposure to PEG nanostars using an MTT cell proliferation assay (Figure 

2.7) which measures the enzymatic activity of cellular mitochondria. Cellular viabilities 

were plotted with respect to the untreated control cells. Initial treatments showed that 

after 24 hours there were no significant differences in cell viability at different 

concentrations in both cells. At the highest concentrations of 100 and  00 μg/mL, cell 

viability was reduced to 75.8 ± 17 and 78.3 ± 9.3 respectively in U87 cells (Figure 2.7 

A). Since no significant reduction in cell viability was observed, AuNP concentrations at 

a 100 μg/mL were chosen for the remainder of the study. 

A control study looking at the effect of only ligands (CTAB, PEG and HSA) on 

cytotoxicity at concentrations that would be present in 100 µg/mL of AuNPs was also 
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carried out (Figure 2.7 C and D). In U87 cells, it was observed that CTAB 

concentrations that correspond to nanospheres had significantly lower cell viability than 

that seen in nanorods (p = 0.0002) and nanostars (p = 0.01802) at 4 hours. Cell viabilities 

in CTAB samples dropped to under 5 % at 24 hours in both U87 cells and fibroblasts. 

Cell viabilities at different PEG concentrations showed no significant differences in both 

cell lines. However, increasing the HSA concentrations from concentrations 20 µg to 

151.5 µg caused a significant decrease in U87 cells after 24 hours (p = 0.0106) while 

significant differences weren’t seen in fibroblasts.  

 

Figure 2.7 Cell viability results via MTT proliferation assay results have been shown 

here. Panels A and B show results after exposure to PEG nanostars at various 

concentrations after 4 hours and 24 hours in U87 cells and fibroblasts respectively. 

Statistically significant difference * = from the previous lower concentration at that time 

point (p < 0.05). Panels C and D show the cell viability results after exposure to CTAB, 

PEG and HSA at different concentrations in U87 cells and fibroblasts respectively. 

Legends represent concentrations of CTAB, PEG and HSA observed in 100 μg/mL of 1: 

nanospheres, 2: nanorods and 3: nanostars. Viability values in all panels have been 
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normalized to control (without nanoparticles). Error bars represent standard deviation 

with n = 3. Statistically significant difference * = from nanospheres within the same 

surface coating at that time point (p < 0.05). 

 

To determine if AuNPs exhibit cytotoxic effects on U87 and hfb, the cells were exposed 

to 100 μg/mL of different AuNPs (CTAB, PEG and HSA coated NSp, NR and NS) for 24 

hours. Cell viability was measured after 4 and 24 hours of exposure to AuNPs using an 

MTT cell proliferation assay (Figure 2.8). Cellular viabilities were plotted with respect to 

the untreated control cells (Viabilities plotted without normalization to control is shown 

in Figure 2.9). Cell viability in both cell lines was found to be the lowest when exposed 

to CTAB NSp. Only 14% of the cells were viable after 24 hours, while in comparison 

CTAB-coated NRs and NSs performed better. PEGylated NSp performed better in U87 

cells than in fibroblasts. However, PEG- and HSA-capped rods and stars had similar 

cellular viabilities and were not different from the untreated control group. Figure 2.8C 

shows the viability of gold nanostars in both cell lines; we can see that cell viability 

decreases in a time-dependent manner (4 hrs vs. 24 hrs) in both cell lines with slightly 

higher values in U87 cells. This initial viability assay demonstrated that there could be 

differences in the biological response due to particle shape in CTAB coated NPs while 

PEG and HSA coated NPs did not seem to elicit any shape-related effects.  
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Figure 2.8 Viability data from the MTT cell proliferation assay after exposure to 

different AuNPs have been shown here. Plots show relative cell viabilities observed in A) 

U87 cells after 4 hours, B) U87 cells after 24 hours, C) fibroblasts after 4 hours and D) 

fibroblasts after 24 hours when exposed to different AuNPs. Percentage of viability was 

determined with respect to control. Error bars represent standard deviation with n = 3. 

Statistically significant difference * = from nanospheres within the same surface coating 

at that time point (p < 0.05), and ! = from nanorods within the same surface coating at 

that time point (p < 0.05). 

 

Figure 2.9 MTT assay data without normalization against controls show effective cell 

viability at 4 and 24 hours for U87 cells (A) and human dermal fibroblasts (B). Also 

reported are the viabilities at 4 and 24 hours for the control U87 cells and fibroblasts. 

This figure has been included in support of Figure 2.8, to explain the apparent higher cell 
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viability at 24 than 4 hours of incubation. In reality, by observing the viability of the 

control cells at 24 hours, especially for fibroblasts, one can determine that the control 

cells have low viabilities leading to the difference between sample and controls to be 

higher, leading to an apparent viability increase over time. In reality, the actual values are 

slightly lower at 24 hours when compared to 4 hours. Error bars represent standard 

deviation with n = 3. Statistically significant difference * = from nanospheres within the 

same surface coating at that time point (p < 0.05), and ! = from nanorods within the same 

surface coating at that time point (p < 0.05). 

To further investigate the cytotoxicity induced by gold nanoparticles on U87 cells and 

fibroblasts, the LDH assay was carried out to measure the release of the enzyme lactate 

dehydrogenase (LDH) into the culture media and to provide information on cellular 

membrane disruption. Measuring LDH release can also provide information on necrosis 

since necrotic cell death is evaluated by determining damage of the cell membrane.
(18)

 

Results from this assay were not normalized with respect to the untreated control cells in 

order to better highlight the differences in the response after exposure to NP in the two 

cell lines. Figure 2.10 shows that, after 4 to 24 hour exposure to gold nanoparticles, the 

amount of LDH released was found to vary depending on the cell line, with only a mild 

LDH release observed in U87 cells and higher release levels in fibroblasts. However, the 

LDH release induced by CTAB NSp was found to be independent of the cell line used, 

likely because the presence of CTAB on spheres caused massive membrane disruption. 

Interestingly, in the presence of CTAB- and PEG-coated stars, the fibroblasts released a 

higher amount of LDH after 24 hours while the increase in incubation time had no effect 

on U87 cells. These results indicate that the presence of surface coatings on AuNPs like 

CTAB and PEG, together with the size and shape of the particles influences the viability 

and membrane integrity of fibroblasts. Overall, the higher membrane disruption observed 

in fibroblasts indicates that these cells might be undergoing cell death via necrosis.  
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Figure 2.10 Cytotoxicity data from LDH (lactate dehydrogenate) assay have been shown 

here. Panels A and B show the toxicity observed after exposure to AuNPs for 4 and 24 

hours in U87 cells and fibroblasts respectively. Control group represents untreated cells. 

Error bars represent standard deviation with n = 3. Statistically significant difference * = 

from nanospheres within the same surface coating at that time point (p < 0.05), and ! = 

from nanorods within the same surface coating at that time point (p < 0.05). 

It has been hypothesized that nanoparticles induce toxicity in cells due to an increase in 

oxidative stress, which is a consequence of free radical formation. NPs have been known 

to generate reactive oxygen species (ROS), which then induce oxidative stress causing 

cellular inflammation initiating cell death either by apoptosis and necrosis.
(19)

 In order to 

monitor the oxidative stress generated in U87 and hfb cells, we measured the level of 

ROS generated using an ROS assay. Figure 2.11, panels A and B, shows the ROS 
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production in U87 cells and fibroblasts induced by different AuNPs after 4 and 24 hours. 

Assay results show that the ROS production is lower in U87 cells when compared to 

fibroblasts. It also increases in a time-dependent manner. Surprisingly, despite having the 

lowest cell viabilities, CTAB NSp had low ROS production in both cell lines indicating 

that the membrane damage seen by LDH assay was not due to free radical formation, but 

rather due to the interaction of CTAB with the phospholipid bilayer, as we previously 

observed.
(20)

 On the other hand, CTAB AuNS showed high ROS production after 24 

hours that was not observed in CTAB NSp and NR indicating that the size of CTAB-

coated AuNP might play a role in ROS production. PEG- and HSA-coated spheres and 

stars also showed an increase in ROS production in both cells. 

 

Figure 2.11 ROS production and caspase 3/7 activity observed in cells. Panels A and B 

show ROS production in U87 cells and fibroblasts respectively. Panels C and D show the 

caspase 3/7 activity seen in U87 and fibroblasts after exposure to different NP. Control 

represents untreated cells. Error bars represent standard deviation with n=3. Statistically 

significant difference * = from nanospheres within the same surface coating at that time 
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point (p < 0.05), and ! = from nanorods within the same surface coating at that time point 

(p < 0.05). 

In addition to membrane damage and oxidative stress, NPs have also shown to cause 

organelle damage and apoptosis.
(19)

 In order to test whether either cell line undergoes 

apoptosis after exposure to AuNPs, the caspase 3/7 activity was measured using the 

fluorogenic substrate rhodamine 110 bis- (N-CBZ-L-aspartyl-L-glutamyl-L-valyl-

aspartic acid amide), Z-DEVD-R11. Figure 2.11 (Panels C and D) shows the caspase 3/7 

activity of U87 cells and fibroblasts after 4 and 24 hours exposure to AuNPs. U87 cells 

showed an increase in intracellular caspase 3/7 activity after 24 hours with PEG coated 

particles having more activity than CTAB and HSA coating. These results indicate that 

U87 cells most likely undergo apoptosis after exposure to AuNPs. On the other hand, 

fibroblasts did not show an increase in caspase 3/7 activity after 24 hours indicating that 

they might be undergoing necrosis, in agreement to what was shown by the LDH assay.  

2.4.4  Cellular uptake of AuNPs 

To further understand the interaction of gold nanostars with cells we employed 

transmission electron microscopy (TEM) (Figure 2.12), to visualize the nanoparticles 

after internalization,  and ICP-MS (Figure 2.15) to quantify the amount of gold taken up 

by the cells at various time points. TEM helped analyze the mechanism of AuNP uptake 

and determine nanoparticle localization inside the cells. The analysis was carried out only 

on U87 cells and fibroblasts exposed to PEG and HSA coated nanostars for 24 hours. The 

cells that were exposed to CTAB NS had very low cell viabilities after 24 hours and 

hence weren’t processed for microscopy. TEM micrographs showed that the nanostars 

were easily detectable within the cells and they retained their shape upon cellular uptake, 
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which is extremely important for SERS tag activity retention after long incubation times 

in vitro or circulation and biodistribution in vivo. Both PEG- and HSA-stabilized 

nanostars were found to be internalized in U87 cells and fibroblasts after 24 hours. No 

particles were detected inside the nucleus; however, many HSA-capped nanostars were 

found to be localized in the perinuclear region in fibroblasts. More PEG-coated nanostars 

than HSA-NS were found inside U87 cells, as confirmed by ICP-MS, while the opposite 

was observed for fibroblasts. In both cell lines, the majority of the particles were found to 

be localized in vesicles of different sizes with very few particles observed in the cytosol. 

This was observed for both NP types and indicates an uptake predominantly by 

endocytosis. U87 cells showed significant plasma membrane damage, chromatin 

condensation at the periphery of the nucleus, increased vacuole formation (which 

indicates autophagy), and apoptotic bodies. All these changes in the cell are indicative of 

cell death via apoptosis (Figure 2.13) and confirmed the results obtained with the assays 

previously described. On the other hand, fibroblasts showed extensive mitochondrial 

damage and damage to the cell membrane (Figure 2.14) indicative of cell death via 

necrosis.   
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Figure 2.12 Transmission electron micrographs aid in the localization of nanoparticles 

inside cells. In both U87 cells (top) and fibroblasts (bottom), the NPs were primarily 

found inside membrane-bound vesicles, suggesting an uptake mechanism mediated by 

endocytosis. 
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Figure 2.13 Figures show damage observed in U87 cells after exposure to HSA 

nanostars. Panels show A) formation of apoptotic bodies and damage to cell membrane, 

B) and C) presence of large number of vacuoles indicating autophagy of cell organelles 

and, D) condensation of chromatin at the periphery of the nucleus. All these changes in 

the U87 cells indicate possible death via apoptosis. Scale bars in all panels are 500 nm. 
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Figure 2.14 Figures show damage observed in fibroblasts after exposure to PEG and 

HSA nanostars. Panels show A) damage to cell membrane, B), C) and D) show 

mitochondrial damage and changes to the cell membrane. All these changes in fibroblasts 

indicate possible death via necrosis. Scale bars in all panels are 500 nm. 
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Figure 2.15 AuNP uptake (ng of gold per cell) measured using ICP-MS. Figure panels 

show uptake after A) 4 hours in U87 cells, B) 24 hours in U87 cells, C) 4 hours in 

fibroblasts, and D) 24 hours in fibroblasts. Error bars represent standard deviation, with 

n=3. 

Results from ICP-MS showed higher gold uptake in U87 cells when compared to 

fibroblasts:  cellular uptake was less than 100 ng of gold per cell for all the NP groups in 

fibroblasts while much higher uptakes (nearly 500 ng of gold per cell) were observed in 

U87 cells. High uptake rates were observed in nanostars and among them, the amount of 

gold taken up varied depending on the surface chemistry. However, the higher uptake did 

not compromise cell viabilities, as seen in Figure 2.16, and no clear correlation could be 

established between cellular uptake and cytotoxicity values, as previously reported. 
(8)

 

Cellular viabilities were found to be identical to the untreated control group suggesting 

that the dosage of nanoparticles did not affect viabilities at these loading amounts.  
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Figure 2.16 Relationship between cell viability and AuNP uptake. Cell viabilities have 

been measured with respect to the controls. Figure panels show viabilities seen in A) U87 

cells, and B) fibroblasts. Error bars represent standard deviation with n=3 samples. 

2.5  Conclusion 

In summary, the surface chemistry of gold nanoparticles has been shown to most 

drastically affect cell viability for both healthy and diseased cells; in particular, the 

presence of CTAB on the surface of gold nanoparticles reduced the viability as shown 

by MTT assays and caused membrane damage as demonstrated by LDH assays in both 

the human glioblastoma (U87) and fibroblast cell lines. Cytotoxicity evaluations via 

MTT assay also demonstrated that there could be differences in the biological response 
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due to particle shape in CTAB coated NPs while PEG and HSA coated NPs did not 

seem to have any shape related effects, perhaps due to the higher thickness of the 

capping layer which masks any morphological differences. Results obtained by LDH 

assays suggest that the cell line U87 might be more resistant to AuNPs-induced toxicity 

as compared to fibroblasts, and that most likely fibroblasts undergo NP-induced 

necrosis, as opposed to what was observed in U87 cells. The mechanism by which 

nanoparticles induce toxicity in cells differs dramatically from its corresponding bulk 

material. It has been hypothesized that AuNPs induce toxicity due to an increase in 

ROS production and hence oxidative stress, which causes mitochondrial membrane 

damage and electron chain dysfunction, which in turn leads to cell death. However, 

despite having low viabilities in CTAB-NSp exposed cells, the ROS production was 

lower when compared to CTAB NS and NR. A possible explanation for the 

cytotoxicity observed in NSp could be due to their higher surface-to-volume  ratio  and  

therefore  higher  release  of toxic  CTAB  upon  intracellular  aggregation. 
(21)

 The 

higher viabilities observed in PEG coated AuNPs could be due to the fact that most of 

the nanoparticles are taken up by the cells in membrane-bound vesicles indicating an 

uptake mechanism predominantly by endocytosis. This would lead to limited 

interaction of the NPs with organelles (like mitochondria) and the nucleus and thus 

reduced toxicity. TEM and ICP-MS data revealed that more PEG-coated NS were 

taken up by U87 cells, while HSA-coated NS were taken up by fibroblasts. We also 

observed a difference in the mechanism of cell death based on the cell line used. 

Caspase 3/7 activity and LDH assays showed that U87 cells were undergoing apoptosis 

while fibroblasts were undergoing cell death via necrosis when exposed to 
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nanoparticles. Overall, this study demonstrates that gold nanostars can be effectively 

taken up by both healthy and diseased cells without inducing significant toxicity when 

capped by a suitable ligand such as PEG, and can be therefore be considered as a safe 

nanostructured platform upon which to build efficient contrast agents for imaging 

applications. 
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CHAPTER 3 SERS-BASED QUANTIFICATION OF BIOMARKER 

EXPRESSION AT THE SINGLE CELL LEVEL ENABLED BY GOLD 

NANOSTARS AND TRUNCATED APTAMERS 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter is currently under review for the following publication in 

Bioconjugate Chemistry. 

Manjari Bhamidipati, Hyeon-Yeol Cho, Ki-Bum Lee and Laura Fabris. “SERS-based 

quantification of biomarker expression at the single cell level enabled by gold nanostars 

and truncated aptamers”. 
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3.1  Abstract 

Surface-enhanced Raman spectroscopy (SERS)-based biosensors have been used 

increasingly over the past few years for cancer detection and diagnosis. SERS-based 

imaging offers excellent sensitivity and has advantages over other detection techniques 

such as fluorescence. In this study, we developed a novel biosensor to detect the cancer 

biomarker epithelial cell adhesion molecule (EpCAM) and quantify its expression at the 

single cell level. EpCAM is one of the most commonly expressed markers on a variety of 

cancer cells; importantly it has been suggested that reduction of its expression levels 

could be associated to the epithelial to mesenchymal transition (EMT), and thus to the 

onset of metastasis. Therefore, monitoring variations in expression levels of this 

membrane biomarker would improve our ability to monitor cancer progression. The 

described substrate-based biosensor was developed employing gold nanostars 

functionalized with EpCAM aptamer molecules and was able to quantify sub-nanomolar 

concentrations of EpCAM protein in solution. Importantly, we demonstrated its use to 

quantify EpCAM expression on the surface of two cancer cells, MCF-7 and PC-3. We 

also compared the binding efficiency of two EpCAM DNA aptamers of different lengths 

and observed a substantial improvement in the sensitivity of detection employing the 

shorter aptamer sequence, probably due to the reduced number of conformations possible 

at room temperature with the truncated oligonucleotide. Detailed characterization of the 

substrates was carried out using both SERS maps and atomic force microscopy. These 

substrate-based diagnostic devices promise to be relevant for monitoring phenotype 

evolutions in cancer cells, blood, and other bodily fluids, thus improving our ability to 

follow in real time disease onset and progression.  
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3.2  Introduction 

Early detection of cancer has shown promise for a reduction in cancer-related mortality 

and improvement of therapeutic outcomes.
1
 A variety of cancer biomarkers such as 

proteins, nucleic acids, small metabolites, as well as tumor cells offer valuable insight on 

cancer progression.
2
 Among these biomarkers, the epithelial cell adhesion molecule 

(EpCAM) is one of the most abundantly used markers for detecting a broad variety of 

cancers such as colon, gastric, prostate, ovarian, lung, and breast.
3, 4

 Changes in the 

expression of EpCAM have been associated with the onset of metastasis. 
5
 However, the 

detection of variations in EpCAM expression with high sensitivity and selectivity 

remains challenging.  

SERS is an ultrasensitive vibrational spectroscopic technique that has been used for 

biosensing and diagnostics.
6
 SERS-based imaging offers the advantages of narrow 

Raman peak width with no spectral overlap, minimal photobleaching, effective 

multiplexing, and has been shown to outperform fluorescence.
7
 SERS-based approaches 

employing tags have recently demonstrated to be powerful tools for effective 

identification of tumor margins in vivo and improved tumor excision in murine models of 

glioblastoma and breast cancer.
8, 9

 SERS tags are composed of a plasmonic nanoparticle 

(NP) like gold, Raman reporter molecules, and targeting moieties such as antibodies, 

peptides, and aptamers. The presence of the reporter near the plasmonic nanoparticle 

greatly enhances its Raman signal. The shape of the NP influences its optical properties 

and hence the brightness of the tag; in particular, nanoparticles presenting edges and 

corners have been shown to lead to the highest near-field enhancements and thus to the 

highest sensitivities.
7
 Gold nanostars, particularly, have shown excellent enhancement 
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factors with ultra-sensitivity that can enable single molecule detection.
10

 The highly 

specific recognition enabled by SERS tags is provided via the use of aptamers or 

antibodies. Aptamers are a new class of targeting moieties, and are single-stranded DNA 

or RNA molecules isolated through SELEX (Systematic Evolution of Ligands by 

Exponential enrichment).
11, 12

They offer advantages of low immunogenicity, high 

stability, and rapid tissue penetration, and have demonstrated potential as powerful tools 

for cancer cell identification due to their ease of synthesis and manipulation and their 

ability to target a wide range of biomarkers.
13-15

  

In this study, we developed a SERS-based biosensor, comprising gold nanostars and 

EpCAM aptamers that enabled us to detect small changes in the concentration of soluble 

EpCAM protein and in the expression of EpCAM in individual cancer cells with high 

sensitivity and selectivity. For this purpose, we initially used a 48 base pair (bp) EpCAM 

DNA aptamer, SYL3C, that was developed by Song et al.
16

 for a variety of cancer cells 

expressing EpCAM on their surface. The biosensor was developed by functionalizing 

substrates with gold nanostars and EpCAM aptamer molecules. Varying concentrations 

of EpCAM protein were added and their SERS response was measured by adding SERS 

tags consisting of a Raman reporter (4-aminothiophenol, 4-ATP) and the EpCAM 

aptamer in a sandwich fashion. Detailed characterization of the substrates was carried out 

using SERS maps, atomic force microscopy (AFM), and scanning electron microscopy 

(SEM). SERS tags were characterized using dynamic light scattering (DLS), zeta 

potential, and transmission electron microscopy (TEM). In order to improve the 

sensitivity of the assay, the substrates were also tested with a shorter 17-bp EpCAM 

aptamer, EpA, developed by Macdonald et al., which was suggested to provide improved 
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target recognition and binding.
17

 The substrates with the shorter aptamer were 

characterized in a similar manner. Most of the aptamers against cancer biomarkers are 

developed in cells and are used to detect membrane-embedded biomarkers. Furthermore, 

due to the substantially more limited application of aptamers in bioassays or cell studies, 

a significantly lower pool of aptamers is available on the market for the development of 

suitable assays for early disease detection. Thus, we were interested in determining 

whether these aptamers could be used to detect both soluble and membrane-embedded 

proteins. Membrane-embedded protein markers, because of their position across the 

phospholipid bilayer, necessarily possess an epitope presentation that is different from 

that of their soluble counterparts, thus the use of aptamers developed via cell-SELEX to 

detect soluble proteins might not necessarily lead to the sensitive detection of soluble 

EpCAM (and vice versa). For these reasons, we wanted to first assess the effectiveness of 

this cell-based EpCAM aptamer for the detection of low concentrations of soluble 

EpCAM proteins in solution. Upon verification that changes in epitope presentation due 

to steric hindrance and/or interactions with the surrounding environment do not 

substantially alter aptamer-target recognition and binding, we employed the assay to 

detect and capture cancer cells with varying EpCAM expression levels. Because steric 

hindrance (i.e. protein density and/or clustering on the cell membrane) appears not to 

affect recognition, we hypothesized that the aptamer-EpCAM binding affinity is not 

altered among cells with low or high expression levels hence enabling us to quantify the 

expression levels of this biomarker in individual cells regardless of their EpCAM 

expression levels.  Capturing cells on substrates and quantifying the biomarker 

expression has potential implications for use in enrichment of circulating tumor cells, 
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exosome analysis, and personalized cancer treatment. Furthermore, it promises to be 

effective in the identification of outliers in populations of cells whose phenotype 

alterations might not be detectable with population-level techniques such as flow 

cytometry but might be important sentinels for early disease detection. 

 

Scheme 3.1 Schematic representation of the sequence of steps followed to carry out the 

assay. Glass substrates, gold nanostars, EpCAM aptamer, mercaptohexanol, EpCAM 

protein, and 4-aminothiophenol not drawn to scale. 
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3.3  Experimental Methods 

3.3.1  Nanoparticle Synthesis 

Gold nanostars were synthesized according to a modified version of the surfactant-free 

nanostar synthesis described by Yuan et al. 
18

 Briefly, 2 mL of HAuCl4 salt solution 

(0.025 M) and 200 µL of 1 N HCl were added to 48 mL of Milli-Q  water. A total of 125 

μL of 1  nm citrate-capped spheres (A=2.81) was then added to the mixture and mixed 

thoroughly by stirring. Then, 1 mL of 100 mM ascorbic acid and 2 mL of 3 mM AgNO3 

were simultaneously added to the above mixture. The reaction was carried out for 7 min 

under gentle stirring and then purified by centrifugation at 4000 g for 10 min. 

3.3.2  Preparation of SERS tags 

The thiolated EpCAM aptamer SYL3C (48-bp) developed by Song et al.
16

  [ ’-HS-

(CH2)6- CAC TAC AGA GGT TGC GTC TGT CCC ACG TTG TCA TGG GGG GTT 

GGC CTG-Rhodamine Red- ’, Integrated DNA Technologies Inc.] was dissolved at 1 

µM concentration in binding buffer (1X PBS, pH  7.4 with 4.5 g/L glucose and 5 mM 

MgCl2) and treated with 50 mM Tris(2-carboxyethyl) phosphine hydrochloride (TCEP; 

Sigma-Aldrich) solution for 30 minutes at room temperature to eliminate disulfide bonds. 

A truncated SYL3C aptamer sequence (17-bp), EpA [ ’-HS-(CH2)6-ACA GAG GTT 

GCG TCT GT-6-FAM- ’, Integrated DNA Technologies Inc.], developed by Macdonald 

et al.
17

, was also tested. For the preparation of SERS tags, the gold nanostars synthesized 

above were allowed to react for additional 30 minutes with 1 mL of 50 mM solution of 4-

aminothiophenol (Sigma-Aldrich). The nanoparticles were washed twice in water and re-

suspended at a final concentration of 3 nM in 1X PBS. 500 µL of the 3 nM nanostars 
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were then allowed to react with 100 µL of 2 mg/mL sulfo-SMCC (Thermo Fisher) for 30 

minutes. The nanoparticles were washed thoroughly and re-suspended in 500 µL of 1X 

PBS. To this, 1 µM final concentration of EpCAM aptamer was added and allowed to 

react for 30 minutes. The SERS tags were washed twice and re-suspended in the binding 

buffer. 

3.3.3  Substrate Preparation 

Glass microscope slides (Fisher Scientific; Plain microscope slides) were cut into 

approximately 0.5 cm x 1 cm sized substrates. They were rinsed thoroughly and 

sonicated for a few minutes in acetone and Milli-Q water. Following this step, they were 

immersed in a 2% solution of 3-aminopropyltriethoxysilane (APTES) for 20 minutes at 

room temperature. Afterwards, they were placed in an oven set to 110°C for 1 hour. The 

substrates were then immersed in a 0.3% solution of bovine serum albumin (BSA) for 1 

hour following which they were washed thoroughly with Milli-Q water and left to dry 

overnight. 

3.3.4  Surface Functionalization 

The APTES functionalized substrates were incubated with a 3 nM gold nanostar solution 

for 1 hour under gentle stirring. They were washed three times with Milli-Q water. 

Subsequently, the thiolated EpCAM aptamer at 1 µM concentration was deposited on the 

substrates and allowed to bind overnight. The substrates were then washed three times 

with Milli-Q water and incubated in a 1 mM 50% ethanolic solution of 6-

mercaptohexanol (MCH) for 1 hour. They were then washed three times with water and 

incubated with 40 µL of the desired concentration (10 pM to 3 µM concentration, 
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prepared in binding buffer) of EpCAM protein (Thermo Fisher) for 1 hour.  They were 

then washed thoroughly and allowed to react with SERS tags for 1 hour. The substrates 

were washed thoroughly to remove any unbound tags and allowed to dry before 

analyzing their SERS activity.  The same procedure was repeated with BSA and 

fibrinogen as control proteins. 

3.3.5  Characterization of NPs and SERS tags 

The UV-Vis spectra were recorded on an SI Photonics Model 440 spectrophotometer. 

The morphology of nanostars and SERS tags was evaluated using a Philips CM12 

transmission electron microscope and the size information was extracted using the Image 

J software. DLS and zeta potential measurements were performed using a Malvern 

Zetasizer Nano-ZS instrument. Three sequential measurements were performed for the 

experiments using water and 1X PBS diluent parameters with flow cell configuration. 

The zetapotential data were fit using Smoluchowski’s theory. 

3.3.6  Substrate Characterization 

Non-contact mode AFM measurements were carried out with a Park systems NX10 AFM 

using non-contact cantilever (PPP-NCHR, Park Systems) that had a force constant of 42 

N/m (specific range: 10-130) and a resonant frequency of 330 kHz (specific range: 204-

497). Scanning electron microscopy (SEM) images were collected using a Zeiss Sigma 

Field Emission SEM (Model 8100). All SERS measurements were carried out using a 

Renishaw in Via Raman microscope. The spectra were obtained with a 785 nm diode 

laser at a laser power of 0.17 mW using a data acquisition time of 10 s, single 

accumulation under a 50x objective.  For each of the substrates, three maps of 5 x 5 µm
2
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sized areas were chosen at random places of the sample. The areas were raster-scanned 

with a 1 µm step size. The final SERS spectra shown are averages of the three maps 

obtained.  The intensity of a Si peak at 521 cm
-1

 was used as an internal reference. 

3.3.7  Cell Culture 

In this work, prostate cancer cells, PC-3, and breast cancer cells, MCF-7 were used as the 

target cell lines. Cervical cancer cells, HeLa, were used as an EpCAM-negative cell line. 

PC-3 cells were cultured in RPMI 1640 Media (Sigma-Aldrich) that was supplemented 

with 10% Fetal Bovine Serum (Gibco, Thermo Fisher Scientific) while MCF-7 cells and 

HeLa cells were cultured in Dulbecco’s modified Eagle medium (Sigma) that was 

supplemented with 10% (v/v) Fetal Bovine Serum and 1% (v/v) penicillin-streptomycin 

(Thermo Fisher). Cells were grown at 37°C with 5% CO2. After reaching 70-80% 

confluency, the cells were trypsinized and re-suspended in fresh media. For substrate 

capture experiments, the appropriate number of cells were counted and re-suspended in 

50 µL of 1X PBS and loaded onto the cell-capture substrates. After incubation at 37°C 

for 1 hour, the substrates were washed gently with 1X PBS. The captured cells were then 

allowed to react with SERS tags for another 1 hour at 37°C. The substrates were then 

washed thoroughly to remove unbound tags and fixed with 4% paraformaldehyde in PBS 

for 10 mins. The captured cells on the substrate were then counted manually and detected 

by SERS measurements.  

3.3.8  Flow Cytometry 

After reaching 70-80% confluency, the three cell lines were dissociated with trypsin, 

washed and re-suspended in 1X PBS. They were then stained with anti-human 
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EpCAM/TROP-1 PE conjugated antibody (R&D Systems) for 30 minutes at room 

temperature in dark. Controls for the experiment contained unstained cells and isotype 

control cells that were stained with mouse IgG2B PE-conjugated antibody (R&D 

Systems). FACS analysis on the samples was carried out using a Beckman Coulter 

Gallios Flow Cytometry instrument and the results were analyzed using Kaluza software. 

3.4  Results and Discussion 

3.4.1  NP and SERS tags synthesis 

Gold nanostars were synthesized according to a modified version of the reported 

surfactant-free nanostar synthesis method
 18

 and were characterized by a localized surface 

plasmon resonance (LSPR) band centered at 745 nm. The morphology and size of all the 

particles were verified using TEM, as seen in Figure 1. TEM micrographs (Figures 3.1 

panels A and B) showed that the nanostars possessed a spherical core with a large 

number of sharp protruding spikes. The average tip-to-tip distance was measured to be 

100.4 ± 24.4 nm.  
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Figure 3.1 Assessment of nanostar properties and functionalization was carried out with 

multiple techniques. Figures 3.1 (A) and 1 (B) show transmission electron (TEM) 

micrographs of (A) as synthesized gold nanostars, and (B) nanostars functionalized with 

4-aminothiophenol and EpCAM aptamer. Scale bars are 100 nm. Figure 3.1(C) shows the 

UV-visible spectra of as-synthesized gold nanostars, 4-ATP-coated nanostars, and 4-

ATP- and EpCAM aptamer-coated nanostars. Figure 3.1(D) shows the relative dynamic 

light scattering (DLS) data, which provide size distributions in Milli-Q water at room 

temperature of as-synthesized nanostars, nanostars functionalized with 4-ATP, and with 

4-ATP and EpCAM aptamer. 

The nanostars were then functionalized with 4-aminothiophenol (4-ATP) and the 

thiolated EpCAM aptamer via coupling reactions mediated by sulfo-SMCC (succinimidyl 

4-[N-maleimidomethyl] cyclohexane-1-carboxylate). Sulfo-SMCC is a heterobifunctional 

crosslinker that contains N-hydroxysuccinimide (NHS-ester) and maleimide groups that 

allow covalent conjugation to amine and sulfhydryl-containing molecules. The NHS-ester 

reacts with the primary amine of 4-ATP to form an amide bond while the maleimide 
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reacts with the thiol group on the EpCAM aptamer to form a stable thioether bond. TEM 

micrographs of the functionalized nanostars show that the sharp morphology of the 

particle is retained, thus ensuring that they will still be viable as SERS enhancing 

platforms (Figure 3.1B).  

After surface functionalization, the nanostars showed an increase in size and a slight red 

shift in the LSPR position (Figure 3.1C). Because the position of the LSPR is dependent 

on the dielectric function of the attached ligand, 
19

 a shift indicates successful surface 

functionalization. In UV−vis spectroscopy experiments, the surfactant-free nanostars 

showed an LSPR around 745 nm that red-shifted to 773 nm upon addition of 4-ATP. 

Addition of the thiolated EpCAM aptamer caused a further red-shift to 787 nm. 

Furthermore, TEM micrographs shown in Figure 3.1B revealed an increase in the 

average size of the nanostars from 100.4 ± 24.4 nm (surfactant free stars) to 123.1 ± 16.3 

nm for 4-ATP-EpCAM aptamer coated stars. This increase of 22.7 nm is consistent with 

the expected size contribution of the added 4-ATP reporter, SMCC, and the 48 bp 

EpCAM aptamer with its hairpin structure. In addition, dynamic light scattering (DLS) 

results (Figure 3.1D) also showed an increase in the hydrodynamic diameter of nanostars 

from 106.3 ± 0.4 nm to 119.1 ± 0.6 nm for 4-ATP coated nanostars and 140.6 ± 2.1 nm 

for nanostars functionalized with both 4-ATP and EpCAM aptamer.  

The surface ligand exchange was further confirmed by a shift of ζ potential of the 

colloidal nanoparticles measured by the Zetasizer. The ζ potential is a measure of the 

electrophoretic mobility or net charge of nanoparticles. The results of the surface charges 

of the nanostars have been summarized in Table 3.1. We observed a shift in ζ potential 
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from −  .  ± 0.4 mV to  1.8 ± 0.1 mV after addition of 4-ATP to surfactant-free stars. 

The nanostars were then re-suspended in 1X PBS at pH 7.4, at which point they 

displayed a surface charge of 9.7 ± 0.3 mV that then decreased to -15.3 ± 0.1 mV upon 

successful binding to the negatively charged thiolated EpCAM aptamer. The results seen 

were consistent with the expected charge contributions of 4-ATP and negatively charged 

DNA aptamer. 

Table 3.1 Zeta potential values (mV) of gold nanostars observed after functionalization 

with 4-ATP and EpCAM aptamer. Results are shown as mean ± standard deviation with 

n = 3 readings for each sample. 

 

The addition of aptamer to the SERS tags was also confirmed using SERS. A solution of 

nanostars with 4-ATP and nanostars with 4-ATP and SYL3C aptamer was drop-casted 

onto a glass slide. The SERS measurements from each of the samples (average of three 5 

µm x 5 µm maps) are shown in Figure 3.2. The SERS spectra of 4-ATP on nanostars 

showed strong peaks at 1076, 1182, 1387, 1430 and 1568 cm
-1

. These peaks were 

assigned to νCS, δCH, δCH+νCC, νCC+δCH, and νCC respectively.
20-22

 Upon addition 

of the aptamer to the 4-ATP functionalized nanostars, the peaks at 1136, 1382, and 1426 

cm
-1

 shifted by less than 5 cm
-1

 and reduced in intensity indicating successful binding of 

the aptamer. The intense peak at 1076 cm
-1

, corresponding to the stretching band of C-S 

bonds in 4-ATP molecules, was still prominent after aptamer addition and was therefore 

NP Zeta potential (mV) 

NS in water -37.3 ± 0.4 

NS-4-ATP in water 51.8 ± 0.1 

NS-4-ATP in PBS 9.7 ± 0.3 

NS-4-ATP-Aptamer -15.3 ± 0.1 
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chosen for concentration studies with soluble EpCAM protein. All the SERS peak 

assignments for 4-ATP have been summarized in Table 3.2.  

 

Figure 3.2 SERS spectra of 4-ATP coated nanostars and 4-ATP and EpCAM aptamer 

coated nanostars. Despite introduction of additional peak after functionalization with the 

thiolated aptamer, the peak at 1076 cm
-1

 is still dominant. 

Table 3.2 SERS peak assignments for 4-aminothiophenol between 500 and 2000 cm
-1

. 

The symbols δ, ν, and π correspond to bending, stretching, and wagging modes, 

respectively.  

SERS Peaks Peak Assignment 

1614 δNH 

1568 νCC 

1495 νCC+δCH 

1430 νCC+δCH 

1387 δCH+ νCC 

1298 νCC+δCH 

1182 δCH 

1134 δCH 

1076 νCS 

1004 γCC+γCCC 

914 πCH 

713 πCH+πCS+πCC 
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3.4.2  Substrate Preparation 

The overall procedure for the design of the substrate to capture EpCAM protein is shown 

in Scheme 3.1.  The first step after silanization of the glass slides is the addition of gold 

nanostars. We chose a concentration of 3 nM which ensured a uniform nanostar 

distribution without substantial clustering. The distribution of unmodified nanostars on 

the surface of the substrate was visualized by scanning electron microscopy (SEM), as 

seen in Figure 3.3. The second step in the substrate preparation was the in situ 

functionalization with the suitable aptamer. We chose a 48 bp SYL3C sequence against 

EpCAM, which is a tri-hairpin structured sequence with strong binding affinity and 

selectivity against cancer cells expressing EpCAM (Figure S3.1). 
16

 The aptamer 

sequence was designed to possess a thiol group to enable binding to the surface of the 

gold nanostars. In order to optimize aptamer-protein recognition while avoiding non-

specific binding, the substrate was backfilled with 6-mercaptohexanol (MCH). The 

presence of MCH prevents non-specific adsorption of the aptamer to the gold surface and 

improves the binding efficiency of the aptamer to its target.
23

 The substrates were later 

incubated with varying concentrations of EpCAM protein that was prepared in the 

binding buffer specific for this aptamer-target pair (1X PBS, pH 7.4 with 4.5 g/L glucose 

and 5 mM MgCl2) and allowed to interact. The final step in the substrate preparation was 

the addition of SERS tags to identify and localize aptamer-protein binding events.  
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Figure 3.3 Scanning electron micrographs (SEM) of the substrate show uniform 

distribution of gold nanostars on its surface (A), with retained nanoparticle morphology 

(B). Slight reshaping is often induced by the electron beam. Scale bars are 1 µm in (A) 

and 200 nm in (B). 

3.4.3  AFM measurements 

Atomic force microscopy (AFM) measurements (5 x 5 µm
2
 area) were carried out on the 

substrates to analyze surface features emerging and/or disappearing at each step of the 

substrate preparation. The images in Figure 3.4 provide an overview of distribution and 

binding of each reagent on the developed substrates and show the height profile at each 

functionalization step. Figure 3.4A shows the first step after addition of gold nanostars to 

a glass slide. At this stage, the substrates show an average height of 126 nm which is 

consistent with the size of nanostars measured via TEM. Thiolated EpCAM aptamers at 1 

µM concentration were then deposited onto the substrate (Figure 3.4B), which showed 

an average height increase of 8 nm. This height could correspond to the presence of 

several aptamer strands lying flat on the surface of nanostars, possibly due to G-rich, 

ribbon-like structures that might have formed as a result of the high GC content (60.4%) 

in the aptamer sequence, as well as of non-specific adsorption of the nucleotide bases to 

the gold surface.
23, 24

 Therefore, we determined that a spacer such as MCH was necessary 

to remove non-specific binding and evenly distribute the aptamer across the substrate to 
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improve target binding and identification. Upon addition of MCH, a redistribution of the 

aptamer strands was observed, as seen in Figure 3.4C. As expected, the addition of MCH 

eliminates non-specific adsorption of the aptamer on the gold nanoparticle surface 
23

 

resulting in a height change of 34 nm, which corresponds to the length of the aptamer 

(inclusive of the C6 spacer and the rhodamine red dye) in its extended form. The 

substrates were then treated with 500 nM EpCAM protein (Figure 3.4D), which caused 

an increase in height to 182 nm. The observed 14 nm increase in height is likely due to 

the capture of two protein molecules on the surface of nanostars. Finally, SERS tags were 

added to the substrate (Figure 3.4E). The areas where the SERS tags recognized and 

bonded the protein showed a height of 208 nm while the rest of the substrates did not see 

a change in height. In the last two steps, we observed that the binding of the protein to the 

aptamer on the substrates was uneven, implying that the recognition of the target by the 

aptamer sequence could be different when occurring on a substrate, as opposed to when 

both the aptamer and the target are in suspension. 
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Figure 3.4 Topography and height profiles of the substrate at various functionalization 

steps collected via atomic force microscopy (AFM). (a) Substrate with nanostars only 

(h=126 nm), (b) substrate with nanostars functionalized with EpCAM aptamer (h=134 

nm), (c) substrate with EpCAM-functionalized nanostars after addition of 6-

mercaptohexanol (MCH) (h=168 nm), (d) substrate with EpCAM- and MCH-

functionalized nanostars after addition of EpCAM protein (h=182 nm), and (e) after 

addition of SERS tags (h=208 nm). A clear increase in the height profile can be observed 

at each stage. Between steps C and D there is no net height increase, as a consequence of 

aptamer folding from its extended conformation in the self assembled monolayer after 

recognition of the target protein. 
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3.5 SERS measurements 

SERS measurements of different concentrations of EpCAM protein recognized and 

captured by the SYL3C aptamer were carried out on the prepared substrates. From 

Figure 3.5, it is evident that the SERS intensity increased as the concentration of the 

soluble EpCAM protein increased, as, in turn, more SERS tags were captured by 

increasing amounts of protein recognized in the sandwich assay. Figure 3.5B shows the 

intensity of the characteristic Raman band of 4-ATP at 1076 cm
-1

 varying with the 

concentration of EpCAM protein added to the substrates. Each data point represents the 

average of three 5 µm x 5 µm maps collected randomly on each substrate. Further 

analysis showed a linear correlation (R
2
=0.996) between SERS intensity and the log of 

the EpCAM protein concentration in nM between the concentrations of 500 nM and 3 

µM with a calibration curve characterized by the equation y = 19738.91 + 3092.87x.  
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Figure 3.5 SERS spectra collected on the substrates after exposure to increasing 

concentrations of EpCAM.  Figures 5(A) and 5(C) show the SERS spectra for protein 

capture carried out with the 48-bp and the 17-bp EpCAM aptamers, respectively. Figures 

3.5(B) and 3.5(D) shows the intensity variation of the 1076 cm
-1

 peak with respect to the 

EpCAM protein concentration (log (nM)), for the 48-bp and 17-bp aptamer respectively. 

Inset figures show the linear dynamic range regime. 

In order to test the selectivity of the EpCAM aptamer, we chose two control proteins, 

bovine serum albumin (BSA) and fibrinogen at a concentration of 500 nM each. The 

SERS intensity obtained from the substrates of each of the control proteins was then 

compared to the intensity of EpCAM protein at 500 nM (Figure 3.6). Both the control 

proteins showed a much lower intensity at the characteristic peak of 1076 cm
-1

 when 
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compared to the EpCAM protein at the same concentration. These results indicate that the 

substrates developed with the SYL3C EpCAM aptamer have specificity only for EpCAM 

protein. The limit of detection for the assay was found to be 1 nM. We wondered if the 

structure of the hairpin loops formed by the aptamer at the incubation temperature (room 

 

Figure 3.6 Assessment of assay selectivity. SERS spectra collected in the presence of 500 

nM EpCAM and two control proteins, BSA and fibrinogen, in addition to the control 

without protein. The peak at ca. 1400 cm
-1

 is due to the interference of the glass substrate. 

temperature) played a role in its sensitivity. Using the OligoAnalyzer 3.1 tool (Integrated 

DNA Technologies, Inc.), we found that 7 different configurations (Figure 3.7) of the 

three hairpin loops are similarly favored energetically at     C, making it likely for them 

to be rapidly interconverting. Since the recognition of the protein by the aptamer depends 

on both conformational and electrostatic interactions between oligonucleotide and target, 

it is likely that the conformational conversions might impact effective target recognition 

and binding, thus affecting assay sensitivity. In order to reduce the possible 

configurations at the incubation temperature, and thus improve the sensitivity of the 

assay, we used a truncated aptamer sequence that was developed from the SYL3C 
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sequence. The shorter 17 bp EpA aptamer has a single hairpin loop with only 2 possible 

secondary configurations at     C, which reduces the possibility of conformational 

changes at room temperature hence increasing sensitivity.  

 

Figure 3.7 Different stem loop conformations at 25  C for A) the 48-bp and B) the 

truncated 17-bp EpCAM DNA aptamer.  A significantly higher number of almost 

degenerate conformations can be observed for the longer aptamer, compared to its 

truncated counterpart. The secondary structures of the aptamer were generated using the 

OligoAnalyzer 3.1 software from Integrated DNA Technologies, Inc. 

The shorter aptamer was found to lead to higher assay sensitivity when compared to the 

longer SYL3C EpCAM aptamer. 
17

 We tested the binding affinity of the shorter EpA 

aptamer sequence using different concentrations of EpCAM protein (1 µM to 10 pM). At 
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the two highest concentrations, the SERS intensities obtained with the shorter EpA 

aptamer (Figure 3.5C) were found to be three-fold higher at 1 µM and 5.7 times higher 

at 500 nM protein concentration when compared to the SYL3C aptamer in the same 

conditions. In addition to higher intensities, the shorter EpA aptamer sequence exposed to 

1 µM EpCAM protein showed additional peaks at 1229, 1276, 1633 and 1707 cm
-1

, 

which we assigned to the SERS peaks of 6-FAM that is present at the  ’ terminus of the 

17 bp aptamer sequence (Figure 3.8). At this protein concentration, it could be possible 

for the dye to interact differently with the active metallic surface compared to what was 

observed at lower concentrations of protein. Since SERS is a tensorial technique, the 

conformation of the reporter molecule and its presentation with respect to the metallic 

surface are important. Thus, the additional peaks suggest that aptamer folding might 

depend not only on the concentration and packing of the aptamer on the metallic surface, 

but also on its interaction with the target protein.  

 

Figure 3.8 SERS spectra of FITC taken using 633 nm and 785 nm laser excitation 
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Like the SYL3C aptamer, the shorter aptamer sequence also showed a linear correlation 

(R
2
 = 0.995) between SERS intensity and the log of the EpCAM protein concentration in 

nM (Figure 3.5D) between the concentrations of 10 pM and 500 nM with a calibration 

curve that is represented by the equation y = 705.108 + 234.47x. The lowest 

concentration of protein that we could detect with the EpA-conjugated substrates was 10 

pM. Because of the improved sensitivity it enabled, the EpA aptamer was chosen for 

further experiments in cancer cells.  

For the cell capture experiments, we chose two EpCAM positive cell lines, a breast 

cancer cell line, MCF-7 and a prostate cancer cell line, PC-3. These cells were chosen 

because of the different levels of EpCAM biomarker expressed on their cell surfaces. In 

addition to these two EpCAM positive cell lines, an EpCAM negative cell line, HeLa, 

was chosen as a negative control. The surface expression of EpCAM on all three cells 

was confirmed via flow cytometry. The results from these experiments (Figure 3.9) 

confirmed that MCF-7 cells have higher expression of EpCAM when compared to PC-3 

cells, and that HeLa cells does not express the biomarker. However, population-averaged 

results cannot provide the single-cell insight that is necessary to pinpoint the presence of 

abnormal cells, for instance cells that are undergoing epithelial to mesenchymal 

transition, which are often encountered in very low numbers. Thus, leveraging the 

promising results obtained with the described nanostar-based assay, we ran a set of 

experiments aimed at quantifying, at the single cell level, the expression of specific 

cancer cell biomarkers.  
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Figure 3.9 Flow cytometry results showing that MCF-7 and PC-3 cells are EpCAM 

positive cells while HeLa are EpCAM negative cells.   

Upon confirmation of expression of EpCAM on cell surfaces, the desired numbers of 

MCF-7 and PC-3 cells (10 cells to 50,000 cells) were counted and re-suspended in 50 µL 

of 1X PBS and loaded onto the substrates. After incubation at 37°C for 1 hour, the 

substrates were washed and fixed. The capture yields of cells between 10 and 5000 cells 

were then evaluated by counting the captured cells under a bright field microscope 

(Figure 3.10). For both cell lines, at low cell counts (10 cells), a capture efficiency of 

40% was observed. Upon increasing cell numbers, the capture efficiency increased, as 

expected.
25, 26

 Overall, more MCF-7 cells were captured when compared to PC-3 cells. 

This could be attributed to the higher EpCAM expression seen on MCF-7 cells. Above a 

cell count of 5000 cells, the capture efficiency for both cell lines was found to be greater 

than 60%. On the other hand, a very low capture (0.067%) was seen with the EpCAM 

negative cell line, HeLa when 1000 cells were added to the substrate.  
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Figure 3.10 Cell capture efficiency (%) of the cancer cells, MCF-7 and PC-3, on the 

SERS substrates. 

The captured cells were then labeled with SERS tags for SERS measurements. Both 

MCF-7 cells and PC-3 cells showed an enhancement of the characteristic peak of 4-ATP 

at 1076 cm
-1

 (Figure 3.11) which increased linearly with increasing cell numbers 

between 100 cells and 50,000 cells. The detection limit with these substrates was found to 

be 10 cells. Higher SERS intensities were observed with MCF-7 cells when compared to 

PC-3 cells, in agreement with flow cytometry results. In addition, the substrates showed 

very low SERS enhancement (Figure 3.12) at a concentration of 1000 cells with the 

EpCAM negative cells, HeLa, when compared to the two positive cell lines at the same 

concentration.  
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Figure 3.11 Quantification of MCF-7 (A, B) and PC3 (C, D) cells using the described 

assay. By monitoring the intensity of the 1076 cm
-1 

peak (A), it can be observed how the 

SERS response linearly increases with increasing number of MCF-7 cells between the 

wavenumbers 500 and 2000 cm
-1 

(B). Similarly, dependence between the intensity of the 

1076 cm
-1 

peak and the number of MCF-7 cells is also linear (C and D). 
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Figure 3.12 Assessment of assay selectivity on cells with different membrane expression 

of EpCAM (MCF-7 and PC3) or with no expressed EpCAM. A control spectrum without 

cells is also shown. 

In order to estimate the number of EpCAM molecules present on the cancer cells, we 

calculated the number of EpCAM molecules at different concentrations based the 

calibration curve reported in Figure 3.5(D). The number of molecules at each 

concentration was calculated using the following equation:  

(Concentration (M) x (6.023*10
23

) x Volume of Protein Added (L)) / Surface Area of 

Substrate (µm
2
) 

 A linear correlation (R
2
 = 0.99677) was then observed between the log of the number of 

protein molecules and the SERS intensity as shown in Figure 3.13(A). The relation was 

represented by the equation y = 78.16 + 235.84x. Using this equation and the SERS 

intensity of MCF-7 and PC-3 cells observed at 1076 cm
-1

, we calculated the number of 

EpCAM molecules expressed by the two cell types at the single cell level. The number 
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density (per µm
2
) of EpCAM molecules present on MCF-7 cells was found to be 4.8-fold 

higher than that of PC-3 cells (Figure 3.11(B)).  

 

Figure 3.13 Quantification of EpCAM density in individual cells. Figure 3.11(A) shows 

the linear correlation (R
2
 = 0.99677) between log of the number of EpCAM molecules 

found per µm
2
 area at different protein concentrations and their SERS response at 1076 

cm
-1

. Using this equation, the number of EpCAM molecules present per µm
2
 area on 

MCF-7 and PC-3 cells was calculated and shown in Figure 3.11(B). Higher expression 

levels are observed in MCF-7 cells, as expected. 

3.6  Conclusion  

In conclusion, we developed a SERS-based substrate for the recognition and 

quantification of EpCAM protein, both soluble and cell membrane-embedded. By 

leveraging the field-enhancing properties of gold nanostars and the improved recognition 

and capture enabled by truncated aptamers designed for cell-expressed EpCAM, we 

detected soluble EpCAM with limits of detection of 10 pM, thus further proving that 

aptamers designed using cell-SELEX approaches are effective also for the recognition of 

soluble proteins. By employing the same substrate, we demonstrated that identification 

and quantification of biomarker expression can be achieved at the single cell level, 
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enabling one to discern among cells with varying phenotype expression levels. This 

capability allows to foresee how our approach could be relevant for early cancer 

detection or for monitoring the onset of metastasis, for which the isolation of individual 

cells with altered phenotype from populations of cells with uniform biomarker expression 

is challenging, if not impossible, with techniques such as flow cytometry. Although we 

have here reported a study targeting EpCAM, it is easy to envision how any biomarker of 

interest could be targeted, both individually and in multiplex, by simply functionalizing 

the substrate and the SERS tags with the appropriate aptamers. Importantly, this 

diagnostic approach does not require protein labeling and, owing to the enhancement 

capabilities of the nanostar-based substrate, could be implemented with portable Raman 

spectrometers, making its implementation in the clinic or at bed-side more likely to 

become a reality.  
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CHAPTER 4 SERS-BASED QUANTIFICATION OF PSMA IN TISSUE 

MICROARRAYS ALLOWS EFFECTIVE STRATIFICATION OF PATIENTS 

WITH PROSTATE CANCER 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This chapter is currently in submission for the following publication in ACS 

Omega. 

Manjari Bhamidipati, Geuntaek Lee, Isaac Kim, and Laura Fabris. “SERS-based 

Quantification of PSMA in Tissue Microarrays Allows Effective Stratification of Patients 

with Prostate Cancer.”  
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4.1 Abstract 

Prostate specific membrane antigen (PSMA), a type II membrane protein, is an attractive 

biomarker that has been validated clinically for the diagnosis of prostate cancer. In this 

study, we developed SERS nanoprobes to detect PSMA and quantify its expression at the 

single cell level. The SERS nanoprobes were developed by employing gold nanostars 

functionalized with PSMA aptamer. We were able to quantify sub-nanomolar 

concentrations of PSMA protein in solution and to use the resulting calibration curve to 

estimate the expression of PSMA on the surface of the prostate cancer cell, LNCaP at the 

single cell level. Importantly, we employed these SERS tags to stratify prostate cancer 

patients by assessing PSMA expression in tissues contained in a prostate tissue 

microarray. The stratification results clearly correlated PSMA expression to 

recommended therapy groups, thus rendering the described method an effective tool to 

aid in designing personalized therapeutic protocols. By benchmarking detection 

sensitivity against immunofluorescence staining and comparing stratification results 

obtained with the two methods allowed us to validate our novel approach against 

standard practices. Based on these results, we confirm the validity of PSMA as effective 

biomarker for prostate cancer patient evaluation and propose SERS-based diagnostic 

techniques as integrative methods for the assessment of disease stage and the 

identification of effective therapeutic protocols.  
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4.2 Introduction  

Prostate cancer (PCa) is one of the leading causes of death among male cancer patients. 
1
 

While often being characterized by slow progression, in some patients it is very 

aggressive and moves fast from to the prostate to the lymph nodes and other distant 

secondary sites, such as bone. PCa is also characterized by very heterogenous tissue, 

which makes accurate diagnoses extremely complex. Current diagnostic practices for 

prostate cancer assessment include clinical staging, prostate specific antigen (PSA) 

quantification, and Gleason grading of biopsied tissues. While these concurrent 

approaches have been validated and approved, they are still controversial. For instance, 

PSA levels can increase even in the absence of cancer, as a consequence of other diseases 

of the prostate, and can be high even after therapy (e.g. androgen deprivation therapy, 

ADT) as the result of what is known as biochemical recurrence. Therefore, PSA testing 

can lead to overtreatment. Additionally, Gleason grading, while providing improved 

matching to clinical outcomes after being revisited in 2014, can still lead to erroneous 

diagnoses because of the heterogeneity of the tissues and inter-observer 

irreproducibility.
2
  

The 2014 revised Gleason grading system assigns a Gleason score to biopsied tissues 

collected from different sites of the prostate, depending on histological tumor 

morphology variants, with higher scores assigned to more undifferentiated tissues, i.e. 

tissues that progressively look less and less like healthy tissues.
3
 To make up for the 

heterogeneity of PCa tissues, the method assigns two scores (e.g. 3 and 4) where the first 

score is indicative of the structure of the majority tissue (in this case 3) while the second 

describes the minority, surrounding tissue (in this case 4). For this hypothetical sample, 
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the score would then be 3+4=7. The grading system then compounds the collected scores 

into Grade Groups I to V, where I is the group for which therapy deferral (or watchful 

waiting) is recommended, while groups III and higher are more advanced and 

recommended surgery and/or therapy (radiation, hormonal, or chemo) (see Table 1). The 

main issue with the Gleason grading system is that it often fails to discriminate among 

low-risk and high-risk tissues, making it necessary to identify new approaches for patient 

stratification.
4
 One of the recent new approaches for improving diagnosis and patient 

stratification involve the discovery and use of new biomarkers other than PSA. Among 

these, the prostate specific membrane antigen (PSMA), a type II transmembrane protein 

that is specific to all forms of prostate tissue, has been identified as a therapeutically 

relevant biomarker and validated clinically. 
5-6

 Increased PSMA expression has been 

associated with higher recurrence of the tumor
7
, which makes it an attractive target. 

While recent literature has shown that PSMA levels accurately correlate with PCa 

aggressiveness and baseline PSA serum levels, we hypothesized that 

immunohistochemistry-based assessment can only marginally provide the spatial 

resolution and sensitivity necessary to take into account the high tissue variability and the 

PSMA expression level in healthy tissues, calling for the need of a more sensitive and 

spatially resolved technique. In addition, while antibodies have been used and approved 

for target recognition in the medical community for quite some time, we believe that 

substituting them with aptamers for effective target recognition and binding would 

provide more accurate quantification of PSMA in tissues and, therefore, more precise 

stratification of the patients based on their Gleason Grade groups. 
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Table 4.1 Explanation of the Gleason scoring system. Score 1 and Score 2 are assigned 

based on histopathology. Higher values for Score 1 than Score 2 indicate higher disease 

severity. 

Grade Group Score 1 Score 2 Total Score 

I  3  3  6 

II 3 4 7 

III  4 3 7 

IV  4 4 8 

V  

4 

5 

5 

5 

4 

5 

9-10 

 

Based on our previous results, we hypothesized that surface enhanced Raman scattering 

(SERS) could provide the necessary sensitivity and spatial resolution to enable accurate, 

tissue-specific correlation of PSMA expression in biopsied specimen of prostate cancer in 

tissue microarrays (TMAs).  SERS-based techniques employing gold nanoparticles of 

different sizes and shapes with tunable optical properties have been used extensively for 

diagnostic applications.
8
 They offer excellent biocompatibility and low toxicity, and 

show several advantages over fluorescence, such as the lack of photobleaching. SERS 

nanoprobes, comprising a plasmonic nanoparticle, a Raman reporter molecule, and 

targeting molecules (e.g. an aptamer or an antibody), have been shown to effectively 

target and selectively identify cancerous cells, with the shape of the nanoparticle greatly 

influencing its optical properties and hence the brightness of the nanoprobe.
8
 Gold 

nanostars, in particular, have been shown to possess excellent field enhancement 

properties, which have enabled single molecule detection. 
9
 Furthermore, the use of 

aptamers as targeting moieties bound to the nanoparticles, has enabled us to quantify the 
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expression of biomarkers in individual PCa cells, making a strong case for the use of 

these molecules over antibodies.  

In this study, we developed SERS nanoprobes functionalized with PSMA aptamer 

molecules that allowed us to quantify PSMA expression in prostate cancer cells at the 

single cell level and PCa TMAs comprising of biopsied specimens from 34 patients at 

different stages of the disease. For this purpose, we used a 39 nucleotide PSMA RNA 

aptamer that was developed by Dassie et al.
10

 Detailed characterization of the SERS 

probes was carried out using transmission electron microscopy (TEM), dynamic light 

scattering (DLS), zeta potential, and UV-Vis spectroscopy. To prove the effectiveness of 

our SERS probes toward the detection of PSMA, we first built a concentration curve for 

the SERS-based assay, with which we were able to estimate the expression of PSMA in 

individual prostate cancer cells, LNCaP, using aptamers as targeting moieties and PC3 

cells as non-overexpressing cell controls. We also compared the effectiveness of the 

aptamers vs. antibodies by targeting PSMA in LNCaP cells using fluorescently labeled 

aptamers and antibodies, demonstrating a substantially higher recognition with the 

former. These SERS tags were then used to estimate the expression of PSMA in a 

prostate TMAs, using as a benchmarking technique immunofluorescence staining, in 

which specimen with Gleason scores between 6 and 9 were present. Our results show that 

SERS outperforms fluorescence-based immunohistochemistry for quantification of 

PSMA and enables the stratification of patients in three clearly distinct recommended 

therapy groups, namely the watchful waiting group, the non-metastatic active therapy 

group, and the metastasized and/or castration resistant group, based on compounded 

PSMA expression data. This retrospective study allowed not only to confirm PSMA as an 
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effective biomarker for the evaluation of disease stage, but also led to an improved 

stratification of patients into groups of recommended therapeutic regimen. In the future, 

the implementation of the approach in longitudinal studies promises to become a valuable 

method for monitoring disease progression and response to therapy. 

4.3 Materials and Methods 

4.3.1 Nanoparticle Synthesis 

Gold nanostars were synthesized according to the surfactant-free nanostar synthesis 

developed by Yuan et al. 
11

 For this, 2 mL of HAuCl4 salt solution (0.025 M) and 200 µL 

of 1 N HCl were added to 48 mL of Milli-Q  water. 12 nm citrate-capped spheres (1   μL 

at A=2.81) were then added to the mixture and mixed thoroughly by stirring. Then, 1 mL 

of 100 mM ascorbic acid and 2 mL of 3 mM AgNO3 were simultaneously added to the 

above mixture. The reaction was carried out for 7 min under gentle stirring and then 

purified by centrifugation at 4000 g for 10 min. 

4.3.2 Preparation of SERS tags 

The thiolated PSMA RNA aptamer A10-3.2 (39 nucleotides) developed by Dassie et al.
10

 

[ ’-HS-(CH2)6-CAC GGG AGG ACG AUG CGG AUC AGC CAU GUU UAC GUC 

ACU CCU- ’, Integrated DNA Technologies Inc.] was dissolved in RNAse free DEPC 

treated water (Thermo Fisher). For the fluorescent experiments, the PSMA aptamer was 

purchased with Alexa Fluor 488 at the  ’ end. For the preparation of SERS tags, the gold 

nanostars synthesized above were purified and re-suspended at a concentration of 3 nM. 

They were then allowed to react with 4-aminothiophenol (Sigma-Aldrich) for 30 min at a 
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final concentration of 1 µM. Following this, the thiolated PSMA aptamer was then added 

to the nanoparticles at a final concentration of 0.5 µM. The prepared SERS tags were 

allowed to react for an additional 30 min after which they were washed thoroughly and 

re-suspended in MilliQ water.  

4.3.3 Characterization of NPs and SERS tags 

The UV-Vis spectra were recorded on an SI Photonics Model 440 spectrophotometer. 

The morphology of synthesized nanostars and SERS tags was evaluated using a Philips 

CM12 transmission electron microscope. The size information of the NPs was extracted 

using Image J software. DLS and zeta potential measurements were performed using a 

Malvern Zetasizer Nano-ZS instrument. Three sequential measurements were performed 

for the experiments in water with flow cell configuration. The zetapotential data were fit 

using Smoluchowski’s theory.  

The amount of RNA aptamer loaded onto the particles was quantified using Quant-iT™ 

OliGreen® ssDNA assay kit (Thermo Fisher). 

4.3.4 SERS Measurements 

All SERS measurements were carried out using a Renishaw in Via Raman microscope. 

The spectra were obtained with a 633 nm HeNe laser at a laser power of 0.101 mW using 

a data acquisition time of 1 s, single accumulation under a 20x objective.  For each of the 

protein and cell samples, three maps of 5 x 5 µm
2
 sized areas were chosen at random 

places of the sample. The areas were raster-scanned with a 1 µm step size. The final 

SERS spectra shown are averages of the three maps obtained.  The intensity of a Si peak 

at 520 cm
-1

 was used as an internal reference. For SERS maps in prostate tissue 
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microarrays, five maps of 100 x 100 μm
2 

area of samples were raster-scanned under the 

same acquisition conditions as above with 10 μm step size. The maps were then averaged 

and the background was subtracted for each of the spectra.  

4.3.5 Substrate Preparation for Protein Functionalization 

The substrates for protein experiments were prepared in a similar way as described 

previously. Briefly, plain glass microscope slides were cut into approximately 0.5 cm x 1 

cm sized substrates. They were rinsed thoroughly and immersed in a 2% solution of 3-

aminopropyltriethoxysilane (APTES) for 20 minutes. Afterwards, they were placed in an 

oven set to 110°C for 1 hour. The substrates were then immersed in a 0.3% solution of 

bovine serum albumin (BSA) for 1 hour. The resultant APTES functionalized substrates 

were incubated with a 3 nM solution of nanostars for 1 hour under gentle stirring. 

Subsequently, the thiolated PSMA aptamer at 1 µM concentration was deposited on the 

substrates and allowed to bind overnight. The substrates were then rinsed and incubated 

in a 1 mM 50% ethanolic solution of 6-mercaptohexanol (MCH) for 1 hour. After this, 50 

µL of the desired concentration (32 pM to 320 n M concentration) of PSMA protein 

(Sino Biological USA Inc.) was deposited on the substrates for 1 h.  They were then 

washed thoroughly and allowed to react with the SERS tags containing PSMA aptamer 

described above for an additional hour, following which they were analyzed for their 

SERS activity.   

4.3.6 Cell Culture 

In this work, PSMA expressing prostate cancer cells, LNCaP, and PSMA-negative cell 

line, PC-3 were used. Both cell lines were cultured in RPMI 1640 media (Sigma-Aldrich) 
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that was supplemented with 10% Fetal Bovine Serum (Gibco, Thermo Fisher). Cells were 

grown at 37°C with 5% CO2. Expression of PSMA on both cell lines was confirmed by 

staining the cells with 1:50 diluted PSMA antibody conjugated with Alexa Fluor 488 

(Thermo Fisher) and the labeled PSMA aptamer at 2 µM concentration. Cell nuclei were 

stained with DAPI (Thermo Fisher) as per the manufacturer’s instructions.  After 

confirmation of the expression of PSMA on LNCaP cells, the cells were trypsinized and 

seeded at a density of 20,000 cells/well in a 96-well tissue culture plate. They were 

allowed to attach for 24 h following which the media was replaced, and SERS tags at a 

broad concentration range (1 nM to 5 nM) were added to the wells. Cell viability was 

measured using an MTT proliferation assay kit (Thermo Fisher) according to the 

manufacturer’s protocol after exposure to different concentrations of SERS tags for 24 h.  

For SERS measurements, the appropriate number of LNCaP and PC-3 cells were counted 

and plated in 96-well plate. They were allowed to attach overnight. The media was then 

replaced with fresh media containing SERS tags at 3 nM concentration. They were 

allowed to react with the tags for 1 hour at 37°C. The cells were then washed thoroughly 

to remove any unbound tags and fixed with 4% paraformaldehyde in PBS for 10 mins. 

SERS measurements were then carried out on the cells.  

4.3.7 Semi-Quantitative RT-PCR  

Total RNA was isolated with TRIzol LS reagent (Thermo Fisher), and 1-2 g of total RNA 

was used for synthesizing cDNA using a high-capacity cDNA Reverse Transcription Kit 

(Thermo Fisher). The cDNA was then used for quantitative PCR in a StepOnePlusTM 

(Applied Biosystems) with SYBR Green ROX qPCR Mastermix (Qiagen) and semi-

quantitative PCR. The PCR primers for PSMA and β-actin that were used are shown as 
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follows:PSMA(Forward:GAAACCGACTCGGCTGTGG,Reverse:TAAACCACCCGAA

GAGGAAGC);β-actin(Forward:AGAGCTACGAGCTGCCTGAC,Reverse: 

AGCACTGTGTTGGCGTACAG).   

4.3.8 Western Blot Analysis 

Prostate cancer cells (LNCaP and PC3) were collected and lysed with lysis buffer (20 

mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 

mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml 

leupeptin) along with 1 mM phenylmethylsulfonyl fluoride (PMSF). The cell lysates 

were centrifuged and the supernatant was used as protein. After separation of 50 μg 

protein via SDS-PAGE, the samples were incubated with a primary monoclonal PSMA 

antibody (Abcam) and β-actin antibody (Sigma-Aldrich). Following incubation with the 

appropriate secondary antibody, the immunoblot was analyzed using a SuperSignal West 

Femto Maximum Sensitivity Substrate (Thermo Fisher). 

4.3.9 Tissue Microarray Staining 

Paraffin embedded specimens of 1 mm diameter from 34 prostate cancer patients were 

mounted on a glass slide as a tissue microarray. All tissue sections had prostatic 

adenocarcinoma with Grade Groups 1-5. The pathological status of the tissue samples 

were: Grade Group 1 (Gleason score 6) (N=4), Grade Group 2 (Gleason score 3+4=7) 

(N=11), Grade Group 3 (Gleason score 4+3=7) (N=3), Grade Group 4 (Gleason score 

3+5=8; 5+3=8) (N=8) and Grade Group 5 (Gleason score 4+5=9; 5+4=9) (N=8). 

Removal of paraffin and subsequent re-hydration of the tissue sections was carried out by 

washing the tissue microarray with xylene, ethanol, ethanol/water mixtures and in 
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distilled water. Antigen retrieval on the tissue sections was carried out by immersing the 

slide in a pH 6 citrate buffer (10x Citrate Antigen Retrieval Buffer, Sigma-Aldrich) and 

heating to 95°C for 20 min. The slide was then cooled to room temperature for 20 min 

and washed with distilled water. For immunofluorescence staining, the tissue specimens 

were stained with a primary monoclonal PSMA antibody (Thermo Fisher) followed by a 

secondary antibody conjugated with TRITC (Thermo Fisher) and imaged. Cell nuclei 

were stained with DAPI. For SERS measurements, the tissue microarray was incubated 

with SERS tags at 37°C for 1 h and then imaged. 

4.4 Results and Discussion 

4.4.1 Preparation of SERS Tags 

Gold nanostars were synthesized according to a previously reported surfactant-free 

protocol,
11

 and were characterized by a localized surface plasmon resonance (LSPR) 

band centered at 773 nm. They were then functionalized with the Raman reporter, 4-

aminothiophenol (4-ATP) and the thiolated PSMA aptamer. Functionalization of the 

reporter and the aptamer to the nanoparticles was enabled by the thiol-Au bond 

formation. The morphology and size of the nanoparticles before and after 

functionalization was verified by TEM, as seen in Figure 4.1. TEM micrographs (Fig 

4.1A, Fig 4.1B) revealed that the nanostars possess a large number of sharp protruding 

tips which were retained upon functionalization with the reporter and the aptamer, 

thereby ensuring that they will still be viable for SERS enhancement. The size of the 

nanoparticles was found to increase by 12 nm from 98.5 ± 15.1 nm to 110.5 ± 9.1 nm. 

This increase in size for the nanostars is consistent with the expected size contribution of 
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the added reporter, 4-ATP, and the PSMA aptamer.  In addition to this, a slight red shift 

from 773 nm to 783 nm in the LSPR position of the nanostars after functionalization was 

also observed (Fig 4.1C). This red shift is expected since the position of the LSPR 

depends on the dielectric function of the surrounding environment.
12

 Dynamic light 

scattering (DLS) results (Fig 4.1D) also showed an increase in the hydrodynamic 

diameter of nanostars from 120.6 ± 1.8 nm to 129.6 ± 3.5 nm for nanostars functionalized 

with both 4-ATP and PSMA aptamer.  

The functionalization of the nanostars was further confirmed by a shift of ζ potential of 

the colloidal nanoparticles measured by the Zetasizer. The ζ potential is a measure of the 

electrophoretic mobility or net charge of nanoparticles. The results of the surface charges 

of the nanostars have been summarized in Fig 4.1E. We observed a shift in ζ potential 

from − 8.9 ± 1.4 mV to -33.3 ± 0.8 mV after addition of 4-ATP to surfactant-free stars. 

This slight decrease in the negative charge is expected with the addition of the reporter, 

4-ATP. Upon addition of the negatively charged RNA aptamer, the nanoparticles 

displayed an increase in the negative charge to -38.4 ± 0.9 mV. These results further 

confirmed the successful addition of 4-ATP and PSMA aptamer on the nanoparticles.   

To quantify the amount of RNA aptamer functionalized on the tags, and thus ensure that 

the reproducibility and accuracy of the results, nanostars at different concentrations (1.5 

nM and 3 nM) were loaded with different ratios of the reporter molecules, 4-ATP and the 

thiolated PSMA aptamer. The amount of free RNA leftover in the supernatant was then 

quantified using a Quant-iT™ OliGreen® ssDNA reagent, which is a sensitive 

fluorescent stain that binds to oligonucleotides in solution. Based on the results of this 
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assay (Table 4.2), we observed a capture efficiency of 50.02 ± 0.53 % when a 

concentration of 3 nM nanostars was functionalizaed with 1 µM concentration of 4-ATP 

and 0.5 µM of PSMA aptamer. These concentrations were found to lead to the highest 

Raman peak intensity for 4-ATP and were thus chosen for further experiments.  

Table 4.2 Table shows the capture efficiency of PSMA RNA aptamer on the 

nanoparticles detected using the Quant-iT™ OliGreen® ssDNA kit. Two different 

concentrations of gold nanostars (1.5 nM and 3 nM) were functionalized with varying 

ratios of the Raman reporter, 4ATP and PSMA aptamer. Results are shown as mean ± 

standard deviation with n = 3 readings for each sample. 

Particles 
Amount of RNA on 

NP (µg) 
RNA Added (µg) 

Capture 

Efficiency (%) 

1.5 nM NS_0.5 µM 

4ATP_ 0.5 µM Apt 
2.27 ± 0.06 2.34 ± 0.02 

48.48 ± 1.29 

 

1.5 nM NS_1 µM 

4ATP_0.5 µM Apt 
1.77 ± 0.08 2.34 ± 0.02 37.79 ± 1.88 

1.5 nM NS_2 µM 

4ATP_ 0.5 µM Apt 
1.68 ± 0.09 2.34 ± 0.02 35.94 ± 2.06 

3 nM NS_0.5 µM 

4ATP_0.5 µM Apt 
1.99 ± 0.03 4.68 ± 0.04 42.56 ± 0.74 

3 nM NS_1 µM 

4ATP_0.5 µM Apt 
2.34 ± 0.02 4.68 ± 0.04 50.02 ± 0.53 

3 nM NS_2µM 

4ATP_0.5 µM Apt 
2.46 ± 0.01 4.68 ± 0.04 52.56 ± 0.23 

Binding of PSMA aptamer molecules to the nanoparticles was confirmed using SERS 

measurements. A solution of the nanostars functionalized with the Raman reporter, 4-

ATP, was drop-casted on a glass slide. SERS measurements (three maps of the size 5 µm 

x 5 µm) were averaged and analyzed. The maps revealed strong Raman peaks of 4-ATP 
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at 994, 1076, 1134, 1387, 1438, 1568 and 1605 cm
-1

. These peaks were assigned to 

γCC+γCCC, νCS, δCH, δCH+νCC, νCC+δCH, νCC and δNH respectively.
13-15

 The 

symbols δ, ν, and π correspond to bending, stretching, and wagging modes, respectively. 

Upon further functionalization of the nanoparticles with the thiolated PSMA aptamer, the 

peak at 994 cm
-1

 reduced in intensity and shifted by less than 5 cm
-1

 while peaks at 1134, 

1387, 1438 and 1575 cm
-1

 increased in intensity. These results indicated successful 

functionalization with the aptamer. Since the peak at 1438 cm
-1

, corresponding to the 

stretching of the C-C bond and bending of the C-H bond in 4-ATP molecules was 

prominent after addition of the aptamer, it was chosen for concentration studies with 

soluble PSMA protein.  
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Figure 4.1 Characterization of the synthesized SERS tags was carried out via multiple 

techniques. Figures 4.1(A) and (B) show the transmission electron (TEM) micrographs of 

(A) as synthesized nanostars, and (B) nanostars functionalized with 4-ATP and PSMA 

aptamer.  Figure 4.1(C) shows the UV-Vis spectra of nanostars before and after 

functionalization. Figure 4.1(D) shows the dynamic light scattering (DLS) data, that 

shows the size distribution of the nanoparticles. Figure 4.1(E) shows the zeta potential 

(mV) values of the functionalized nanostars with 4-ATP and PSMA aptamer. Results are 

shown as mean ± standard deviation with n = 3 readings for each sample. Figure 4.1(F) 

shows the SERS spectra of 4-ATP coated nanostars and nanostars coated with 4-ATP and 

PSMA aptamer. 
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4.4.2 Correlating SERS Intensity with Protein Concentration 

To correlate SERS intensity and PSMA concentration, we captured soluble PSMA at 

varying concentrations on functionalized glass substrates and measured the resulting 

SERS response. The first step in the preparation of the protein substrates was silanization 

of the glass followed by the addition of gold nanostars at a concentration of 3 nM. This 

concentration was chosen since it was previously determined to result in a uniform 

distribution on the substrate with minimal clustering of particles. We then deposited the 

39 nucleotide thiolated PSMA aptamer, A10-3.2, developed by Dassie et al.
10

 at a 

concentration of 1 µM. The thiol group on the aptamer enabled binding of the aptamer to 

the gold nanostars. In order to reduce non-specific binding of the PSMA aptamer on the 

surface of the gold nanoparticles, the substrate was backfilled with 6-mercaptohexanol 

(MCH). 
16

 Different concentrations of PSMA protein (100 pM to 100 nM) prepared in 

MilliQ water were then deposited on the substrate. Finally, SERS tags were added to 

identify and localize the aptamer-PSMA protein binding. SERS-based quantification of 

the captured PSMA was then carried out, as reported in Figure 4.2, in which each data 

point was obtained by averaging three 5 µm x 5 µm maps that were collected at random 

on each protein substrate. It can be observed that the intensity of the Raman band of 4-

ATP at 1438 cm
-1

 varies linearly with the concentration of PSMA added, with a linear 

correlation (R
2
 = 0.99838) between the SERS intensity at 1438 cm

-1
 and the log of 

protein concentration, between the concentrations of 0.1 nM and 100 nM. Interestingly, 

additional peaks were observed when the soluble PSMA protein was deposited on the 

substrates, which, upon further analysis, were assigned to both PSMA aptamer and 

PSMA protein (Figure 4.3). 
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Figure 4.2 SERS signal dependence on concentration of soluble PSMA protein. Figure 

4.2(A) shows the SERS peaks observed between 700 and 1800 cm
-1

 for protein 

concentrations between 100 pM and 100 nM. A sample lacking the protein was used as a 

control. Figure 4.2(B) shows the intensity variation of the peak 1438 cm
-1

 with respect to 

log of the PSMA protein concentration in nM. 

 

 

Figure 4.3 Figure shows SERS peaks that result from the addition of PSMA aptamer and 

soluble PSMA protein. 

4.4.3 Expression of PSMA in Prostate Cancer Cells 

Prior to SERS experiments on the prostate cancer cells LNCaP and PC3, the expression 

of PSMA in these cells was confirmed using RT-PCR and western blot analysis. For RT-
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PCR, both cells were lysed and the RNA was extracted. A commercially available cDNA 

reverse transcription kit was then used to convert the RNA to cDNA. The resultant cDNA 

was employed for quantitative PCR analysis, which showed a high expression of PSMA 

in LNCaP cells and no expression in PC3 cells, as seen in Figure 4.4A. The results were 

further confirmed with western blot analysis. For this, the cells were lysed and their 

protein was extracted via SDS-PAGE. The protein extracts were then incubated with a 

primary PSMA antibody and the appropriate secondary antibody. Similar to what we 

observed with PCR, the results shown in Figure 4.4B revealed moderate to high 

expression of PSMA in LNCaP cells and no PSMA expression in PC3 cells. For both 

experiments, β-actin was used as a loading control.  

 

Figure 4.4 Figure shows the confirmation of the expression of PSMA in LNCaP cells. 

Figure 4.4(A) shows the RT-PCR results observed in the prostate cancer cells, LNCaP 

and PC3 while Figure 4.4(B) shows the Western Blot analysis of LNCaP and PC3 cells. 

Both experiments confirm the expression of PSMA in LNCaP cells while PC3 cells show 

no expression of PSMA. β-actin was used as a loading control in both experiments. 

In order to test the binding of the PSMA aptamer with LNCaP cells, a thiolated PSMA 

aptamer conjugated with a fluorophore, Alexa Fluor 488 was used. Both LNCaP and PC3 

cells were labeled with the aptamer and imaged. As a comparison, the cells were also 
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stained with a primary PSMA antibody conjugated to Alexa Fluor 488. Results seen in 

Figure 4.5 show that both PSMA aptamer and antibody were able to bind to LNCaP 

cells, with the aptamer showing higher affinity for the LNCaP cells when compared to 

the antibody. As expected, no fluorescence was observed when PC3 cells were stained 

with either PSMA aptamer or PSMA antibody (Figure 4.6).  
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Figure 4.5 Fluorescent staining of LNCaP cells with PSMA antibody and PSMA aptamer 

that were conjugated to the fluorophore Alexa Fluor 488. Cell nuclei were stained with 

DAPI. Control represents cells that weren’t stained with both PSMA aptamer and 

antibody. Scale bars represent 30 µm. 
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Figure 4.6 Figure shows the fluorescent staining of PC3 cells with PSMA antibody and 

PSMA aptamer that were conjugated to the fluorophore, Alexa Fluor 488. Cell nuclei 

were stained with DAPI. Control represents cells that weren’t stained with both PSMA 

aptamer and antibody. Scale bars represent 50 µm. 

A cell viability assessment was then carried out to determine the safest concentration of 

tags that could be loaded in the cell culture while providing a sufficiently intense SERS 

response. LNCaP cells were incubated with a range of nanoparticle concentrations from 1 

nM to 5 nM for 24 hours. The cell viability was then assessed via an MTT proliferation 

assay. The results were normalized with respect to the untreated control. Figure 4.7 

reveals that the cells remained viable and comparable to the control at all concentrations 
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of nanoparticles. Since no statistical differences were observed between the groups, 

SERS tags at a concentration of 3 nM were used for PSMA quantification.   

 

Figure 4.7 Cell viability results via MTT proliferation assay show the relative cell 

viability observed in LNCaP cells after exposure to different concentrations of gold 

nanostars functionalized with 4-ATP and PSMA aptamer for 24 hours. Viability results 

have been normalized to the control (without nanoparticles). Error bars represent standard 

deviation with n = 3. 

4.4.4 SERS Analysis of Cells 

PSMA expression in LNCaP and PC3 cells was measured at the single cell level using 

SERS. Both prostate cancer cells were counted and plated in a tissue culture plate and 

allowed to attach overnight. They were then incubated with a 3 nM concentration of 

SERS tags, i.e. gold nanostars functionalized with the Raman reporter, 4-ATP, and 

PSMA aptamer. The cells were washed thoroughly and fixed before SERS 

measurements. Three maps of 5 µm x 5 µm sized area were acquired for each cell and 

averaged. Figure 4.8(A) shows the SERS spectra obtained from LNCaP cells incubated 

with the SERS tags. Data acquired from 5 individual cells showed slight variation in 

SERS intensity, which could be due to expected differences in marker expression within 
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the same cell population or to differences nanoparticle uptake. The average SERS spectra 

from LNCaP cells seen in Figure 4.8(B) were considered to be representative of the 

entire cell population, with an expected range of variability as that observed among the 

various cells. On the other hand, PC3 cells, known to not overexpress PSMA were found 

to possess Raman peaks with very low intensity.  

 

Figure 4.8 SERS spectra seen in LNCaP cells incubated with nanostars functionalized 

with 4-ATP and PSMA aptamer. Figure 4.6(A) shows the variation in SERS intensity 

seen at the single cell level in five different LNCaP cells. Further assessment of assay 

selectivity was carried out by incubating PC3 cells that have no surface expression of 

PSMA. Results from this are shown in Figure 4.6(B). 

4.4.5 Analysis of PSMA expression in Prostate TMA 

Prostate tissue microarrays containing biopsied specimens from patients with different 

clinical staging were analyzed by first grouping them according to the new grading 

system outlined by the International Society of Urological Pathology (ISUP) in 2014.
17

 

The tissue samples were divided into Grade Groups 1-5:  Grade Group I (Gleason score 

6), Grade Group II (Gleason score 3+4=7), Grade Group III (Gleason score 4+3=7), 

Grade Group IV (Gleason score 3+5=8; 5+3=8) and Grade Group V (Gleason score 
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4+5=9; 5+4=9). No samples with Gleason score 10 were present in the TMA. The tissues 

were then further classified in three groups based on the recommended therapy: 1) 

Watchful waiting (no therapy), 2) non-metastatic active therapy, and 3) metastasized 

and/or castration resistant therapy (including palliative care). 

To compare SERS imaging against immunofluorescence staining for PSMA 

quantification in TMAs, the prostate TMA samples were first de-paraffinized and 

hydrated.  For IF experiments, the tissue sections were stained with a primary PSMA 

antibody and an appropriate secondary antibody conjugated with TRITC. The cell nuclei 

were stained with DAPI and the TMA was imaged. Analysis from IF seen in Figure 4.9 

showed an increase in the fluorescence intensity between Group 1 and Group 2, while no 

distinct difference in compounded PSMA expression was observed between Group 2 and 

Group 3.   

Figure 4.9 Representative immunofluorescence staining results of a prostate tissue 

microarray stained with a primary PSMA antibody and a secondary antibody conjugated 
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with TRITC. Cell nuclei have been stained with DAPI. Fluorescence intensity 

(background subtracted) obtained from immunofluorescence staining of the prostate 

TMA. The prostate tissue sections have a pathological status ranging from Grade Groups 

1-5 and show increasing PSMA expression in going from Group 1 to Group 2, while no 

clear differentiation was possible between Group 2 and Group 3. Scale bars represent 200 

µm. 

For SERS experiments, after incubating each tissue section with SERS tags, an average 

of five maps were obtained over an area of 10 µm x 10 µm for each tissue section in the 

TMA. The averaged SERS signal intensities were then compounded Group 1, Group 2, 

and Group 3, as defined above, and reported in Figure 4.10A. Similar to what was 

observed in IF staining, the SERS intensity increased as the stage of prostate cancer 

increased. To better understand the differences in detection of PSMA with the two 

methods, the fluorescence intensity from the IF staining was quantified over the entire 

area of the tissue and subtracted from the background. The intensity was then averaged 

with samples in the TMA within the same therapy Group. Similarly, for SERS 

measurements, the intensity of the 1438 cm
-1

 peak was averaged for all samples 

according to the same classification strategy. A side by side comparison between the 

intensities revealed a similar pattern, in which substantial increase in PSMA expression 

levels occurs between the lowest (Group 1) and the highest (Group 3) groups. However, 

the analysis of the intermediate Group 2 and how it correlates to Group 1 and Group 3 

provides further insight. Two important differences can be gathered from the SERS 

results: a) The SERS-based quantification of PSMA allows to differentiate Group 1 from 

Group 2 based on the larger spread of the data points in Group 2, consistent with the 

increased tissue heterogeneity that is typical of high Gleason score cancerous tissues; b) 

A clear differentiation in average PSMA expression levels, in addition to further spread 

data points, describes Group 3, in line with tissues with more advanced and/or metastatic 
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character. The clear differentiation in expression levels between Groups 1 and 2 and 

Group 3 can be also appreciated looking directly at the SERS data in Figure 4.10B. 

 

Figure 4.10 SERS spectra of the prostate tissue microarrays that were incubated with 

SERS tags. a) SERS intensity of the 1438 cm
-1 

peak of the spectra obtained from the 

prostate TMA at different disease stages compounded in groups 1, 2, and 3 depending on 

recommended therapy. SERS data points become substantially more spread with 

increasing disease severity, consistent with tissue heterogeneity. B) Averaged SERS 

spectra for the three groups show clear increase in the intensity of the 1438 cm
-1

 peak 

between groups 2 and 3, consistent with higher PSMA expression in advanced stage 

disease. 

4.5 Conclusion 

In conclusion, we further demonstrated the validity of PSMA as effective biomarker for 

stratification of prostate cancer patients, with improved discretization and tissue 

heterogeneity assessment than possible with fluorescence-based immunohistochemistry. 

The opportunity of quantifying biomarker expression in tissue microarrays and 

employing the obtained values as undisputable metrics for therapeutic management 

promises to aid in the difficult process of staging a patient and providing personalized 

treatment. By leveraging the field enhancing properties of gold nanostars along with the 

improved targeting properties of the PSMA aptamer and the sensitivity of SERS, we were 



118 

 

 

 

able to quantify PSMA expression both at the single cell level and tissue microarrays. 

Albeit not included in clinical trials, and only representing a retrospective study of a 

limited number of prostate cancer patients, our results promise to bring SERS at the 

forefront among the clinically-relevant techniques enabling detailed quantification of 

biomarker expression. Further implementation of this approach will enable the 

assessment of other prostate cancer biomarkers and hallmark biomarkers for additional 

cancer types. 
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CHAPTER 5 CONCLUSION AND FUTURE DIRECTION 

5.1 Conclusion 

The work in this dissertation focused on the development of a sensitive SERS based 

sensing platform that would allow detection and quantification of cancer biomarkers. 

SERS tags consisting of gold nanostars functionalized with aptamers were used to detect 

and quantify the cancer biomarker EpCAM at the single cell level in cancer cells with 

different phenotype expressions. Furthermore, the SERS tags were able to discriminate 

between early and late stage prostate cancer based on the expression of a prostate-specific 

PSMA biomarker. This work was the first to explore SERS tags for cancer staging in 

tissue microarray samples. These findings have major health implications as they would 

be beneficial in monitoring phenotype evolutions in cancer cells, tissues, or bodily fluids 

thus enabling us to follow in real time disease onset and progression. In addition to these 

demonstrations, we also carried out a systematic study in which the size, shape, and 

surface chemistry of gold nanoparticles were taken into account to provide a 

multiparametric evaluation of their toxicity. Knowledge of the underlying toxicity 

mechanisms with gold nanoparticles can be applied to design more effective strategies to 

safely employ them in the medical field.   

5.2 Future Directions 

Chapter 2 looked in detail at the toxicity induced by gold nanoparticles of different 

morphologies and surface chemistries in vitro. While this study provided a basic 

understanding of toxicity mechanisms and NP uptake at the cellular level, it may not 
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accurately predict the toxicity response in an in vivo setting. In addition, we also observed 

the nanoparticles caused damage to cellular organelles like mitochondria because of the 

generation of free radicals and oxidative stress. This could cause mutagenesis and up- and 

down-regulation of genes and proteins. Studies have shown that prolonged exposure of 

cells to nanoparticles can lead to changes in their gene expression.
1
  Future work could 

look at the effects of nanoparticle exposure on gene regulation. In addition, we need to 

carry out long term investigations of the effects of nanoparticle exposure in vivo.  The 

biodistribution and pharmacokinetics of the gold nanoparticles in the body needs to be 

properly understood.   

In chapter 3, we developed a SERS-based substrate for the recognition and quantification 

of EpCAM, which is an epithelial biomarker overexpressed in several tumors.
2-3

 Changes 

in the expression of EpCAM have been associated with the onset of metastasis. 
4
 

However, studies have shown that tumor cells undergo epithelial to mesenchymal 

transition (EMT) in order to separate from the parent tumor and different subsets of cells 

heterogeneously evolve their phenotypes at various stages of cancer progression.
5 

Future 

work could therefore focus on identifying key epithelial and mesenchymal biomarkers 

involved in cancer progression and simultaneously detect them on cells. It could also 

explore using the developed substrates to isolate tumor cells and other macromolecules 

from bodily fluids such as blood. Finally, portable Raman spectrometers could be 

employed for molecular detection on these substrates, thus rendering it a true point-of-

care diagnostic. 
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Chapter 4 explored the use of SERS tags to distinguish between different stages of 

prostate cancer in a prostate tissue microarray based on the expression of PSMA on these 

tissues. While we observed an up-regulation of PSMA expression in aggressive forms of 

the tumor, there is a need to identify other predictive biomarkers that can more finely 

distinguish between different tumor stages. Future work could explore the role of 

biomarkers such as androgen receptor splice variant 7 (AR-V7) protein. Studies have 

shown that measuring the expression of this biomarker can help detect patients with 

progressive metastatic castration resistant prostate cancer that are unresponsive to 

antiandrogen therapy.
6
  

Overall our work provides a framework for developing a molecular imaging platform that 

could be implemented in the future for monitoring cancer progression with high 

sensitivity and selectivity. 
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