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Atherosclerosis is the primary reason for Cardiovascular disease, in which 

arteries become narrowed due to plaque development. Accumulation of 

low-density lipoprotein (LDL -C) at the site of damage (the endothelium) is 

known  to be a key factor in the pathogenesis of atherosclerosis. By targeting 

the site of damage, subsequently utilising photothermal therapy should 

effectively halt or stop the atherosclerotic process. Lipid modifications are 

known in the literature to increase cellular interactions. Cholesterol is a lipid, 

which can be functionalised onto nanoparticles potentially increasing 

¯§®^yk ~p q~zi |^|~§^ª®sgzk«Î Prs« k««k|®s^zz· gªk^®k« ^ ìp^®®· |^|~§^ª®sgzkí 

which can also imitate LDL-C, hence being able to ta rget plaques.  

Herein, the research focus was to investigate the cellular uptake of 

cholesterol modified nanoparticles and upon success, their capabilities as 

photothermal agents  for targeting plaque sites . Gold nanoparticles were 

functionalised with choles terol -DNA. Thereafter, a series of in vitro  studies 

were carried out using two cell lines: RAWs and HUVECs, to determine 

cellular uptake. Using 2D and 3D SERRS mapping, the first study determined 

successful uptake and the second study determined that the u ptake was 

qªk^®kª s| k|i~®rkzs^z gkzz«Î " ì«k{s-©¯^|®s®^®s´kí {k®r~i µ^« ^§§zski ®~ 

calculate the % relative SERRS response from each cell line, allowing for 

comparisons to be made. Cell viability studies confirmed the non -toxic 

nature of these probes.  

In the second part of this research, HGNs were used as the core for these 

ìp^®®· |^|~§^ª®sgzk«í i¯k ®~ ®rksª >NJM s| ®rk @7MÏ ^|i g~{{k|i^fzk 

photothermal properties. Cholesterol modified HGNs displayed efficient 

cellular ablation  with an in -house phototherm al setup.  

This work successfully provided the basis for using cholesterol modified 

nanoparticles as photothermal agents in the treatment of CVD.   
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1.1 Cardiovascular Disease 

Cardiovascular Disease (CVD) is a collective  term used to define  diseases of 

the heart and its blood circulation , describing conditions such as coronary 

artery disease, stroke and angina. Classified  as one of the most prevalent 

disease states, it is generally accountable for more than a quarter  (27%) of 

all deaths in the UK, approximating to one death every three minutes .1 

Worldwide,  as per the World Health Organisation (WHO), an estimated 17.9 

million people die from CVD diseases each year.2 Factors such as obesity, 

smoking , and inactiveness are a few of the underlying reasons  which trigger 

CVD, highlighting the ability of  a healthy lifestyle pre venting  such a 

condition. 3 In parallel to  the number of fatalities, CVD has a huge  economic 

impact  costing  the UK economy £ 9 billion  each year and with longer life 

expectancies, this figure is guaranteed to rise. 1  

 

1.1.1  Atherosclerosis  

CVD is mainly dependent on  atherosclerosis : a chronic, progressive, 

inflammatory disease resulting from the build -up of plaque in the artery 

wall.4 Consequently,  narrow ing and hardening the artery , and restricting  

blood flow to and from the heart.  Without any or delayed intervention, it can 

become life -threatening, thus resulting in serious outcomes i.e., a stroke or 

myocardial infarction.  Figure 1.1  illustrates the development of a plaque in 

an artery.  
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With an asymptomatic phase, atherosclerosis begins in the early years of 

humans and progress es over time, through  multiple stages, as de tailed  

below : 3,5,6 

 

I. Endothelial dysfunction: Damage to the endothelial cell lining  

subject to irritative stimuli such as  hypertension, 

hypercholesterolemia , etc, allowing entry and rete ntion of low-

density lipoprotein -cholesterol  (LDL-C) and triggering an 

inflammatory response.  

 

II. Inflammatory Response: Cell adhesion molecules: ICAM -1, 

VCAM-1, and P-selectin are upregulated, recruiting inflammatory 

response cells such as monocytes and leukocytes into the 

activated subendothelial matrix.  

Figure 1.1: Schematic illustrating plaque development in an artery. (a) The atherosclerotic process 

begins with an initial fatty streak, (b) this continues to develop into a fibrous plaque, and finally, (c) 

the plaque ruptures, resulting in myocardial infarction or a stroke occurring.  
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III. Foam Cells/Initial Fatty Streak: Monocytes entering into the 

subendothelial space, differentiate into macrophages, 

subsequently forming foam cells upon accumulating oxidised -

LDL. As a result, a fatty streak forms. 

 

IV. Plaque Growth: Smooth muscle cell  (SMC) migration and 

proliferation occurs. Together w ith the accumulation of lipid -rich 

necrotic debris and SMC , plaque growth persists. The body react s 

by forming a  fibrous cap around the plaque.  

 

V. Initial Cl inical Events: Calcium deposits on the plaque harden and 

restrict artery movement . Blood flow is also reduced . Therefore, 

clinical events such as angina occur.  

 

VI. Thrombosis: Increased pressure within the artery results in  the 

plaque rupturing, which can lead to events such as myocardial 

infarction and stroke. Clot break-offs can travel and block other 

arteries downstream.  

 

Differ ing  opinion s exist on the primary contributor  to this series of biological 

events. Some believe that  endothelial dysfunction and up regulation of  LDL-

C are the main reason , acting  as a trigger  to the cascade of events  which 

follow .6 However , others believe  that macrophages differentiat ing  to foam 

cells are the principal reason, as foam cells extensively contribute to  the 

bulking of the plaque. 7 Amidst all the opinions, the former is thought to be 

stronger .5,6 
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1.1.2 An Insight into Cholesterol  

Colloq¯s^zz· y|~µ| ^« ì^ f^zz ~p p^®Ïí gr~zk«®kª~z s« ^| k««k|®s^z fs~{~zkg¯zk 

to the human body . It is synthesised by hepatocytes in the  liver, with certain 

foods also being a source. 8 Although this  hydrophobic lipid  has the main 

function of maintaining cellular structure , it also serves as a precursor for the 

synthesis of substances vital to the body, such as steroid hormones and 

vitamin D. 9 Cholesterol in the body can exist as unesterified (fr ee) or 

esterified. Free cholesterol is biologically active and possesses cytotoxic 

effects in comparison to the cholesteryl esters which are the protective form 

for storage in cells and transport through the plasma. 10 The structure of 

cholesterol is given in  Figure 1.2 and the biosynthesis pathway of cholesterol 

is provided in Appendi x 1. 

 

 

Due to cholesterol being water -insoluble, it  is unable to travel  through the 

bloodstream alone,  hence it is transported around the body by 

macromolecular complexes known as lipoproteins. 11 In the 1950s and 

1960s, physiologists put forth the two major cholesterol carrying 

lipoproteins.  These are identified as  LDL-C (low-density lipoprotein -

Figure 1.2: Structure of an independent cholesterol molecule. In the body, cholesterol can exist in 

other forms such as cholesteryl esters.  
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cholesterol ) and HDL-C (high-density lipoprotein  cholesterol ), also known as 

bad and good cholesterol respectively. 12,13 Elevated levels of LDL-C in the  

blood have strongly  been  associated with atherosclerotic events . Derivation 

~p ®rk is«k^«k |^{k g~{k« pª~{ ®rk 5ªkky µ~ªi« ì^®rkªkí {k^|s|q 

^gg¯{¯z^®s~| ~p zs§si ^|i ì«gzkª~«s«í ªkpkªªs|q ®~ r^ªik|s|qÎ14 A schematic 

depicting the cross -section of LDL-C is shown in Figure 1.3. 

 

 

Vogel et al. first linked cholesterol and atherosclerosis together  when he 

identified deposits of cholesterol in the artery wall in the 1840s.15 The 

pioneering work of Alexander I. Ignatowski , in which  he fed rabbits  protein 

and dairy  to effectively induce atherosclerosis , confirmed this 

relationship. 16,17 His work allowed scientists to intensify the research to help 

elucidate the atherosclerotic mechanism , which we understand today.  

The understanding that LDL -C is a favourable contender in the  development 

of atherosclerosis  stemmed  the interest of investigating the role of 

«·|®rk«s«ki ìp^®®· particlesí in vitro , in this study. Furthermore, this would 

help to decipher whether using these as photothermal agents  could allow 

Figure 1.3: Cross-section of LDL. The external layer is made up of phospholipids and free cholesterol, 

encasing a hydrophobic core of chole steryl esters and triacylglycerols. Image reproduced (adapted) 

with permission from Encyclopaedia Brittanica, Inc.  
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for a potential therapy  method  for atherosclerosis. This will be spoken about 

in greater detail in section 1.3.2.  

 

1.1.3 Current Treatment Methods for Atherosclerosis  

Treatment for atherosclerosis is dependent on the severity of the condition. 

In cases where disease progression is within the early stages, and there is no 

considerable damage to the artery, patients are advised to maintain a 

healthy lifestyle , with attention to diet , exercise, and abstaining from 

smoking. 4 Aside from this , statins can be prescribed to the patient  as a first-

line therapy method .  

Statins are prescription -based lipid -lowering drugs  designed  to reduce the 

high  levels of LDL-C in the  serum. These 3-hydroxy -3-methylglutaryl 

coenzymes A reductase (HMG CoA -reductase) inhibitors target  the rate-

limiting step of the mevalonate pathway. Their high affinity for HMG CoA 

reductase allows them to significantly block mevalonate, which is a 

necessary precursor in cholesterol bio synthesis.18,19 Added to this is the fact 

®r^® «®^®s|« ^z«~ §~««k«« ì§zks~®ropic effectsÏí ^ ®kª{ µrsgr g~zzkg®s´kz· 

describes beneficial effects of statins, independent of  cholesterol levels. Its 

advantageous properties concerning  CVD include  improved endothelial 

function , reduced vascular inflammation , and increased atheroscler otic 

plaque stability. 20 Various trials investigating the strengths of various sta tins 

have demonstrated  that these drugs  decrease the rate of atherosclerotic 

disease progression , and also under some circumstances, are shown to 

regress the plaque development. 4,21å23  

Unfortunately, i n extreme cases where the disease has substantially 

progressed and the artery/ arteries are considerably narrow ed with reduced 

blood flow, surgical procedures have to be carried out . These surgeries aim 

to either: widen the narrowed artery  using a balloon or stent  (coronary 

angioplasty), remove the built -up plaque (carotid endarterec tomy), or carry 
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out a bypass to redirect the flow of blood  (coronary artery bypass grafting). 24 

The aforementioned list of procedures d oes not encompass the entirety of 

surgical interventions available as this is out with  the scope of this thesis 

work , however , it should be noted that other surgical procedures do exist. 25 

Recent advances in treatment methods include photothermal therapy (PTT), 

in which a photothermal agent is directed towards the site of interest and 

with applied heat, can dissipate that heat to the surrounding environment, 

ablating atherosclerotic lesions.26 Nanoparticles are  suitable photothermal 

agents due to the ir ability to penetrate deep into biological tissue and also 

become activated using a near -infrared region (NIR) laser. 27 A greater insight 

is provided in section 1.3.2.  

 

1.2 Nanotechnology  

The concept of nanotechnology was first spoken of f in a lecture titled: 

ìPrkªkí« Jzk|®· ~p M~~{ ^® ®rk *~®®~{í f· Msgr^ªi 4k·|{^|Ï s| ¿ÇÃÇÎ28 His 

vision was the birth of nanotechnology , although the official name wa s 

coined by Norio Taniguchi in the 1970s. 29 These visionaries paved the path 

to todayí« rapidly evolving field of science , particularly beneficial in areas of 

human health care and medicine. 29å31 Nanotechnology is a referral to 

materials with dimen sions between 1 -100 nanometres (nm) .32 Their size and 

shape dependent properties , which differ from their bulk behaviour , are 

seen to be attractive  for numerous applications . Typically, nanostructures 

^ªk ~f®^s|ki ¯«s|q ®µ~ qk|kª^z «®ª^®kqsk«Ð ®rk ì*~®®~{-¯§í ^|i ìP~§-i~µ|í 

method s. The former utilises atoms produced from the reduction of ions, 

which assemble to generate nanostructures. The  latter produces the desired 

nanostructure through the removal of the nanomaterial from bulk material. 33  

Over the last couple of decades, metallic materials have attracted particular 

attention, evident from the increasing number of publications, especially 
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with gold (AuNPs) and silver nanoparticles  (AgNPs), since the start of the 21 st 

century. 33  

 

1.2.1 The History of Nanoparticl es 

Nanoparticles  (NPs) have existed for many centuries . Plausibly, the earliest , 

well -known example is the famous Lycurgus Cup (Figure 1.4), which has 

been d ated back to the 4 th century  AD.34 The cup was seen as extraordinary 

due to its dichroic glass, showing a jade -green colour in reflected light and 

a ruby-red colour in transmitted light. 34 This phenomen on was attributed to 

the unique optical properties of the AuNPs and AgNPs, contained with in the 

glass, in a colloidal dispersion. 34  

 

In 1857, Michael Faraday, the renowned chemist , and physicist , established 

that individual AuNPs behave differently compared to their bulk form. He 

synthesised the first pure colloidal gold solution by the reduction of an 

Figure 1.4: The Lycurgus cup appearing red in transmitted light (left) and as green in reflected light 

(right). Image reproduced with permission from © Trustees of the British Museum.  
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aqueous solution of chloroaurate (AuCl 4
-), and this was publishe d in his work 

®s®zki ì/¶§kªs{k|®^z Mkz^®s~|« ~p 5~zi Ý^|i B®rkª ?k®^z«Þ ®~ zsqr®Îí35 

In the interest of this research work, the focus will be on app lications of 

metallic NPs in disease therapy. However , it should be noted that the unique 

chemical and physical properties of metallic NPs have allowed for their 

application  across many other research interests such as bio-sensing,36 

electronics 37, and environmental remediation. 38  

 

1.2.2 Synthesis of Gold Nanoparticles  

In the last few decades,  a variety of routes have been presented for the 

synthesis of metallic NPs, such as electrochemical, 39 photochemical 40 and 

solution -based syntheses.41 A prime focus on  solution -based synthesis 

approaches ha s allowed the  develop ment of  methods  which control  

nanoparticle parameters such as size, shape and surface functionalit ies.42  

The most common method of AuNP synthesis  known as the Turkevitch 

method  was published by John Turkevitch in 1951. 43 Commonly known as 

the citrate reduction method, this approach  utilises citrate as both the 

reducing and capping agent in an aqueous system . Frens et al. refined this 

method in 1973, to demonstrate th at by varying the ratio between the  gold 

salt and reduc ing  and stabilising agent (i.e the  citrate  to gold ratio), the size 

of AuNPs could be  effectively  tuned  to between 15  and 150 nm. 44,45 

Following on from this, the Brust -Schiffrin method  was published in 1994, 

which has since been one of the most cited papers in Chemical 

Communications .46 Brust et alÎ ®~~y s|«§sª^®s~| pª~{ 4^ª^i^·í« ®µ~-phase 

system, which produced  thiol stabilised  NPs with average diameters below 

5 nm.47 

 In light of all these methods, the Turkevich method has always remained the 

ìgold  «®^|i^ªií {k®r~i ~p «·|®rk«s«Î Prk ~|z· i~µ|«sik ®~ ®rs« {k®r~i s« NP 

polydispersity above dimensions of ~50 nm.  To reduce this , many have 
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|^´sq^®ki ®~µ^ªi« ^ ì«kkis|qí ^§§ª~^grÏ µrkªkf· «kki« ~p Ă¿Ã |{ ^ªk 

prepared, subsequently  followed by the  reduc tion  of Au onto their surface, 

yielding monodispersed colloidal solutions with average dimensions up to 

200 nm. 48  

Generally,  noble metal NPs are the most readily  used particles  by 

researchers, due to their unique chemical and optical properties , in addition 

to their stability and ease of preparation.  AuNPs are considered 

advantageous to biological applications, due to their non -cytotoxic 

capabilities , a reason for their preference over AgNPs . However, the key 

property  of metallic NPs exists with localised surface plasmon resonance 

(LSPR). This is the phenomenon that arises when light interacts with the 

nanoparticle . 

 

1.2.3 Surface Plasmon Resonance 

Resident electrons on the surface of a n NP are referred to as plasmons when 

they collectively oscillate. 49 Upon the interaction of an electromagnetic wave 

with an NPs surface, collective oscillations of the free co nductive band 

electrons occur , a phenomenon known as surface plasmon resonance 

(SPR).50 As the light wave passes through the NP, the electron density in the  

NP is polarise d and oscillates in resonance with the frequency of the 

interacted light. This effect is termed  localised surface plasmon resonance 

(LSPR) when confined to particles on the nanoscale .51 The LSPR is 

characterised by a resonance band in the excitation spectrum (the 

combination of absorption and scattering) of the NP. Gustav Mie was the first 

person to describe the LSPR phenomenon in 1908 when he applied 

?^¶µkzzí« k©¯^®s~| to spherical nanoparticles. 52,53 His reports specified that 

the plasmon band wa s a result of the dipole oscillations of the free electrons 

in the conduction band, wh ich is today known as the explanation for SPR.  A 
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schematic illustrating light interacting with a spherical metallic NP is shown 

in Figure 1.5.  

 

 

 Monodispersed, 50 nm spherical  AuNPs will give one band in the region of 

~520 n m.54 This, however, is subject to change depending on various factors 

such as choice of core metal, particle size, shape, and the surrounding 

dielectric medium. 55 Generally, an increase in the NP diameter  will result in 

a bathochromic shift of the LSPR.56 As the morphology of the NP  deviates 

away from the typical spherical shape, such as stars and HGNs, this can have 

a pronounced effect on the  LSPR, shifting it closer to or in to the NIR region. 57å

59 Such shapes also possess the characteristic of LSPR tuning by effectively 

adjusting the ratios of key components during the synthesis.  Greater insight 

into tuning of the HGNs LSPR is provided in Chapter 4 of this thesis. Changes 

in the dielectric constant of the NPs surrounding environment  can induce 

LSPR changes also, for example , due to surface modification s.60 Finally, the 

Figure 1.5: Illustration of the LSPR phenomenon, in which the electromagnetic light interacts with 

metallic, spherical nanoparticles, inducing collective oscillations of the conductance band electrons.  
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core metal can drastically affect the LSPR, and a clear example of this is the 

difference in LSPR between AgNPs and AuNPs. 50 nm AgNPs typically have 

extinction maxima at ~420 nm, and 50 nm AuNPs are ~520 nm. 61,62  

A unique  characteristic of a NPs LSPR is its ability to shift  which is extremely 

beneficial in many application s. For example, w hen two nanoparticles come 

into  close proximity with one another, the surface plasmons couple resulting 

in a bathochromic shift of the excitation wavelength. This shift is towards 

longer, lower energy  wavelengths, more g~{{~|z· y|~µ| ^« ®rk ìªki-shiftÎí 

This phenomen on was first exhibited by Mirkin et al., who looked at 

assembling nanoparticles into aggregates  using complementary 

oligonucleotides. This was a reversible process and LSPR changes were 

detected using extinction spectr oscopy.63 Ns{sz^ªz·Ï ^ ìfz¯k-«rsp®í s« observed  

when the LSPR tends towards higher energy wavelengths, known as a 

hypsochromic  shift.64 This reduced inter -particle distance results in signal 

enhancement and is exploited in SERS and will be  explained in greater detail 

in section 1.4.4.  It can also be particular ly useful in determining the extent of 

aggregation in colloidal solutions and confirmation of surface modifications  

as will be seen in subsequent chapter s. 

 

1.3 Nanomedicine   

Nanoparticles  incorporated  with studies in medicine  have revolutionised  

areas of disease diagnos tics and therapy. Since the start of the century, the 

number of publications h ave increased rapidly with many efforts to also 

navigate towards commercialisation . This is evident from the 6.8 fold 

increase in publications from 2005 to 2016 65,66 and is also representative of  

the interest and need for nanomedical researc h.  

Nanomedicine  has the potential to overcome the limitations of current  

conventional therapies  such as surgery, chemotherapy and radiation . Issues 
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such as harmful side effects and poor biodistribution can be minimised  by 

introducing  localised NP treatment , with methods such as photothermal 

therapy and targeted drug delivery. The first case in nanomedicine  to attain 

clinical success was the nanopartic le drug, Doxil ®.67 FDA (Food and Drugs 

Administration) approved doxorubicin, encapsulated within a liposomal 

coating  to create a drug delivery NP , in treating Kaposi's sarcoma, ovarian 

cancer, metastatic breast cancer and multiple myeloma. 68  

NPs are extremely versatile as they can undergo surface modifications with 

a plethora of molecule s/biomolecules , such as shown in Figure 1.6. Various 

methods of anchoring these moieties to the NP surface exist : thiol 

modifications can aid in adhering molecules such as DNA and drug 

molecules  to the surface, 69 polyethylene glycol (PEG) linkers can become a 

medium for antibody attachmen t,70 and electrostatic interactions also  act as 

a method of addition  for various proteins, dependent upon the charge of 

the NP surface and the protein. 71 It is clear why NPs have received much 

attention  as nanomedical agents . Longer circulation times, greater 

permeability and disease specific biomarker modifications are some 

advantageous properties,  which have led to many research outputs . 

Specific ally, AuNPs have received much attention due to their non-cytotoxic 

capability,  allowing for applications in the majority, if not all , of in vivo 

studies.30 

Although n anomedicine research is focussed on all disease conditions , 

much attention is now fixated on CVD due to it reigning in the lives of a high 

percentage of the population.    
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1.3.1 Nanomedicine in Cardiovascular Disease  

The focus on CVD, from the nanomedical point of view , has been extremely 

advantageous, as can be seen with the library of reviews talking about 

progression within the field. 66,72 In a review by McCarthy et al., they remark 

that atherosclerosis, fro m all CVD syndromes , is the most popular in terms 

of nanomedicine research due to  the high number of consequential 

outcomes from this condition. 73 In the cascade of atherosclerotic events, 

there come forth many bioma rkers and bio molecules, which can be used as 

detection /therapeutic agents for selective targeting  of CVD. 

Amongst the plethora of examples,  vascular inflammatory biomarkers have 

been targeted using antibody functionalised nanoparticles, in the novel  

work o f Noonan et al. They took a multiplexed approach  to target  the 

adhesion molecules: ICAM -1, VCAM-1, and P-selectin using surface 

enhanced Raman scattering ( SERS), successfully detec ting all three 

Figure 1.6: A schematic representing nanoparticle functionalisation with varying 

molecules/biomolecules which can be used for targeting, therapy, shielding and detection.  
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biomarkers  in vivo with mice. This was the first case of applying a SERS 

multiplexing approach to atherosclerosis, propitiously demonstrat ing that 

functionalised nanoparticles  combined with SERS imaging could be 

advantage ous in the non-invasive, simultaneous detection of inflammation 

biomar kers. This suggests that Raman spectroscopy  could  address unmet 

clinical needs in CVD. 74 Other molecules such as DNA, p eptides 75, and 

polymers ,76 have also been utilised  to direct nanoparticles to the tumour site, 

highlighting the versatility of metallic nanoparticles  as detection and 

therapeutic agents for CVD.  

Recently, nanoparticles are being appreciated as photothermal agents, due 

to their commendable ability to ablate surrounding tomourous cells at 

selected sites of damage.  

 

1.3.2 Photothermal Therapy  

The conversion of light into heat is known as the photothermal effect. Upon 

the interaction of incident photons with metallic nanoparticles, the energy is 

absorbed a nd converted to heat, subsequently dissipat ing  to the 

surrounding  environment .77 If applied in vivo, the local environment  is more 

often tumorous cells, which can be thermally destroyed. This effect is termed 

photothermal therapy and became popular in the 1960s when it was first 

used for tumour eradication. 78 P~i^·Ï s®í« µsikz· ¯«ki across many areas of 

medicine  such as ophthalmology, 79 gynecology 80 and orthopaedic 

surgery.81 

Photothermal agents are not restricted to metallic NPs, however , in the 

interest of this thesis, NP will be the sole focus. Their appeal is attributed to 

the enhanced absorption  they experience  in the NIR due to their LSPR. This 

is referred to as plasmonic photothermal therapy (PPTT). El-Sayed and his 

group  have an extensive bank of publications for using various gold 

nanostructures with  PTT, taking  a closer look at the process by which the 
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light to heat conversion takes place through the  use of nanoparticles.  Using 

the medium of time -resolved transient absorption spectroscopy , they have 

detailed a series of photophysical processes  which take place  as described 

below  in Figure 1.7.78,82å84 

 

 

PTT has been extensively used for cancer therapy attributed to the low 

thermal tolerance  of cancerous cells, making it slightly easier to ablate such 

cells.78 Although the first case of using lasers to ablate an atherosclerotic 

plaque was carried out in 1963 by McGuff et al.,85 only recently are 

researchers beginning to apply PTT to CVD . This is with the belief  that 

greater challenges lie with CV D nanomedicine in comparison to cancer.86 

ØIncident photons excite electrons on the 
surface of the metallic nanoparticle, 
producing hot electrons which can reach 
temperatures of ~1000 K.

Electron 
Thermalisation

ØEnergy exchange occurs between the hot 
electrons and lattice.

ØElectron-electron and electron -phonon 
processes, occuring on femto -seconds 
and picoseconds, respectively, allowing 
for the formation of a hot metallic lattice.

Lattice 
Formation

ØThe lattice cools through the process of 
phonon -phonon relaxation, subsequently 
transferring it's heat to the surroundings. 

ØThis occurs on orders of several hundreds 
of picoseconds.

Lattice 
Cooling

Figure 1.7: A summary of the steps involved within the photothermal effect;  whereby light energy is 

converted to heat energy.  
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PTT-CVD has not only come as an alternative approach to current 

conventional techniques  but  is trialing  to bridge diagnosis and therapeutics, 

by taking on a theranostic approach. For example, Yeager et al. used silica-

coated gold nanorods as photothermal agents to identify plaque 

progression, simultaneously heating tissue using a continuous wave near -

infrared illumination. Detection and monitoring of the process w ere carried 

out using  intravascular ultrasound and photoacoustic ( IVUS/IVPA), which are 

current clinical imaging techniques for atherosclerosis. 87 It is understood 

that PPTT, combined with current techniques , is making efforts to  by-pass 

current clinical boundaries. The most remarkable  case saw the first-in-man 

trial using PPTT to target atherosclerotic lesions .26 One set of patients 

received a bio -engineered on -artery patch of silica -gold NPs, which was 

implanted using a minimally invasive cardiac surgery, and the other group 

had silica-gold iron NPs delivered to the a rtery via a micro -catheter. These 

two approaches to  nanoparticle delivery saw the regression of atheroma 

plaque, meeting clinical levels of safety and efficacy.   

Such examples are reassurance that PPTT is effective for CVD, and although 

still in its infancy, has great  potential for the future.  With this in mind,  this 

work had a particular emphasis on using PPTT with  functionalised 

cholesterol DNA nanoparticles, in contribu ting  to the developments of PTT -

CVD.   A general schematic depicting the phenome na of PPTT in humans is 

depicted  in Figure 1.8. Here, nanoparticles are shown to be intravenously 

injected into the body , and once at the site of interest, they are irradiated 

with a laser, which typically has a NIR wavelength. This schematic is not 

based on one particular study and is provided for visualisation purposes  of 

this phenomen on. 
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Prior to PPTT experiments in this work, it was essential to deduce the uptake 

of the modified NPs in vitro . For this purpose , 2D and 3D Raman mapping 

was utilised.  

 

1.4 Raman Spectroscopy 

When light interacts with matter, it is either, absorbed, emitted or scattered. 

Spectroscopy  is used to identif y these interactions and  provide s us with 

information on the  molecular  structure in question. Raman spectroscopy is 

a technique focussed on the study of scattered light from molecules, 

specifically , the inelastic scattering of light. 88  

Figure 1.8: Illustration depicting PPTT in which nanoparticles are intravenously injected into the 

human body, and upon accumulation at the site of interest, can be irradiated with a NIR laser, which 

will in turn ablate surrounding cells. Schematic provided for visualisation purpose and is not the 

basis of one particular experiment.  
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Today, Raman spectroscopy  has become increasingly popular due to its 

ability to provide a unique fingerprint spectru m for molecules, together with 

producing  qualitative and quantitative information. Over the years the 

technique has  seen advancements such as SERS and stimulated Raman 

spectroscopy (SRS). These have greatly improved the Raman signal together 

with the imagi ng speed allowing for the compilation of intricate information 

at the cellular level.  The techniques have been  revolutionary in areas of 

disease diagnostics, 89 drug development 90 and environmental sciences .91,92 

 

1.4.1 The History of Raman Spectroscopy  

The theory of Raman was first postulated by Adolf Smekel in 1923.93 It was 

Professor Chandrasekhara Venkata Raman and his student, Kariamanickam 

Srinivasa, who were the first to demonstrate this experimentally  in 1928.94 In 

this experiment, the professor and his student  used sunlight as the source  of 

light, a po cket-sized spectroscope and the human eye as the detector . This 

experiment was a demonstration of scattered radiation  of a different 

frequency to the incident light  being detected,  confirming their hypothesis 

and form ing the basis for Raman spectroscopy. This discovery led to 

Professor Raman receiving the Noble Prize  in Physics in 1930. 95 

 

1.4.2 Principles of Raman Spectroscopy  

When a photon of light interacts with a molecule, the photon is either 

absorbed, scattered or penetrates through the molecule without any 

interaction. 88 In the case where the energy of the incident photon equates to 

the energy gap between the ground state and excited state of a molecule, 

the photon may be absorbed, resulting in the molecule being promoted to 

a higher excited energy state. In another case , the photo n of light may 

interact with the molecule and  scatter. As light interacts with a molecule, it 

distorts the cloud of electrons around the nuclei, forming short -lived virtual 
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energy states. These states are not stable, allowing the photon to re -radiate 

rapid ly by scattering. 88 

The most common form of scattering is Rayleigh scattering, an elastic 

process by which the electron cloud is distorted but without any disruption 

to the nucleus. As a result, light is scattered at the same  frequency as that of 

the incident light. However, 1 in every 106-108 photons is in-elastically 

scattered ,88 therefore  resulting in a change in frequency of the scattered 

light by one vibrational unit of energy compared to the incident light. This is 

Raman scattering and occurs due to nuclear motion.  Raman scattering can 

be sub-categorised, dependi ng on whether energy is transferred from the 

incident photon to the molecule (Stokes scattering) or from the molecule to 

the scattered photon (anti -Stokes scattering).96 Most commonly a Jablonski 

diagram is used to illustrate the processes of Rayleigh and Raman scattering, 

as shown in Figure 1.9. 
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Stokes scattering involves the photons being scattered with lower energy 

than the incident photons. This i s due to the molecules returning to an 

excited vibrational state, which is higher in energy than the ground 

vibrational state. At higher temperature s, there will be a greater number of 

molecules present in the excited vibrational state, which relax to the ground 

vibrational state when irradiated. This is anti -Stokes scattering, however, is 

the weaker of the two as at room temperature molecules will primarily be 

resident in the ground vibrational state . Hence, stokes scattering is greater 

in intensity. The ratio of intensities of Stokes and anti -Stokes scattering can 

be predicted using the Boltzmann equation:  

 

Figure 1.9: Illustration of a Jablonski diagram, which is typically used to show the variance in the 

processes of Rayleigh, Stokes and anti-Stokes scattering. 
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Equation 1: The Boltzmann Equation  

 

Where N m and N n are the number of molecules in t he ground vibrational 

level and excited vibrational level respectively, g is the degeneracy of the m 

and n energy levels, k is the Boltzmann constant (1.3807 x 10 -23 J K-1), T is the 

temperature in kelvin (K) and E n å Em is the energy difference between the 

vibrational energy levels E n and Em.88 

It should  also be noted that the intensity of the scattering can be predicted 

using Equation 2. 

 

Ὅ ὑὍ‌ὺ 

Equation 2 

 

Where I is the Raman intensity, K is a constant, lL is the laser power the 

sample is exposed to, ‌ is the polarizability and ’ is the frequency of the 

incident radiation. The intensity is proportional to the fourth power of the 

frequency, hence, improvements to the Raman intensity can be made by 

using shorter excitation wavelengths with a higher frequency , and also by 

increasing the lase r power .88 However, such adjustments can damage 

samples. This issue can be addressed by utilising resonance Raman 

scattering (RRS) and SERS. These techniques are also able to enhance 

signals comparatively to conventional Rama n scattering.  
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1.4.3 Resonance Raman Scattering  

To intensify the Raman scattering , the frequency of the laser beam can be 

matched with that of an electronic transition in a molecule. This is known as 

RRS and the difference between this and conventional Raman  scattering is 

that, in the former, the absorption of photon results in the excitation of a 

molecule to a vibrational energy state within the first excited state, whereas 

in the latter, the excitation of a molecule is to a virtual energy state. 97 

Therefore, with RRS, signal enhancements of 10 3-104 can commonly be 

observed with maximum intensity being up to 10 6.88 An example of the use 

of RRS is in the study of heme-containing proteins. 88 A Jablon ski diagram 

depicting the difference between Raman stokes scattering and resonance 

Raman stokes scattering can be seen in Figure 1.10. 
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RRS does, however, come with its limitation. The main disadvantage is that 

it competes with fluorescence processes resulting in the emergence  of a 

high fluorescence background. 97 Fluorescence is the process by which a 

molecule is promoted to a high energy vibrational state of the first excited 

energy state. However, it  slowly relaxes to the ground vibrational state of the 

first excited state  (Figure 1.10). The one advantage is that the timescale 

these processes occur  on are differ ent, with Raman occurring over 

picoseconds and fluorescence over nanoseconds.  

Fluorescence can obscure Raman signals, however , can be limited with the 

use of pulsed lasers or using a longer wavelength excitation source. Another 

step is to incorporate metallic  nanoparticles with Raman spectroscopy, 

which can quench fluorescence and also enhance the Raman signals.  

 

Figure 1.10: A Jablonski diagram showing the difference in stokes Raman scattering and stokes 

resonance Raman scattering. The difference between these and fluorescence is also illustrated.  
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1.4.4 Surface Enhanced Raman Scattering  

This technique was first observed in 1974, by Fleischmann and co -workers, 

who observed SERS when pyridine was adso rbed onto a roughened silver 

electrode. 98 This produced an intense signal, which was initially thought to 

be due to the increased surface area, consequential from the roughening 

process, allowi ng for more pyridine molecules to be adsorbed onto the 

surface. However, two separate research groups believed that signal 

enhancements of 10 6 could not be due to the increased surface area alone, 

disputing this theory in 1977. Jeanmarie and Van Duyne prop osed that the 

enhancement was due to the electromagnetic  effect ,99 opposingly Albrecht 

and Creighton believed  that the enhancement came from  the charge 

transfer effect. 100  

Today, the SERS phenomenon is conditioned on two effects: 

electromagnetic and chemical enhancement, with the former being 

considered as the dominant one. The electromagnetic enhancement is 

thought to occur due to the interaction between the oscillating e lectrons on 

the metallic surface (LSPR) with the adsorbed molecule. Subsequently , the 

local field experienced by the analyte adsorbed onto the surface  is 

increased. Perpendicular oscilla tions are achieved through roughening the 

surface which is vital to observe scattering. With  increased polarisation 

around the molecule, the Raman signal increases.101 The enhancement 

effect is not uniform around every nanoparticle and is  greater when 

nanoparticles are in close proximity to one another, i.e. coupling or 

clustering. 88,102 There may also be extremely active parts of a n NP surface, 

®kª{ki ìr~® «§~®«í which result in strong SERS signals.88 

The second effect is thought  to be inferior but  is still reasoned to contribute 

to the SERS effect. Known as the chemical enhancement or as a charge 

transfer, here, the analyte is held closely to the metal surface through the 

formation of a bond. As a result, a charge transfer occur s either from the 

analyte to t he metal surface or vice versa. Consequently, there is a rise in the 
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polarizability of the molecule, therefore increasing the Raman signal. This is 

reasoned to be due to new electronic states arising from the b ond formation 

between the metal surface and th e analyte, which resonate with the laser 

excitation wavelength. 103,104  

Although t here are deliberations that SERS is attributed to either one of the 

effects, many scientific researchers are of the belief that SERS occurs as a 

result of the combination of electromagnetic and chemical enhancement. 

Lombardi et al. §ªk«k|®ki ^ ì¯|spski k¶§ªk««s~|í to the SERS phenomenon, 

addressing the third contribution to this technique, which was shown to be 

due to resonances from  the analyte itself. By providing an expression 

incorporating the three contributions, they posed that each contribution 

could not be considered independently as a factor to the SERS 

enhancement , and further provided an approach to experimentally 

determine the degr ee of contribution  each possessed.105  

Many metals can be used as SERS substrates, such as gold,106 silver,107 

copper 108 and aluminium. 109 However, gold and silver are predominantly 

¯«ki i¯k ®~ ®rksª «®^fszs®· ^|i ®rk p^g® ®r^® ®rksª >NJMí« zsk s| ®rk ´s«sfzk ªkqs~| 

of the electromagnetic spectrum , therefore suitable with the visible and NIR 

laser systems commonly used for Raman spectroscopy.  

Since the development of SERS, it has become widely applied  in various 

areas of interest , evidently witnessed from the short history yet thousands of 

research publications.  In specific, one  area which has greatly benefited from 

SERS is disease diagnostics  and the rapy. Researchers have increased and 

amplified publi cations on the detection of numerous  biom arkers for various 

cancers, infections , and disease state, monitoring the ir presence and 

progression rates . Specifically, for CVD, Mabbott et al. looked at the 

detection of miRNA through the use of 3D microfluidic devices and SERS  for 

CVD. Here, the quantitative nature of SERS was highlighted by following the 

intensity of the SERS signal. By using a portable Raman spectrometer, their 

work enhanced the vision of Raman spectroscopy becoming part of the 
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point of care (POC) testing in the future. 110 Similarly, Chon et al. reported a  

competitive SERS-based immunoassay for the detection of two cardiac 

biomarkers, troponin I (cTnI) and isoenzyme MB of creatine kinase (CK -

MB).111 In other areas of interest, Kearns et al. were able to successfully 

detect multiple  food  pathogens through multiplexing, a technique  whereby 

molecules/biomolecules can be isolated from a mixture  and simultaneously 

detected . Three sets of biorecognition nanoparticles were prepared, each  

with strain -specific antibodies,  and each with a distinct ive Raman dye. 

Detection of the Raman band confirmed the presence of the bacterial 

pathoge n. Their work, again, highlighting the rapid and ultra -sensitive 

nature of SERS for the detection of biological components . Multiplexing  is a 

key characteristic of SERS, which techniques such a fluorescence cannot 

achieve.112 This multiplexing approach has also been extended to in vivo, 

where the simultaneous detection of co-cultured cell lines was  possible  with 

functionalised NPs , which targeted epidermal growth factor receptors 

(EGFR) and the HER2 biomarker expressed in cancer cells.113 In other areas 

of study, Milligan et al. were able to use SERS to detect various nitroaromatic 

explosive molecules simultaneously through the detection of a coloured 

Janowsky complex. 114  

Such examples have shown SERS as rapidly becoming an increasingly used 

technique in various fields of interest and paving the way forward as a 

sensitive, practical  and efficient mode of detection . These points are 

reiterated time and again in the many reviews pub ls«rki ~| N/MN ^|i s®í« 

thriving future. 115å117 
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1.4.5 Surface Enhanced Resonance Raman Scattering 

The technique of surface enhanced resonance Raman scattering (SERRS) 

was first reported by Stacey and Van Duyne in 1983, 118 which eff ectively 

combines the surface enhancement of SERS with the molecular resonance 

enhancement of  RRS. SERRS refers to enhancements generated by an 

analyte possessing a chromophore, with an absorbance maximum in 

resonance with the laser excitation wavelength. Resultingly, this technique 

has increased the sensitivity of Raman scattering, providing enhancement 

signals up to 10 14,88 a ten-time fold increase in comparison to conventional 

Raman scattering. A common SERRS reporter is malachite green 

isothiocyanate ( MGITC), which is typically used with a 633 nm laser 

excitation. 119 For example, the work of Barrett et al. saw the functionalisation 

of MGITC onto oligonucleotide -AuNPs for enhanced stability.  The SERS of 

the conjugates were reported using a 633 nm laser excitation. 120     

A key advantage of SERRS is its ability to quench fluorescence signals 

obtained from the sample , thus allowing a plethora of resonant molecules 

to be used as SERRS analytes, regardless of possessing fluorescent/non -

fluorescent characteristics.  Add itionally, lower laser powers and shorter 

accumulation times can be utilised , allowing surface photodecomposition 

to be of a minor issue.  

 

1.4.6 An Insight into Raman Imaging  

In the current research, Raman imaging is becoming increasingly popular, 

attributed to  the superior  laser microscopes we have today. This technique 

can produce  false colour  images from the Raman spectrum of a sample , 

typically cells, bacteria, tissue , etc (Figure 1.11). A pre -selected area allows 

for the collection of a spectrum at each pixel . From this data, many analyses 

can be carried out , such as direct classical least squares (DCLS), which is 

desirable  for SERS as it can follow a dye spectrum in a cell. Generally, after 
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mapping, the unknown data is fitted to the reference spectrum of a Raman 

dye and a good spectral fit is plotted as a false colour image.  Another option 

is to monitor the  distribution of the intensity of a specific  vibration . This 

technique was exploited in the work of Jamieson et al., in which they 

investigat ed three different fatty acids with alkyne tags and their intracellular 

uptake. They exhibited their results by false colour maps, highlighting  the 

intensity of the 2118 cm -1 alkyne band .121  

This approach has allowed Raman spectroscopy to make the transition into 

the clinical settin g. Since the first confocal Raman microscope, in 1990, 

which was used to study single cells and chromosomes, Raman imaging has 

become a common technique to study cellular dynamics. 122 A review by 

Smith et al., discussed the link between Raman imaging and cellular studies , 

mentioning this technique overcoming the limitations of current techniques 

^|i fkg~{s|q ^ ìª~¯®s|k ®~~zí s| ^««k««s|q ®rk gkzz¯z^ª k|´sª~nments.123  

These recent advancements have paved the way for live cell mapping and 

3D cell mapping to be carried out, techniques which will be utilised in t he 

work presented here . Generally, l ive cell mapping is a n appreciable  

technique utilised for observing living cells in their physiological 

conditions. 123 On the other hand, 3D Raman mapping is ideal for studying 

the biochemical composition for single cells or tissue cross -sections.124 An 

enhanced insight on these techniques will be presented in Chapter 3.   
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Figure 1.11: Schematic illustrating the technique of Raman imaging using a confocal Raman 

spectrometer, which can be used for analysis of live/fixed cells, bacteria and tissue. The Raman/dye 

fingerprint can be analysed post mapping or false colour plots can be constr ucted using specialised 

software. 
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2.  Mk«k^ªgr "s{« 

 

The focus of this research was to determine the cellular uptake of AuNPs 

with cholesterol modifications, and whether these could become potential 

agents for photothermal therapy. The research was broken down into three 

main sections, in which, firstly the focus was on developing stable 

cholesterol modified nanoparticles, following on with in vitro  studies in the 

second section, to determine their interactions with cells , in specific 

endothelial cells . And finally, the last area of study focussed on trying to 

design suitable photothermal agents for CVD, using cholesterol 

modifications. The specific aims of each study are given below:  

 

I. Chapter 3 (sub -section I): This section focused on the method of 

choleste rol attachment to nanoparticles, in which the route of 

DNA functionalisation was chosen. A series of analyses to 

determine successful functionalisation included : extinction 

spectroscopy, dynamic light scattering and SERS measurements . 

The stability of thes e conjugates was also studied.  

 

II. Chapter 3 (sub -section II): Here, the aim was to investigate 

cholesterol modified nanoparticles in vitro.  Studies were carried 

out with two cell lines. RAWs (macrophages) determine the uptake 

of cholesterol modified nanopart icles, and HUVECs are used to 

outline whether the uptake of these probes is greater in 

endothelial cells. 2D and 3D SERRS mapping were used for 

investigations, along with live cell mapping. A multiplexed 

approach was applied to determine the enhanced uptak e of these 
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conjugates over the control. Cell viability studies also revealed the 

non-toxic nature of these modified nanoparticles.  

 

III. Chapter 4: Herein, HGNs were studied as the core for 

photothermal agents. Their tunable LSPR and heating capabilities 

were exploited. Subsequently, cholesterol was functionalised 

onto HGNs and their photothermal abilities to destruct cells w ere 

noted. 2D SERRS mapping was used to determine the uptake of 

these functionalised HGNs in HUVECs, and cell viability studies 

highlighted  the non -cytotoxic behaviour of them.  
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3.  +r~zk«®kª~z ?~ispski @^|~§^ª®sgzk« 

 

3.1 Functionalisation of Cholesterol Modified 

Nanoparticles  

3.1.1 Sub-Chapter Introduction  

Decorating inorganic nanoparticles with DNA molecules has become 

common in nanotechnology today. The concept was first introduced by the 

groups of Mirkin and Alivisatos in their pioneering works in 1996. 125 Mirkin 

et al. attached thiol modified DNA to 13 nm AuNPs, 63 and Alivisatos et al. 

had a similar approach where they functionalised thiolated oligonucleotides 

to 1.4 nm nanocrystals, both approaches for assembling AuNPs i nto 

aggregates. 126 Prk«k k««k|®s^z ì§ª~~p ~p g~|gk§®í «®¯isk« §^´ki ®rk µ^· ^|i 

today, nanoparticles can be coated with varying nucleic acid moieties such 

as ssDNA and dsDNA127 for usability in drug delivery, 128 gene regul ation ,129 

and photothermal therapies. 130,131 DNA strands can themselves can be 

modified with various hydrophobic/hydrophilic groups, fluorescent dyes, 

and linker molecules, to name a few amongst the plethora of possible 

attachments. The work herein, utilised DNA functionalisation as a means of 

attaching a cho lesterol group to the NP surface.  

Lipid modifications on nucleic acids are not uncommon. Primarily, these 

modifications are used to strengthen cellular interactions. DNA itself cannot 

diffuse through the cell membrane as its hydrophilic and anionic charac ter 

has a poor affinity for the hydrophilic exterior of the phospholipid 

membrane ( Figure 3.1). Therefore, hydrophobic moieties such as 

cholesterol, squ alene, or fatty acids are chemically conjugated onto 

oligonucleotides to improve the delivery of these biomolecules. 132 Lipids are 

advantageous as they can be used for both membrane binding 133å135 and for 
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also by-passing the cellular boundaries in some instances. 136 In the case of 

the former, lipid -modified DNA has been used for membrane scaffolds 137 

and controlling membrane bending. 138 Recently, a study by Tian et al. was 

published in which they utilised cholesterol functionalised nanostars to 

anchor onto exosomes, which can be used as an indicator of cancer. 139 The 

cholesterol allowed for attachment to the exosome surface by hydrophobic 

interactions between cholesterol and lipid membranes. The latter , in which 

cholesterol is used for by -passing cell boundarie s, is useful for  drug delivery , 

disease detection etc. 140,141   

 

 

Cholesterol has received much attention as a useful lipid due to its 

biocompatibility. Its existence within the human body potentially means that 

the body does not screen it as a foreign substance. Covalently attached to 

the oligonucleoti de, a cholesteryl -TEG (cholesteryl ester with a triethylene 

glycol group) anchor is found to incorporate well into lipid membranes, 

without disturbing the bilayer structure and dynamics. 133,142å144 Furthermore, 

this modification of cholesterol on DNA was found to not induce significant 

Figure 3.1: Pictorial representation of the cell membrane, consisting of cholesterol, various proteins 

and ion channels. Image reproduced with permission from Encyclopaedia Brittanica, Inc. 
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condensation of the membrane lipids, in comparison to its counterpart å 

cholesterol. 143 Hence, this was the preferred modification of cholesterol onto 

an oligonucleotide. Cholester yl-TEG was first investigated by Pfeiffer and 

Hook in their research, in which they used cholesteryl -TEG modified ssDNA 

for spontaneous anchoring into the hydrophobic core of the lipid 

membrane. 145 Later, groups such as Bunge et al. studied the lipid -modified 

oligonucleotides through various routes such as NMR and fluorescence 

methods , ^|i g~|gz¯iki ®r^® ®rs« «§kgspsg |¯gzksg ^gsi ìs|g~ª§~ª^®k« µkzz 

into the lipid membranes without disturbing the b ilayer structure and 

i·|^{sg«Îí143 From various research works, it is evident that cholesteryl -TEG 

can fit comfortably within the cell membrane itself. The uptake o f these 

functionalities combined with AuNPs has not been extensively studied and 

it would be interesting to determine their role in cellular uptake and whether 

they can also be used as photothermal agents, as will be discussed in 

subsequent chapters. It should be noted that from here on cholesteryl -TEG-

DNA is referred to as cholesterol -DNA (chol -DNA) for ease. 

 

3.1.2 Chapter Aims  

The focus of this chapter was to functionalise AuNPs with chol -DNA to create 

^ «·|®rk®sg ìp^®®· §^ª®sgzkÏí µrsgr µ~¯zi z^®kª fk s|´k«®sgated within a cellular 

environment to determine whether these particles bind to the membrane 

itself or  are able to by -pass it. Multiple factors were considered such as NP 

core size, DNA loading and the type of Raman active dye to be used. The 

addition of a hydrophobic moiety to the DNA can be challenging as its 

suspension is difficult, however, the presence of a surfactant can solve this 

s««¯kÎ 6kªkÏ Pµkk| À¾Ď µ^« ¯«ki ®~ ^si ®rk «¯«§k|«s~| ~p gr~z-DNA in 

solution at a low concentration, which would not be  detrimental to cells. 

Finally, the short - and long -term stability was investigated through a set of 

stability studies, which included a continuous kinetic study subsequent upon 
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completion of the functionalisation procedure, and another one over three 

weeks. The stability of the conjugates was vital as for subsequent in vitro 

studies, these had to retain stability and it was important to investigate 

whether the cholesteryl moiety was retaining solubility or if it was beginning 

to aggregate.  

 

3.1.3 Results and Discussion 

3.1.3.1 Synthesis of Spherical Gold Nanoparticles  

The preference of utilising AuNPs over AgNPs was attributed to the non -

toxic nature of the former. 146å149 This was vital as the main goal was to 

introduce the modified nanoparticles into an in vitro  setting,  thus mandatory 

®r^® ®rk §^ª®sgzk« i~ |~® g^¯«k gkzz ik^®rÎ N§rkªsg^z "¯@J« µkªk ®rk ìg~ªkí ~p 

the fatty nanoparticles, synthesised using a modification of the Turkevich 

method. The reaction proceeded with the reduction of Au 3+ to Au 0 by citrate 

salt, which fulfilled the role of both the reducing and capping agent. The 

overall negative surface charge resulting from the citrate would allow for 

electrostatic repulsion between individual nanoparticles, therefore resulting 

in a monodispersed solution. Here, syn thesis for 40 nm AuNPs were carried 

out as typically larger nanoparticles give enhanced SERS in comparison to 

smaller ones.150 The resulting wine -red colloid was characterised using 

extinction spectroscopy, dynamic light scattering (DLS) and zeta 

measurements. The extinction spectrum is prov ided  in Figure 3.2: 
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The extinction spectrum displayed the LSPR of AuNPs at 530 nm, which was 

anticipated for spherical gold with an average diam eter of ~48 nm 

according to literature. 61 The fairly narrow band was indicative of a 

monodispersed colloidal solution, a key characteristic of the Turkevich 

method. 151 DLS measurements indicated the average diameter to be 51 ± 

0.8 nm, which was a slight overestimation . The DLS measurement is the 

hydro dynamic diameter , including : the inorganic core, the coating material 

and the solvent layer as it moves under the influence of the Brownian 

motion. 152,153 Hence, DLS measurements can only be taken as an indicative 

size of the nanoparticles.  7® «r~¯zi ^z«~ fk |~®ki ®r^® ®rk ìā ¾ÎÆí µ^« ®rk kªª~ª 

associated with the acquired data and not correlated to the particle size 

distribution.  For a more accurate representation, scanning electron 

microscopy (SEM) was carried out ( Figure 3.3). In such a case, an electron 

beam is focused onto the sample, relaying an image gathered through the 

secondary/backscattered el ectrons.154 This size data is considered more 

accurate as the metallic core is measured, in comparison to DLS, in which 

Figure 3.2: Extinction spectrum of bare AuNPs exhibiting a LSPR  of 530 nm. Spectrum was collected 

using a scan rate of 600 nm/min and a 1 in 2 dilution was carried out prior to data analysis.   
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case the hydrodynamic diameter is given. The SEM data was evidence that 

the majority of AuNPs were around the 40 nm mark, which was the intended 

size during synthesis.  

 

 

The dispersity of the nanoparticles was accredited to the negative surface 

charge provided by the citrate ions, which allowed them to electrostatically 

repel one another and not form aggregated clusters. Zeta measurements 

display the surface charge of the colloidal solution, therefore determining 

the stability of the colloid also. The zeta potential for AuNPs was found to 

be -47.7 ± 8.9 mV. As the values tend towards increasing negative figures, 

the colloidal stability is increased with values by -passing -30 mV showing the 

greatest stability. 155 In the case here, the AuNPs were considered stable.  

 

 

 

Figure 3.3: SEM images of bare AuNPs which display the majority of the AuNPs being between 37 å 

45 nm.   
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3.1.3.2 Cholesterol DNA Functionalisation  

Pµ~ yk· g~{§~|k|®« {^|i^®~ª· s| ®rk ^««k{fz· ~p ^ ìp^®®· SERS 

na|~§^ª®sgzkí µkªkÐ gr~zk«®kª~z ^|i ^ M^{^| ^g®s´k i·kÎ " p^gszk ª~¯®k ~p 

functionalising cholesterol onto the nanoparticle surface was via the 

medium of DNA functionalisation. This route was preferred as it  is relatively 

straightforward conjugating a choles terol moiety onto ssDNA , and 

subsequently functionalised onto the nanoparticle surface via a thiol group. 

The dye was also pivotal as this would primarily be used to detect the 

functionalised AuNPs in vitro , helping to understand cellular uptake.  In this 

study, malachite green isothiocyanate (MGITC) was chosen due to its strong 

scattering providing a characteristic, intense SERRS signal.  A schematic of 

the functionalisation process which depicts  the dye, MGITC, and chol -DNA 

functionalised to an Au NP is provided  in Figure 3.4. 
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Chol-DNA consisted of a single 12 -thymine base strand, which was modified 

at thk Ãí ^|i Áí §~«s®s~| µs®r ^ ®rs~z qª~¯§ ^|i ^ gr~zk«®kª·z-TEG functionality 

respectively. Thiol linkages are widely used for chemisorption onto the 

AuNP surface.156 This covalent attachment allows for a stable conjugation 

between the nanoparticle and the oligonucleotide. 156,157 The cholesteryl -

TEG moiety, consisted of a triethylene glycol (TEG) group which is most 

commonly used to link the cholesterol to the DNA. 158 The chemical structure 

of chol -DNA is given below, in  Figure 3.5Î Prk Ãí k|i {~ispski µs®r ^ ®rs~z 

linker is illustrated in Figure 3.5Ý^ÞÏ ^|i ®rk Áí k|i {~ispski µs®r ^ 

cholesteryl -TEG functionality is given in Figure 3.5(b). It should be noted that 

a control of poly -thymine DNA (polyT -DNA) was also used in this work, which 

Figure 3.4: Schematic illustrating the step-by-step functionalisation o f a Raman dye (MGITC) and 

chol -DNA onto the surface of a AuNP. Schematic is not drawn to scale and is not a true 

representation of MGITC and DNA loading onto the AuNP surface.  
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essentially was the 12-thymine base strand, modified with a thiol moiety at 

®rk Ãí §~«s®s~|Ï ·k® µs®r~¯® ®rk gr~zk«®kª·z-TEG functionality. This would help 

in understanding the specific role of cholesterol in vitro.   

 

 

The ssDNA is comprised of only thymine bases due to the reason that it has 

a lower binding affinity for the surface of the NP, in comparison to its other 

counterparts: adenine, cytosine and guanine ( Figure 3.6).159,160 The 

counterpart bases have been known to bind to the surface via the two 

Figure 3.5: Chemical structure of cholesterol DNA, which was made up of 12 thymine bases 

connected to the sugar -§r~«§r^®k f^gyf~|kÎ ?~ispsg^®s~|« ^® ®rk Ãí ^|i Áí §~«s®s~|« g~|«s«®ki ~pÐ Ý^Þ 

^ ®rs~z {~sk®· ^® ®rk Ãí §~«s®s~| ^|i ÝfÞ ^ gr~zk«®kª·z-TEG group at the  Áí §~«s®s~|Î  
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nitrogens, a nd since this is not possible with thymine, its affinity for the 

surface is decreased.161 In addition to this, a thymine chain do es not form 

any secondary structures. 162 This led to the belief that thymine, from all DNA 

bases, was least problematic and would be suitable  for acting as a linker 

fk®µkk| ®rk gr~zk«®kª~z p¯|g®s~|^zs®· ^|i |^|~§^ª®sgzk «¯ªp^gkÎ Pr·{s|kí« 

disinclination to lie on the surface or fold in itself would potentially result in 

efficient packing of the oligonucleotide.  

 

 

Figure 3.6: Chemical structures of DNA bases: adenine, guanine, cytosine and thymine. Thymine was 

preferred over other DNA bases due to having a weak affinity for the surface and the ability to not 

form secondary structures within itself.  

 

Potentially the main chall enge of DNA functionalisation is the AuNP surface 

and the sugar -phosphate backbone of DNA both possessing negative 

charges. Therefore, electrostatic repulsion prevents spontaneous 

adsorption of the DNA onto the surface of the nanoparticle. To overcome 

this, typically, a salt-aging protocol is used during the functionalisation 
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process, where NaCl is added stepwise over 1 -2 days, a concept introduced 

f· ?sªys|í« qª~¯§Î163,164 In such a case, the Na+ ions screen the negative 

charges associated with the DNA phosphate groups  and the citrate on the 

AuNPs, therefore allowing the oligonucleotide to gradually adsorb onto the 

NP surface. Although, the procedure is said to work less efficiently for large 

AuNPs (50 nm), with added steps of salt addition becoming a 

requirement. 165 Another issue here lies in the impracticality of such a step in 

a lengthy procedure where subsequent cell work has to be carried out, 

alongside the fact that slow additions need to b e added to the suspension 

so as not to trigger  irreversible aggregation within the AuNPs. Zhang et al. 

reported the use of a low pH sodium citrate buffer for quick and efficient 

loading of DNA onto the AuNP surface where they used a pH 3 citrate buffer 

for  the salt addition steps. 165 Kinetic studies highlighted that >80% of the 

DNA adsorption took place within the first 2 minutes of pH 3 sodium citrate  

addition, suggesting DNA adsorption is strongly depend ent on pH. 

Furthermore, they resuspended the conjugates in a pH neutral buffer 

indicating  that pH adjustment was only necessary for that one sodium citrate  

addition step. Hence, this method of DNA functionalisation was chosen as it 

was relatively quick and efficient. The NP functionalisation procedure was 

optimised,  and it was found  that an estimated 4000 DNA strands per NP 

(4000:1) were sufficient for monolayer coverage (Figure 3.7). The 

optimisation study was carried out using extinct ion spectroscopy , in which 

the extinction profile of chol -DNA AuNPs exhibited aggregation at low ratios 

of DNA to AuNP. The optimum was 4000:1 as with an estimated 6000 DNA 

strands per NP, the absorbance decreased , which potentially may be due to 

aggregati on. Cholesterol is hydrophobic and by increasing the 

hydrophobicity on the NP surface, this may have reduced  the solubility of 

the NP. When the study was repeated with polyT -DNA AuNPs, it was found 

that the extinction profile was similar for both 4000:1 an d 6000:1 DNA to 

AuNP ratios. This may have been due to polyT -DNA not being highly 

hydrophobic, hence allowing the NP to retain solubility. It was decided to 
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move forward with utilising a 4000:1 DNA to AuNP ratio for all subsequent 

studies.  

 

Extinction spectroscopy was the preferred route by which these conjugates 

were characterised. This provided a quick screening method, which would 

outline changes to the NP surface with a shift in LSPR and would also 

highlight any aggregation. As a control, PolyT -DNA AuNPs were used which 

essentially were AuNPs with MGITC and ssDNA, with the latter not 

possessing the cholesteryl -TEG functionality. Using these as a control would 

also help to decipher the specific role of cholesteryl -TEG in cellular uptake 

in subsequent cell studies. Bare AuNPs were also used as a control. The 

extinction  spectra are shown in Figure 3.8.   

 

Figure 3.7: Extinction spectroscopy data outlining increasing DNA loading onto AuNPs for a) chol -

DNA and b) polyT -DNA AuNPs. In both cases, an optimum ratio of 4000:1 DNA:AuNPs was found and 

this was used in all subsequent studies. All spectra were acquired using a 600 nm/min scan rate.  
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Extinction spectroscopy provided a straight -forward route of determining 

successful functionalisation as a change in the extinction profile  would be 

relative to AuNP surface modifications. This would be highlighted by a 

bathochromic (red) shift in the LSPR, peak broadening and peak 

dampening. 166 A 7 nm LSPR shift of the conjugates was evident of the fact 

that there was a change in the surface functionality, resulting from a change 

in the refractive index, indicating that chol -DNA was on the surface. The 

cholesteryl -TEG was a bulky functionality, and upon add ition to the surface 

changed the overall diameter of the particle which in turn shifted the LSPR 

to a longer wavelength. This statement could be supported  with the DLS 

data which gave an average hydrodynamic radius of 72 ± 0.7 nm for the 

Figure 3.8: Extinction spectra of bare AuNPs (purple), cholestery l-TEG functionalised AuNPs (blue) 

and PolyT functionalised AuNPs (grey). Spectra were acquired at a baselined scan rate of 600 nm/min, 

with three replicates. Spectra were averaged and normalised (at 450 nm) using Microsoft® Excel and 

Origin®. Un-normalised  spectra provided in Appendix 2.  
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chol -DNA functiona lised AuNPs in comparison to 51  ± 0.8  nm from the bare 

AuNPs and 66 ± 1.6 nm for the control of polyT -DNA AuNPs.  

The Raman active dye chosen for this particular work was MGITC (Figure 

3.9). This would provide a unique fingerprint spectrum, aiding the detection 

of the fatty particles once inside the cellular environment. MGITC is known 

to provide enhancement factors approximately 200 -fold higher than that of 

malachite green (MG). 167 This is attributed to the anchoring isothiocyanate 

group of MGITC which en ables strong electronic coupling to the 

nanoparticle surface, thus allowing for overall higher enhancement factors 

due to its more efficient chemical enhancement in comparison to MG. 

Additionally, it has a strong scattering providing a characteristic, inte nse 

N/MMN «sq|^zÎ 7®í« «®ª~|q ^f«~ª§®s~| f^|i ^® ÄÀ¾ |{ (Figure 3.9) meant that 

it could be used with the in -house available 633 nm laser excitation available 

with the InVia microscope, which would be used to map cells when 

investigating cellular uptake. 167 Matching the laser excitation as close as 

possible to the MGITC absorbance maxima would intensify the scattering 

due to the resonance enhancement of the dye signal.    

 

Figure 3.9: (Left) Structure of malachite green isothiocyanate (MGITC), which was chosen as the 

analyte for detection. MGITC is a triaryl dye made up of two amino groups and one isothiocyanate 

group, which h elps to bind the dye to the AuNP surface. (Right) Extinction spectrum of MGITC 

showing an LSPR of 620 nm. Spectra acquired using a scan rate of 600 nm/min.  
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Typically, the dye can be added before or post DNA functionalisation as can 

be witnessed through th e works of Graham et al.168 and McKenzie et al.169 

respectively. In this investigation, the  dye was added prior to the chol -DNA 

as mentioned in section 6.1.3. 4 of the Experimental chapter.  By 

experimentation,  as detailed in section 6.1.3.3 of the Experimental chapter,  

it was found that functionalisation of DNA prior to dye addition hindered 

much of the latter from attaching to the surface, likely due to the bulky nature 

of the cholesterol moiety. This resulted in a weak SER RS response which 

would not be detected in cel ls. Reversing the order displayed a considerably 

intensified SERRS spectrum of MGITC, which was obtained using a Snowy 

Range Raman spectrometer with a 638 nm laser excitation wavelength. 

MGITC (1 µM) was added at this particular concentration as it was the  lowest 

concentration which provided an intense fingerprint. The aim was to 

maximise NP surface for DNA attachment. Upon DNA functionalisation and 

after undergoing a centrifugation step to remove any unbound dye and 

DNA, the SERRS spectrum exhibited intens e peaks. This highlighted that a 

high concentration of MGITC had attached to the AuNP surface , and also 

that the DNA had not displaced it. Although the MGITC was bound via a 

strong thiol bond, there was a concern that the bulky DNA may cause 

interferences,  however, this did not happen. SERS spectra taken before, and 

post chol -DNA addition are shown in Figure 3.10.  
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From the above spectra, it was evident that there was a slight drop in 

intensity after the DNA addition and this was attributed to the centrifugation 

stage at the end of the functionalisation process, which removed excess 

unbound dye molecules from the sol ution. Although, there was also the 

potential that the addition of DNA may have also removed some of the dye. 

The resulting dye fingerprint provided clear sharp peaks which are 

commonly characteristic of a typical MGITC spectrum. These peaks are 

associated with various bending and stretching modes within the molecule 

and typical assignments correlated with the main peaks are given in Table 

1. An intense response from the MGITC was pivotal prior to cell studies as 

upon successful cellular uptake, a reduction in analyte signal is anticipated 

as cellular components and cell membrane can interfere with the dye signal.  

 

Figure 3.10: SERS spectrum displaying functionalisation of AuNPs and MGITC (Teal) and AuNPs, 

MGITC and chol -DNA (Purple). Spectra were acquired on a Snowy Range Raman spectrometer using 

a 638 nm laser excitation wavelength. A 40 mW laser power was utilised with an integration time of 1 

second. Data presented is an average of three replicates and a ll data was processed and averaged in 

MATLAB®. 
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Table 1: Raman and SERS peak assignments of MGITC.170,171 

Raman Peak (cm -1) SERS Peak (cm-1) Vibrational 
Assignment  

807 800 C-H bend from 
benzene ring  

920 917 b1u in plane benzene 
ring  

1178 1171 In-plane C-H bend, 
benzene v9 mode  

1298 1295 In-plane C-H and C-C-
H 

1369 1365 N-Phenyl ring stretch  

1604 1584 Stretch and bend of in -
plane ring  

1621 1615 N-Phenyl ring and C -C 
stretch 

 

The control of polyT -DNA AuNPs, however, displayed greater intensity once 

the polyT -DNA was attached. Although the exact reason for this is unknown, 

it could be possible that there was slight aggregation, which would result in 

an increase in the intensity of the vibrational f ingerprint. The re may have 

been exposed NP surface which would in turn result in aggregation upon 

the addition of salt. This is less likely with chol -DNA AuNPs as the cholesterol 

group is itself bulky which provides sufficient coverage of the surface. The 

SERRS of the control is provided in  Figure 3.11. 
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3.1.3.3 Salt Stability Test 

As previously mentioned,  citrate -coated AuNPs undergo aggregation upon 

the addition of salt due to electrostatic screening of the negative surface 

charges by the salt cations (Na + ions).172,173 Hence, without full surface 

coverage by DNA, aggregation would be induced, resulting in the SPR 

shifting to longer wavelengths, visible through a colour change from deep 

red to blue/purple, as shown in Figure 3.12. In this study bare AuNPs 

aggregated with the addition of salt, yet the AuNPs with monolayer 

coverage of chol -DNA and polyT -DNA retained their vibrant deep -red 

colour. This was also evidence of  monolayer coverage, as otherwise , these 

conjugates would have also undergone aggregation. However , it was 

mentioned in the previous section (section 3.1.3.2.)  that there may be little 

aggregation with the control (polyT -DNA AuNPs) as the SERRS after DNA 

Figure 3.11: SERS spectrum displaying functionalisation of AuNPs and MGITC (Teal) and AuNPs, 

MGITC and polyT -DNA (Purple). Spectra were acquired on a Snowy Range Raman spectrometer using 

a 638 nm laser excitation wavelength. A 40 mW laser power was utilised with an integration time of 1 

second. Data presented is an average of three replicates and all data was pr ocessed and averaged in 

MATLAB®. 
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addition was enhanced. It can be proposed  that although there is no visual 

aggr egation, it may be on a smaller scale, which is not noticeable.   

 

 

3.1.3.4 Understanding the Long -Term Stability of Cholesterol 

Functionalised Nanoparticles  

A major setback with working with cholesterol is its hydrophobicity, which 

greatly hinders its solubility. To overcome this challenge, a surfactant - 

Tween À¾Ď - was used with PBS buffer (PBST) to suspend the resulting 

conjugates. PBS buffer was used to allow the conjugates to equilib rate in 

ionic conditions and maintain them in physiological pH. Tween  À¾Ď s« ^ 

polyoxyethylene sorbitol ester belonging to the polysorbate family and is a 

non-ionic gentle surfactant. 174   V^ªs~¯« g~|gk|®ª^®s~|« ~p Pµkk| À¾Ď  µkªk 

investigated to determine a safe concentration, i.e a concentration that 

would not cause cellular damage when in vitro  studies were carried out. Like 

Figure 3.12: Image depicting effect of salt addition to bare AuNPs. Negative charges screened by 

Na+ cations induce aggregation and result i n a colour change from a deep red to blue/purple. Chol -

DNA and PolyT-DNA coated AuNPs did not aggregate due to sufficient monolayer coverage.  
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{~«® «¯ªp^g®^|®«Ï Pµkk| À¾Ď  s« ^z«~ g~{{~|z· y|~µ| ®~ §kª{k^fszs«k gkzz« 

and high concentrations can result in cell lysis. 175 Experimental studies  

(section 6.1.3.7) carried out  studying  different concentrations with cells 

ik®kª{s|ki ¾Î¾Ã Ć Pµkk| À¾Ď s| J*N as safe, as no visible damage to the 

cell membrane was observed when fixed cells were viewed under a bright 

light  microscope.  

Thereafter, stability studies of the cholesterol modified AuNPs were carried 

out to determine whether the cholesterol was stable in the PBST suspension 

or if it had started to form aggregates. In the first instance, a kinetic study 

was carried out for 15 hours after the functionalisation was completed, using 

extinction spectroscopy. The resulting spectra are shown in Figure 3.13(a). 

From the data, it was clear that the conjugates were stable. In the case where 

the conjugates had started to aggregate, this would be evident with the 

emergence of a peak ~650 nm. 15 hours was chosen as this was the 

maximum length of study on the instrument, however , this time frame was 

sufficient as it was more than the length of time the conjugates were 

incubated with cells. Hence, it could be concluded  that they were stable for 

the duration of in vitro  studies.  

A second study was carried out to determine the period over which the 

conjugates remained stable. Analyses were carried out upon completion of 

functionalisation and intermittently over three wee ks. The extinction spectra 

displayed neither a formation of an aggregation peak or any drastic changes 

to the LSPR. Visibly, the conjugates looked stable with no change in colour 

or aggregates settling at the bottom of the Eppendorf. The extinction 

spectra were taken initially and at the end of week 3 are given in Figure 

3.13(b). Studies were not carried out for a greater length of time due to the 

likelihood of using the conjugates within the three weeks.   
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a) 

b) 

Figure 3.13: Extinction spectra taken from stability studies of chol -DNA conjugates. a) 15 -hour kinetic 

study carried out upon completion of synthesis. b) comparison of initial extinction spectra versus 

spectra at three weeks. Studies show stability of conjugates. Spectra were acquired with a scan rate 

of 600 nm/min.   
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3.1.3.5 Concluding Remarks  

 With the need for non -cytotoxic nanoparticles, AuNPs were chosen as the 

ìg~ªkí p~ª ®rk f¯szis|q ~p ìp^®®· |^|~§^ª®sgzk«Îí " «®^fzkÏ {~|~is«§kª«ki 

colloidal suspension was synthesised using a modification of the Turkevich 

method, yieldin g nanoparticles which were ~40 nm as shown by the SEM 

data. The use of large AuNPs was seen as beneficiary with the enhanced 

SERRS, observed upon functionalisation of MGITC onto the AuNP surface. 

The choice of MGITC was attributed to its possession of an i sothiocyanate 

group which is seen as a strong anchor to the AuNP surface, greatly 

increasing the ability for successful functionalisation. Previous to MGITC, 

other Raman reporters were also investigated , including: PYOT (5-(4-

pyridyl) -1,3,4-oxadiazole -2-thiol), BPE (1,2-bis(4-pyridyl)ethylene) and PPY 

(polypyrrole) . These did not provide an intense SERS signal which could be 

used for 2D and 3D mapping, hence studies were carried forward with 

MGITC. 

Chol-DNA functionalisation was facile with the aid of pH -assisted salt 

addition, which minimised the electrostatic repulsion between the 

negatively capped AuNP surface and sugar -phosphate DNA backbone. 

With cholesterol being a hydrophobic group, the resuspending buffer had 

¾Î¾ÃĆ Pµkk| À¾Ď ^iiki ®~ s® ®~ rkz§ µs®r solubilisation and the 

concentration was low to not affect the cell membrane during in vitro  

studies. A 15-hour kinetic study determined the stability of the fresh 

conjugates and a comfortable shelf-life of three weeks was also determined 

through extinctio n spectroscopy.  

Stable fatty nanoparticles, which have been synthesised can now be moved 

onto the next stage of determining their uptake in the cellular environment. 

Every effort was made to minimise their cytotoxic nature, which will be 

investigated thro ugh toxicology studies subsequently.  
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3.2 The In Vitro Study of Cholesterol Modified 

Nanoparticles  

3.2.1 Sub-Chapter Introduction  

3.2.1.1 Nanoparticles in Cells  

Nanoparticles are increasingly being used for in vitro  and in vivo studies. 

Research studies have aimed to deduce the optimum characteristics of a 

|^|~§^ª®sgzk p~ª gkzz¯z^ª «®¯isk«Ï ·k® ^ ì«®^|i^ªií i~k« |~® k¶s«®Î Prs« s« 

because each application is different. The intracellular uptake of 

nanoparticles are dependent upon  several physicochemical properties such 

as size, shape, surface charge and chemistry.140 

Mul tiple studies/reviews have endeavo ured to understand the optimum 

shape for cellular uptake, as will be mentioned subsequently. The shape is a 

key parameter in the cellular uptake pathway and also trafficking of 

nanoparticles. 141 NPs exist in spheres,48 rods,176 cages,177 triangles 178 etc, and 

the majority of them have been used for cellular uptake .177,179å181 A study by 

Chithrani et al. suggested that spherical NPs had increased cellular uptake 

compared to their rod -like counterparts in studies with HeLa cells, 

potentially due to the longer membrane wrapping time for nanorods. 141,180  

Another study by Jeong -Lee et al., carried out in HepG2 cells reached a 

similar conclusion,  in which chitosan capped nanostructures were studied. 182 

Multiple studies have shown spheres to have enhanced uptake in 

comparison to their counterparts, however other structures are still studied.  

A key factor in determining the efficiency of nanoparticles in cellular uptake 

is size. Chithrani et al. investigated the effect of size where nanoparticles 

were synthesised with diameters between 14 and 100 nm. 180 Subsequently, 

incubating these NPs with HeLa cells indicated 50 nm to have the greatest 

uptake, determined by TEM and ICP -AES (Figure 3.14(a)). Kinetic studies 

were also carried out which highlighted that nanoparticle uptake was 
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increased at earlier time points (0 -2 hrs) and slowing thereafter, reaching a 

plateau at 5 hrs. (Figure 3.14(b)).  

Nanoparticles are known to predominantly enter cells via the mechanism of 

endocytosis, 140,183,184  where they interact with components of the plasma 

membrane and enter the cell. 185 They are engulfed in membrane 

s|´^qs|^®s~|Ï p~zz~µki f· f¯iis|q ^|i ê§s|grs|q ~ppë ®~ p~ª{ k|i~g·®sg 

vesicles. Endocytosis can further be classified as several types, as illustrated 

in Figure 3.15. Although these are the widely known processes, other entry 

mechanisms are less commonly proposed, including passive diffusion, 

direct microinject ion and electroporation. 183,184 Osaki et al. correlated the 

size of NPs to the route of intracellular uptake, which indicated that 50 nm 

quantum dots ent er via the endocytic  route. 186  

  

Figure 3.14: a) Size dependence of AuNPs in cellu lar uptake showing 50 nm to be the optimum size 

for cellular uptake. b) Kinetic studies of three different sized AuNPs (nanoparticle diameters 14, 50 

and 74 nm), highlighting the increased uptake of 50 nm AuNPs in comparison to the other two. Image 

reprint ed with permission from B. D. Chithrani, A. A. Ghazani and W. C. W. Chan, Nano Lett., 2006, 6, 

662å668. Copyright © (2020) Americal Chemical Society.  
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The principal parameter which determi nes the interaction between the 

nanoparticle and the cell is the surface functionality of the former. By 

engineering the surfaces with various biomolecules such as antibodies, 

DNA, aptamers, these can guide the nanoparticles, acting as targeting and 

biorec ognition probes for both in vitro  and in vivo imaging. In this work, the 

effect of lipid modification on the NP surface was investigated. Lipids have 

been known to enhance cellular interactions, as mentioned in section 3.1.1. 

However, their role in cellula r uptake is understudied, which was the aim 

herein.  

 

 

Figure 3.15: Schematic depicting the many endocytic nanoparticle uptake pathways: a) clathrin -

dependent; b) caveolin -dependent; c) clathrin - and caveolin -independent; d) phagocytosis and e) 

macropinocytosis pathways. "Reprinted from Advanced Drug Delivery Reviews,  Vol 143, Nathan D. 

Donahue, Handan Acar, Stefan Wilhelm, Concepts of nanoparticle cellular uptake, intracellular 

trafficking, and kinetics in nanomedicine, Pages 68 -96., Copyright (2019), with permission from 

Elsevier.  
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3.2.1.2 The Importance of Cholesterol Modified Nanoparticles Within 

the Cellular Environment  

Lipid modifications have been used for either membrane binding or 

internalisation into a cell. Predominantly, such s tudies have not investigated 

their performance when coupled with nanoparticles. Fatty biomolecules 

such as LDL-C and HDL-C have a pronounced presence in the body. 13 

Exploiting their characteristics can be advantageous for many research 

interests. For example, LDL-C is known to be upregulated upon endothelial 

dysfunct ion, which leads to the progression of an atherosclerotic plaque. 6 In 

addition to this, fatty acids are also known to by -pass the endothelial barrier 

to enable tissue uptake in muscle and adipose. Fatty acids are known to 

induce the generation/secretion of various pro -inflammatory molecules in 

endothe lial cells, which may be involved in the recruitment of macrophages 

and other biomolecules into atherosclerotic lesions. 187,188 Hence, 

understanding the uptake of lipid modified NPs can be advantageous as it 

is evident that various hydrophobic biomolecules present in the human 

body have enhanced uptake with endothelial cells. Creating lipid modified 

NPs essentially creates a hydrophobic NP, which may be able to imitate 

these biomolecules at the site of damage.  

The work presented herein would aim to uncover the role of cholesterol in 

maximising uptake of NPs, and in parallel, would help in understanding 

whether th ese fatty nanoparticles could be used for targeting endothelial 

cells in the development of an atherosclerotic plaque.  

 

3.2.1.3 Raman Analysis as a Tool for In Vitro Studies  

Raman spectroscopy is rapidly evolving into a vital tool for in vitro  and in vivo 

studies. In particular, the coupling of a confocal microscope and a CCD 

(charged -coupled device) to the Raman spectrometer, has allowed for 

cellular imaging, and in specific the determination of intracellular 
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components. 123 The first example was described in 1990 when it was used 

to study single cells and chromosomes with a high sp acial resolution. 122 As 

time progressed, this technique became applicable for disease studies and 

diagnostics, as the cameras became faster and the CCD sensitivity 

increased, allowing for quicker data collection and better image 

resolution. 189 Techniques such as SORS (spatially offset Raman 

spectrosco py) and SESORS (surface enhanced spatially offset Raman 

spectroscopy) also evolved, which offered depth profiling for deeper layers 

of tissue, again contributing to the increasing interest in Raman 

imaging. 190,191  

Incorporating SERS in vitro  was first demonstrated in the work of 

Nabiev  et al., in which they reported the selective measuring of antitumor 

drugs in the nucleus and cytoplasm of a living cancer cell based on SERS. 192 

In their study, cells were treated with doxorubicin å an anti-cancer drug å 

subsequently incubating with AgNPs to detect the location of a drug within 

the cell ular environment. 192 Later, SERS became a viable route of directly 

detecting DNA, proteins and other cellular components. 193 Incorporating a 

Raman-active dye or a reporter molecule onto the surface of a nanoparticle, 

and carrying out Raman mapping could indicate the locality of the probes 

within the cellular environment. In addition to  this, NPs increase the 

sensitivity and selectivity for areas of interest. In comparison to techniques 

such as TEM, Raman imaging is non-destructive and quicker. 194,195 This work 

saw a focus on 2D and 3D SERRS imaging. A Raman dye (MGITC) was 

incorporated onto the modified NP surface, which would allow for tracking 

its vibrational fingerprint through the cell. MGITC was resonant with the 

excitation laser, further intensifying the SERRS spectra. 2D SERRS mapping 

would determine if the modified NPs were successfully u ptaken by cells, 

which would be further confirmed using 3D mapping. This would aid in 

identifying the cellular uptake capabilities of cholesterol modified NPs.  
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3.2.2 Chapter Aims  

Moving forward from the successful conjugation of chol -DNA to AuNPs, the 

next stage involved a series of in vitro  studies using 2D and 3D SERRS 

mapping techniques with the aid of an inVia Raman confocal microscope 

and DCLS false colour plots for analysis. The aim of the first in vitro  study was 

to determine whether these conjugates were  able to cross the cellular 

membrane or if they would retain in the cell membrane, as previously 

cholesterol modified nanostructures have known to insert into the lipid 

bilayer, due to cholesterol predominantly residing in the cell membrane. 133 

For this particular study, RAW 264. 7 murine macrophages were utilised  as 

they are frequently used for in vitro  studies in literature. 76,129,179,196  Firstly, 2D 

SERRS mapping was carried out to determine whether there was a response 

from the intracellular environment, subsequently carrying out 3D SERRS 

mapping to confirm signal from within the cell. For compa rison purposes, a 

control of polyT --@" "¯@J« µ^« ¯«kiÎ 7| ^| ^®®k{§® ®~ ì«k{s-©¯^|®sp·í ®rk 

relative SERRS response, the % area of SERRS response versus the total cell 

area was calculated using an approach whereby the false colour DCLS plots 

were converted  to monochromatic red colour and quantified. Thereafter, 

live cell mapping was undertaken to outline any changes to the SERRS 

fingerprint upon fixation and finally, a multiplexing approach was used to in 

an attempt to highlight the increased localisation o f chol-DNA AuNPs over 

polyT-DNA AuNPs.  

Upon the successful intake of the chol -DNA AuNPs, the next study aimed to 

decipher if there was a pronounced uptake in endothelial cells (HUVECs), 

with a future aim that these probes could be used as photothermal age nts 

to ablate such cells. This would be beneficial in vivo where LDL-C are taken 

up by endothelial cells, in the progression of atherosclerosis. Here, the 

control was switched to pegylated nanoparticles (PEG -AuNPs) as they are 

routinely used in cellular st udies. 2D and 3D SERRS mapping was again 

carried out to determine  HUVECs uptake with chol-DNA AuNPs and in the 
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latter, attempts were made to co -localise the SERRS response to cellular 

signals. Finally, cytotoxicity studies were also carried out, which woul d 

determine if the probes were toxic to cells, allowing an enhanced 

understanding if these probes could be used in vivo. 

 

3.2.3 Determining Cellular Uptake of Cholesterol Modified 

Nanoparticles by RAW 264.7 Macrophages  

3.2.3.1 2D SERRS Mapping of Cholesterol Modified Na noparticles in 

RAWs 

RAW macrophages are routinely used for in vitro  studies of NP 

uptake. 76,129,179,196  Hence, prior to sourcing endothelial cells, it would help to 

decipher an outcome with the nanoparticles in focus. We aimed to compare 

the uptake of NPs in RAWs and endothelial cells to determine, if any, the 

differences in the distribution of chol -DNA AuNPs. It was hypothesised that 

a lipid modified NP may have enhanced uptake with endothelial cells, in 

efforts of imitating LDL -C and other fatty biomolecules within the human 

body, w hich have shown pronounced uptake with the endothelium. This 

would potentially mean that these cholesterol modified NPs could be used 

to target plaque sites (at the endothelium), s ubsequently irradiating them 

with a NIR laser, therefore ablating surrounding plaque. It should be noted 

that macrophages are known to phagocytise and therefore m any debate 

that they predominantly engulf incoming biomolecules. However, several 

studies have shown that this is dependent upon size and only particles 

above a certain diameter (>500 nm) 197 are known to enter via 

phagocytosis. 140,183,197   

RAWs were plated at a concentration of 0.4 x 10 6 cell/mL and incubated for 

24 hours on glass coverslips, prior to treating with the chol -DNA AuNPs 

(6 ɟM). PolyT-DNA AuNPs, which were AuNPs functionalised with a poly -

thymine (PolyT) chain, were used as the control. These would aid in 
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highlighting the specific role of the cholesterol, as the polyT -DNA did not 

contain a cholesterol moiety. The treated cells were incubated for 3 hours 

prior to fixation. Samples were analysed using a Renishaw inVia Raman 

confocal microscope. A 633 nm laser excitation was used, at 5 % laser power 

(0.18 mW) to avoid sample burning. A ×50 lens objective, 1800 mm -1 grating 

and 1 second accumulation times were also set. Data were acquired o ver a 

spectral range of 715 å 1829 cm -1, with a step size of 2 µm in the x and y 

direction.  

2D SERRS mapping would identify the distribution of the functionalised 

AuNPs in the cell. A reference spectrum of the Raman dye present on the 

surface was taken before mapping studies ( Figure 3.16(e)). Post mapping, 

all spectra were pre -processed using the baseline subtraction and cosmic 

ray removal function in Wi REÊ 4.2. Additional details of the pre -processing 

can be found in section 6.2.2.1 of the Experimental chapter.  Subsequently, 

false colour images were generated using direct classical least squares 

(DCLS). This method of analysis is typically used when refe rence spectra are 

available of the components and allows fitting of the unknown data 

(collected during mapping) to a linear combination of the specified 

component spectra, which in this case was MGITC. Where there was a fit 

between the collected spectra fr om the cell and the reference spectrum, a 

gradient red false colour was applied, highlighting the intracellular location 

of the NPs. DCLS analysis from both the cholesterol and polyT -DNA 

functionalised AuNPs in cells are shown in Figure 3.16. These are presented 

as representatives of typical DCLS plots observed, as all samples had 10 

biological repeats. This figure also displays a typical MGITC fingerprint taken 

from the cell and compared to the reference spectrum of MGITC, which 

shows there is good agreement between the two. A considerable fit is  

observed, which also highlights minimal changes to the peaks.  Differences 

can occur due to either changes in the dye orientation or when the NP is in 

contact with cellular components. The scalebar was set at a minimum of 0.5 
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and a maximum of 0.85. These values correlated with the degree of spectral 

fit , with a value of 1 being a 100% spectral fit of the reference spectrum. This 

is impossible and typically the maximum is usually  found to be  0.8/0.9. The 

{s|s{¯{ ´^z¯k µ^« «kzkg®ki ^« ¾ÎÃ µrsgr r^i ^ ìq~~i «§kg®ª^zí ~´kªz^§§s|q 

with the MGITC fingerprint such that it was possible to distinguish the 

spectra as a MGITC signal. Values below 0.5 were typically noise spectra.  
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Figure 3.16: DCLS analysis of 2D SERRS mapping of functionalised AuNPs in RAWs. a/b) RAWs + chol-

DNA AuNPs, c/d) RAWs + PolyT-DNA AuNPs. Cells mapped using a Renishaw inVia Raman confocal 

{sgª~«g~§k ^|i i^®^ §ª~gk««ki ¯«s|q WsM/Ď «~p®µ^ªkÎ ?^§« µkªk ^g©¯sªki ¯«s|q ¿ «kg~|i 

acquisition time and a 633 nm excitation, at a 5 % laser power. False colour images were generated 

post analysis using DCLS and show chol -DNA AuNPs having increased cellular uptake in comparison 

to the control of polyT -DNA AuNPs. e) Example spectrum of a MGITC signal observed from the cell 

(red), compared to the reference MGITC spectrum used for DCLS analysis (blue).  
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From the analysis in Figure 3.16, it was evident that there was increased 

uptake of the chol -DNA AuNPs, in comparison to the polyT -DNA AuNPs 

control, indicated by the increased area of false colour observed. It should 

be noted that the number of pixels did not correlate with the number of 

nanoparticles at the site, as at present this remains a challenge and 

nanoparticle quantification in vitro  remains an area under study. Another 

point that can be mentioned is that the mapping step size was 2 µm so the 

signal was likely to be from many NPs together and not individual ones. A 

method was devised by Kapara et al. in which the pixel area corresponding 

to the functionalised AuNPs in cells was calculated versus the total cell area 

mapped, providing ^ ì«k{s-©¯^|®s®^®s´kí {k®r~iÎ70,198 Such a procedure 

required converting the gradient false red DCLS plot to monochromatic red 

g~z~¯ª ¯«s|q WsM/Ď ÂÎÀ «~p®µ^ªkÎ Prkªk^p®kªÏ ¯«s|q 7{^qk< Ýs{^qk 

processing package by Fiji), the percentage of red pixel area versus the full 

cell area was calculated. The step-by-step process is presented in section 

6.2.2.2 of the Experimental chapter. Although not a direct quantification, this 

route provided a relative value for the uptake of the nanoparticles per 

sample. Such an approach was quick and non -destructive in  comparison to 

other techniques which can be used such as TEM (transmission electronic 

microscopy) which becomes time consuming and expensive. The % area of 

SERS responsive pixels from the two samples (10 cells per sample 

investigated) were averaged and pl otted as shown in Figure 3.17. 
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Clear discrimination between the two samples again highlighted that there 

was considerable cellular uptake by the chol -DNA AuNPs. As previously 

mentioned, the only difference between this sample and the control was  that 

the former had a cholesterol group at the end of the DNA chain. Hence, 

increased uptake could be attributed to this lipid group. Varying lipid 

moieties have been used in literature, in conjunction with other groups to 

increase cellular uptake. Howeve r, the efficiency alone of cholesterol has 

been understudied. 199,200 The results presented here reveal the efficiency of 

cholesterol without being anchored with other groups.  

10 randomly selected cells were mapped, and the results suggest a 

significant increase in the uptake of chol -DNA AuNPs, compared to the 

Figure 3.17: Bar chart showing the % area of relative SERRS response from chol-DNA and polyT -DNA 

AuNPs in RAWs. Data presented highlights the increased uptake of cholesterol modified AuNPs in 

g~{§^ªs«~| ®~ ®rk g~|®ª~zÎ -^®^ µ^« ^|^z·«ki ¯«s|q WsM/Ď «~p®µ^ªk ^|i 7{^qk< Ýpª~{ 4sxsí« s{^qk 

processing package). The error bars represent the standard deviation and the average % area for 

each sample is numerically presented above the error bar. Data presented is the average of 10 

biological replicates each. * Statistical dif ference (PĀ¾Î¾ÃÞ s| ^ N®¯ik|®í« ®-test. 
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polyT-DNA AuNPs. Statistical analysis was carried out on the results to 

determine how significant the differences between the two samples were. 

Typically for biological samples, a p-value of <0.05 is statistically significant. 

Prk i^®^ ~f®^s|ki pª~{ ®rk N®¯ik|®í« ®-test gave a p-value of 0.003, 

indicating that the data was statistically significant. Further information from 

the analysis and a histogram highlighting the spread in the % areas from the 

two samples is provided in Appendix  3.  

The signals were distributed throughout the cell , however, it would be 

impossible to determine by 2D mapping alone where the particles were 

localising in the cell environment. Lee et al. studied a phenyl -diene 

cholesterol molecule in cells by stimulated Raman scattering (SRS) and 

determined that the mol ecules localised in lipid droplets (LDs), present in 

the cytoplasm. 201,202 This could potentially be the case here, however; further 

studies would need to be carried out to determine this.  

The data presented by 2D mapping was successful in beginning to express 

the uptake of chol -DNA AuNPs. However, to confirm that the particles were 

ingested, 3D SERRS mapping was subsequently carried out.  

 

3.2.3.2 3D SERRS Mapping of Cholesterol Modified Nanoparticles in  

RAWs 

3D Raman imaging is increasingly being exploited due to its ability to output 

increased detailed information than a typical 2D map. The latter provides 

information in the x and y direction, whereas 3D mapping can acquire data 

in the z-direction also.  Data acquisition over different focal planes ( z-stacks), 

becomes more attractive as cells are 3D. 3D Raman and SERS mapping was 

first introduced by McAughtrie et al. who took a multiplexing approach and 

investigated multiple SERS nanotags simultaneously i n cells.195 Since their 

discovery, this technique has successfully been applied to biological 

samples as it not only provides confirmation of cellular uptake but can  be 
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applied to investigate the cellular environment at a much deeper level with 

imaging of cellular components. Such an approach was also used by Huang 

et al. to track an AuNP through a macrophage cell to determine changes in 

the SERS signal as the AuNP moved through the cell. Observing certain 

cellular component peaks , such as the 1582 cm-1 peak attributed to 

phenylalanine  and tyrosine,  and the 1106 cm -1 peak highlighting C -N 

stretching, confirmed the proximity of the NP to these specific cellular 

componen ts, highlighting some of the interactions the NP was making along 

its path.203  

Although macrophage cells will vary in size, typically, they were found to be 

~13 to 20 µm from literature. 204 Due to the difficulty in trying to determine 

the exact dimension of the cell in the z-direction, the cell was focussed and 

then mapped in the positive and negative z-di rection. This would allow 

image sections to be acquired throughout the volume of the cell. The 3D 

map of a RAW cell which had ingested chol -DNA AuNPs is shown in Figure 

3.18(a). Spectra obtained at various  z planes are provided in Figure 3.18(b).  
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Figure 3.18: a) 3D SERRS mapping of cholesterol modified AuNPs in RAWs to confirm that MGITC 

signal was originating from within the cell. The yellow square box is representative of the cell in the x, 

y and z direction an d the black false colour within the box represents the areas of MGITC signal. b) 

Spectra taken at various points from the depth profile and highlight signal from within the cell. All 

spectra were acquired at 1 second accumulation time, at 5 % laser power. Data was processed using 

WsM/Ď «~p®µ^ªkÎ 

a) 

b) 
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From the depth profile, there was MGITC  signal detected at 0, 5 and -5 µm, 

and hence NP signal was detected from within the cell volume. The signal 

was considerably low because the nanoparticles were embedded within the 

cells, and it has been shown previously that the signal is reduced upon NP 

entry to the cell. 124 This was evident upon comparing the signal to the 

reference MGITC which was acquired on the spectrometer beforehand 

(Figure 3.19)  It was observed that outside of the deeper depth planes, little  

MGITC signal was detected.  

The 3D data was confirmation that the chol -DNA AuNPs were successfully 

ingested and by observing t he area of false colour from the DCLS analysis. 

Prkªk µ^« |~® ^ {k®r~i ~p ì«k{s-©¯^|®sp·s|qí ®rk «sq|^z ^« µ^« i~|k p~ª ®rk 

2D map. Calculating the % area of SERRS response from the false colour 

plots would have to be carried out for each depth plane which  would 

become tedious and time -consuming. This is another issue which needs 

further study to try and source a viable route for  quantitation . 
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3.2.3.3 Investigating Spectral Changes Between Live & Fixed Cell 

Samples 

During the fixation proc ess, cells are immobilised in a way in which can be 

detrimental to their cellular molecular structure , and there is also evidence 

that fixing methods may alter the Raman spectra of cells in comparison to 

unfixed cells. 123 Kuzmin et al. investigated the changes to the cellular 

composition of HeLa cells by two fixatives; formaldehyde and chilled 

ethanol. Their studies highlighted that while ethanol fixation did enhance 

some biomolecular components, due to cell shrinkage, formaldehyde did 

not strongly affect the Raman spectra. 205 Live cell imaging is possible due to 

the weak Raman signal given by water, allowing cells to be examined within 

an aqueous environment, and given that cells are predominantly aqueous 

themselves. This proves extremely beneficial as cells can be imaged within 

Figure 3.19: Spectra taken from various planes from the depth p rofile  and compared to the MGITC 

reference spectrum . Data shows a considerable drop in signal once inside the cell.  Data plotted in an 

offset y-stack using Origin ®.  



 

72 

 

their normal physiological conditions, without the need for fixation, as fixing 

may disrupt cell membranes.  

As Raman spectroscopy progresses towards becoming a diagnostic tool, 

developments have allowed live ce ll imaging  to become slightly easier with 

the coupling of a cell incubator to the spectrometer. Allowing cells to remain 

in their optimum physiological conditions (37 °C and 5% carbon dioxide) 

also has simplified the live cell imaging  process. Technically, the live cell 

mapping carried out here should be referred to as un -fixed cell mapping as 

the Raman microscope used for this work was not coupled to a n incubator.  

6~µk´kªÏ p~ª k^«k ®rk ®kª{ ìzs´k gkzz {^§§s|qí µszz fk ¯«kiÎ To maintain cell 

integrity, data  collection was kept to ~2 hours.  

The reason for carrying out live cell imaging  here, was because at first, the 

fixation process was drastically changing the morphology of the cell. Upon 

a series of optimisation steps such as changing the volume of PFA 

(paraformaldehyde) added , and the time this was left with the cells in the 

incubator, cells looked much healthier. Live cell imaging was carried out to 

determine that MGITC signal could still be observed from within the cell. If 

the cells had ablated, then n o signal would be observed. Similarly, if cells 

had begun to shrink then enhancement of the MGITC may be observed with 

the significant clustering of probes. Hence, it was decided to carry out a 

short study in which the SERRS response would be compared to t hat from a 

spectrum acquired during 2D mapping. This would allow for a quick 

comparison of whether the MGITC fingerprint remained the same or if the 

fixation process had produced any changes. The typical signal s seen from 

both live and fixed cells are comp ared in Figure 3.20.  There were no 

changes observed in the Raman fingerprints when typical spectra from fixed 

and live cells were compared. Hence, it was concluded that the fixation 

process did not alter the MGITC fingerprint.  
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3.2.3.4 Applying A Multiplexed Approach  

An interesting review on multiplexing in vitro  was published by Laing et al., 

in which they outlined the simultaneous detection of varyi ng biomolecules 

within a cell. 193 The 2D and 3D SERRS mapping was confirmation that the 

cholesterol DNA was enhancing the cellular uptake. However, it would also 

be interesting to observe the outcome when both  chol -DNA and polyT -DNA 

modified AuNPs were added together. One of the main advantages with 

SERS is the ability to multiplex, which would allow the simultaneous 

detection of chol -DNA and polyT -DNA AuNPs. It was anticipated that the 

chol -DNA AuNPs would exhibit enhanced SERRS signal compared to its 

control  of polyT -DNA AuNPs, in accordance with the 2D SERRS mapping 

results. Exploiting this characteristic would add evidence to the fact that the 

cholesterol mo dification enhanced cellular uptake. In such an attempt, a 

Figure 3.20: Comparison of SERRS response from fixed (pink) and live cells (blue). The peaks at 1615, 

1375 and 1170 cm -1 were compared.  All spectra were acquired at 1 second accumulation time, at 5 

% laser power. Data µ^« §ª~gk««ki ¯«s|q WsM/Ď «~p®µ^ªkÎ Data plotted in an offset y-stack using 

Origin ®. 
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study was carried out whereby both conjugates were added simultaneously 

to the same sample of plated cells. For this work, the Raman dye on the 

control was changed to a Raman reporter å MBA (4-mercaptobenzioc acid). 

This reporter was chosen as it had a Raman fingerprint distinctive to that of 

MGITC, and also MBA has previously been used for intracellular pH studies. 

In one such case, Jaworska et al. studied the intracellular pH of endothelial 

cells, in which they tagged MBA with NPs to create pH sensitive probes. 206 

The chemical structure and Raman fingerprint of both MGITC and MBA are 

presented in Figure 3.21.  

 

Figure 3.21: Chemical structure and fingerprints of MBA and MGITC respectivel y. Spectra were 

acquired using a Snowy Range (SnRI) Raman Spectrometer with a 638 nm laser excitation at 1 s 

acquisition times and 100% laser power (40mW).  
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With two distinctive spectra, the DCLS analysis would easily be able to 

differentiate between the two. MGITC has intense peaks at 1615, 1365 and 

1170 cm -1, which are distinctive to the peaks at 1590 and 1070 cm -1 for MBA. 

An effort was made to keep the functionalisation procedure between the 

two probes as similar as possible to allow the comparison to be made 

accurately, hence the only modification  made to the control was the 

reporter. DNA loading and volume of sa lt added were kept the same.  The 

functionalisation process is detailed in section 6.2.4 of the Experimental 

chapter.  Optimisation studies were carried out to make sure an intense 

fingerprint would be observed. SERS analysis was carried out prior to 2D 

mapp ing to confirm that the signals were intense . The SERRS spectra are 

given in Figure 3.22. 



 

76 

 

 

 

The results from the DCLS analysis were not consistent and indicated greater 

uptake of chol -DNA AuNPs and in some cells polyT -MBA AuNPs appeared 

to be dominant. At first, it was suggested that the results were potentially 

contradicting the previous study in which the uptake of chol -DNA AuNPs 

was substantially greater than its control. However, after much consideration 

and research, it was realised that the reporter was the issue. MBA has 

Figure 3.22: Spectra of MGITC (top) and MBA (bottom) obtained using a Snowy Range 638 nm laser 

excitation spectrometer prior to 2D SERRS mapping. Data collected with 1 second acquisition time 

and at 100% laser power (40mW). Data presente d is an average of three measurement, processed 

using MATLAB®. 
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extensively been used as a pH sensitive probe for intracellular studies. 206å209 

In a study by Talley et al., AgNPs were functionalised with MBA to investigate 

the changes in pH as the probes moved into the cellu lar environment. Their 

findings mentioned that these pH sensors were able to retain their robust 

signal when incorporated into a cell. 210 Generally, it is known that the 

dye/reporter intensity drops once inside the cellular space, however, if MBA 

can retain its intense signal then DCLS analysis would highlight a greater fit, 

generating a false colour plot depic ting increased uptake. Another 

observation by this group was that these AgNP -MBA probes were forming 

aggregated particle clusters, again enhancing the SERS response. This 

corroborated with the results observed in this study as some cells exhibited  

consider able signal from the MBA functionalised conjugates. A typical DCLS 

plot is given in  Figure 3.23. It should be noted that the relative intensity of 

the MBA spectra in Figure 3.22 and Figure 3.23 are different. Although the 

definite reason for this is unknown, it is thought that this may be because the 

spectra from Figure 3.22 was taken on the Snowy SnRI spectrometer which 

interrogates a larger sample volum e so generally there will be more MBA -

AuNPs, in comparison to a spectra taken of MBA -AuNPs from a cell sample.  
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The aforementioned pointers were attributed to the increased signal 

observed  within the cell, and also outside the cell. The study was considered 

unreliable and would need to be repeated with another dye/reporter, for 

example, rhoda mine 6G, TAMRA (tetremethylrhodamine) or Cy5 

(cyanine5).211 If the solitary issue was aggregation, then the nanoparticles 

could be silica -coated which would prevent aggregation. However, in this 

case, another Raman dye would ne ed to be chosen and background studies 

Figure 3.23: DCLS analysis of PolyT-MBA-AuNPs in RAWs, which outline aggregation within the 

cellular environment with the large clustering of signal observed. A typical MBA spectrum from the 

cell is also highlighted. All spectra were acquired at 1 second accumulation time, 5 % laser power. 

Data was processed ¯«s|q WsM/Ď «~p®µ^ªkÎ 
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carried out to determine that it was acceptable, i.e. did not interfere or 

overlap with MGITC signal, for in vitro  studies.  

 

3.2.4 Determining Cellular Uptake  of Cholesterol Modified 

Nanoparticles  by HUVECs 

The successful cellular uptake of cholesterol modified AuNPs with RAWs 

meant that the study could be moved forward to investigat ing  their 

capabilities within HUVECs, which was another aim of this project. The 

process of atherosclerosis begins with the dysfunction of endo thelial cell 

lining, where an influx of LDL -C occurs. Cholesterol modified AuNPs are 

essentially lipophilic and could mimic such biomolecules. However, to begin 

with, their interactions with these cells had to be investigated .  

 

3.2.4.1 2D SERRS Mapping of Cholesterol Modified Nanoparticles in 

HUVECs 

For this study, the control was changed to pegylated nanoparticles (PEG -

AuNPs). These organic molecules are frequently used to coat the NP surface 

to provide stability and are known to be biocompatible. 212,213 As PEG-NPs 

have routinely been used for cell studies, it was thought to use the above as 

the control.  This would also allow for a comparison of chol -DNA AuNPs to 

functionalised NPs already  known  in literature.  The functionalisation 

procedure (outlined in section 6.1.3.5) was similar to that of chol -DNA 

AuNPs to allow comparisons to be made effectively. Analyses us ing 

extinction spectroscopy and DLS were carried out, similar to as mentioned 

in section 6.1.5.1. and 6.1.5.2. respectively. Data is provided in Figure 3.24 

below.  



 

80 

 

 

 

Figure 3.24: Results from extinction spectroscopy and DLS, which were used to characterise 

cholesterol and pegylated AuNPs and confirm ed successful attachment of the PEG and DNA to the 

surface: (Top) Extinction spectra obtained using a scan rate of 600 nm/min and are an average of 

three spectra. Data normalised at 450 nm using Microsoft® Excel. (Bottom) Bar graph depicting the 

average di ameters of the conjugates. Results presented are an average of three replicates and the 

standard deviation is given in the form of error bars.  
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The cells were initially plated at a concentration of 0.2 x 10 -6 M as otherwise, 

they exceeded confluency afte r 24 hours. The method of preparing samples, 

mapping and analysis were kept the same as for RAWs. The only difference 

here was that the laser power was increased to 10% instead of 5% with the 

study of RAWs. This was human error, however, it was anticipated  that the 

difference did not affect the results. This was confirmed by observing the 

intensities of the silica standard  (Appendix 4), exhibiting negligible change 

to the peak intensity, hence it could be said that using the two different laser 

powers did n ot affect the results. The resulting DCLS analysis plots from 

chol -DNA AuNPs and PEG-AuNPs are given in Figure 3.25. 
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Figure 3.25: DCLS analysis of 2D SERRS mapping of functionalised AuNPs in HUVECs. a/b) HUVECs + 

chol -DNA AuNPs, c/d) HUVECs + PEG-DNA AuNPs. Cells mapped using a Renishaw inVia Raman 

confocal microscope and data proce ««ki ¯«s|q WsM/Ď «~p®µ^ªkÎ ?^§« µkªk ^g©¯sªki ¯«s|q ¿ «kg~|i 

acquisition times and a 633 nm excitation, at a 10 % laser power. False colour images were generated 

post analysis using DCLS and show chol -DNA AuNPs having increased cellular uptake in compariso n 

to the control of PEG -DNA AuNPs. e) Example spectrum of a MGITC signal observed from the cell 

(red), compared to the reference MGITC spectrum used for DCLS analysis (blue).  
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The DCLS analysis highlighted the significant uptake of chol -DNA AuNPs in 

HUVECs, in comparison to the control of PEG -AuNPs. It was inferred that the 

signal from the former was distributed throughout the cell and not localised 

within a specific area. Although the exact reason for the increased uptake 

cannot be confirmed, it can be me ntioned that literature does mention the 

use of lipids for enhancing cellular uptake. Furthermore, lipid biomolecules 

such as LDL-C and fatty acids within the body have pronounced uptake with 

endothelial cells. The reason for the increased uptake of these biomolecules 

by the endothelial cells is still not entirely understood. A review by Goldberg  

et al. in which they detailed the relationship between lipids and the 

k|i~®rkzs¯{Ï {k|®s~|ki ®r^® ®rk êf^«sg {kgr^|s«{ ~p zs§si ¯§®^yk ^|i 

transport by the endothe zs¯{ ^ªk |~® ¯|ikª«®~~iÎë187 For the PEG-AuNPs, 

the negligible signal observed was predominantly at the boundaries of the 

cell and there was no localisation of signal from within the cellular 

environment. A study by Wang et al. investigated the impact of molecular 

weight (MW) of PEG molecules with the mechanism of cellular uptake. 214 

Their research identified that PEG 2000 and their lower  MW counterparts 

entered the cells via passive diffusion, whereas those with higher MW, such 

as PEG5000 and PEG20,000 enter via passive diffusion at low concentrations , and 

at higher concentrations via caveolae -mediated endocytosis. Despite the 

study not using PEG-NPs, their work confirmed that PEG 5000 is cell penetrant. 

Here, we demonstrated that PEG -AuNPs were detected from within the cell 

volume, however, did not have a consi derable uptake as the chol -DNA 

AuNPs. 

As mentioned previously, nanoparticles in general, enter via the mechanism 

of endocytosis, so it was envisioned that the chol -DNA AuNPs also enter via 

this route. 140,183,197  Localisation cannot be determined from 2D SERRS 

mapping alone and would need further studies using 3D SERRS im aging.  

The % area of SERRS response was also calculated for these samples, which 

confirmed that the chol -DNA AuNPs covered on average 16.2% area of the 



 

84 

 

gkzzÏ µrkªk^« s®í« g~|®ª~z ~p J/5-AuNPs were only visible in 0.2% of the total 

cellular space (Figure 3.26). These results were collated from the 10 

biological samples which were mapped at random. Analysis using a 

N®¯ik|®í« ®-test identified significance in the uptake, giving a p-value of 

0.00095. The additional analyses and histogram depicting the spread of 

results from 10 biological samples are given in Appendix  5. Comparing the 

% area of SERRS response of the chol-DNA AuNPs from both the RAWs and 

HUVECs, it was observed that the signal within the latter was effectively 

doubled. HUVECs highlighted a 16.2 % area of signal in comparison to 7.2% 

observed from the RAWs. These results were consistent with the literature, 

which explained fatty biomolecules to h ave pronounced uptake with 

endothelial cells.  
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In Figure 3.25(e), which depicted a typical MGITC spectrum from within the 

cellular space, vibrational changes were observed. These included shifting 

of vibrations in the 700 å 800 cm -1 region and the 1295 c m-1 peak, 

additionally exhibiting the  reduced intensity  of the 1395 cm -1 peak. These 

were specific to this particular spectrum; however, changes were observed 

in the majority of the collected vibrational fingerprints. Although it is 

impossible to meticulou sly assign the reasoning for each change, a general 

statement regarding changes can be made. Once the chol -DNA has entered 

the intracellular environment, it may interact with other cellular components, 

for example with nucleic acids at ~788  cm-1.215 These interactions may 

change the orientation  of the MGITC on the surface. Primarily, the MGITC is 

Figure 3.26: Bar chart showing the % area of relative SERRS response from chol-DNA and pegylated 

AuNPs in HUVECs. Data presented highlights the increased upta ke of cholesterol modified AuNPs in 

g~{§^ªs«~| ®~ ®rk g~|®ª~zÎ -^®^ µ^« ^|^z·«ki ¯«s|q WsM/Ď «~p®µ^ªk ^|i 7{^qk< Ýpª~{ 4sxsí« s{^qk 

processing package). The error bars represent the standard deviation, and the % area average for 

each sample is numerically presented above the error bar. Presented data was the average of 10 

biological replicates each. * Statistical difference ( PĀ¾Î¾ÃÞ s| ^ N®¯ik|®í« ®-test. 
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attached to the surface of the NP via the thiol moiety, however, in some cases 

the dye may be electrostatically linked to the surface by interactions with the 

6-membered rings and the  NP surface, keepin g the dye in close proximity. 

In such a case, interactions with other cellular components could result in 

orientational changes , potentially giving rise to spectral changes. Another 

reasoning may be attributed to changes in pH. However, this is unlikely. T his 

is because a study was undertaken by Qian et al, in which they carried out 

pH-dependent studies with MGITC . By observing no SERS changes over a 

range of pH 2 to pH 13, they concluded that this molecule is not responsive 

to pH changes under acidic or basic conditions. They reasoned that the 

s«~®rs~g·^|^®k qª~¯§ ~| ®rk ?57P+ s« sªªk´kª«sfz· «®^fszs«ki ~ª ìz~gykií ~| 

the surface which is not sensitive to pH changes. 167    

In striving to enhance the understanding of the interactions between the 

chol --@" "¯@J« ^|i gkzz¯z^ª g~{§~|k|®í«Ï ~|k ^§§ª~^gr µrsgr g~¯zi fk 

taken s« «s{sz^ª ®~ ®r^® ®^yk| f· 4¯xs®^í« qª~¯§Î Prk· ¯«ki Á- N/MN s{^qs|q 

to track AuNPs in a living cell, by combining a confocal Raman spectrometer 

with dual -focus dark field microscopy, which allowed them to 

simultaneously detect the motion of the probe and the SERS spectrum. 203 

From their spectral outputs, they were able to show the interactions with 

differing intracellular components by observing peaks which correlated to 

them. In addition to this,  as they possessed the nanoparticle trajectory and 

the molecular environment, they could assign the collected spectral 

information to the point it was collected from, and in return were able to 

display RGB (red green blue) colour maps of the molecular dist ribution on 

the course of the nanoparticle. If such an approach was applied here, it could 

enhance the understanding of the route these chol -DNA AuNPs take.  

After the 2D SERRS mapping, 3D data was also acquired. These studies were 

important because there was extracellular signal observed from the chol -

DNA AuNP samples, so it was vital to determine that the signal observed 
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within the cell (from the DCLS plot) was in fact inside the cell and not only 

from the surface of the cell.  

 

3.2.4.2 3D SERRS Mapping of Cholesterol Modified Nanoparticles in 

HUVECs 

Endothelial cells are generally known to be relatively thin and elongated. 

Their dimensions can be 50 -70 µm long, 10 -30 µm wide and have a depth 

of 0.1-10 µm.216 Selecting the range of depth to map can  become 

®ª~¯fzk«~{k ^« s®í« |~® §~««sfzk ®~ ik®kª{s|k ®rk gkzzí« f~¯|i^ªsk«Î 7| «^·s|q 

that previous studies of mapping the Raman cellular response from HUVECs 

were carried out over a 4 µm range. 124 Hence, this was chosen as the depth 

range for these 3D studies also ( -2 to +2 µm). Although , due to the software, 

mapping was recorded between +1.6 and -1.6 µm in the z-direction, hence 

the total depth plane mapped was 3.2 µm. The false colour plot from the 

DCLS analysis is given in  Figure 3.27, in which the area mapped is shown 

and the location of the signal within. The yellow box represents the volume 

mapped. Figure 3.28 provides  the cross-sections of the area mapped 

allowing an enhanced understanding of signal locality.  
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Figure 3.27: 3D SERRS mapping of cholesterol modified AuNPs in RAWs to confirm that MGITC 

signal located within the cell. The yellow square box is representative of the cell in the x, y and z 

direction, and the black false colour within the b ox represents the nanoparticles. The depth profile 

measured a total 3.2 µm. Mapping was carried out using an inVia Raman confocal spectrometer with 

a 633 nm laser excitation, at 10% laser power and 1 s acquisition times. Data was processed in 

WsM/ĎÎ 
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Figure 3.28: Cross-sections of the 3D map of chol -DNA AuNPs in HUVECs at multiple depth planes: 

a) -1.6, b) 1.0, c) 0.0, d) 1.0 and e)1.6 µm. The yellow square box is representative of the cell in the 

x, y and z direction, and the black false colour within the box represents the location of the MGITC 

signal. The depth profile measured a total 3.2 µm. Mapping was carried out using an inVia Raman 

confocal spectrometer with a 633 nm laser excitation, at 10% la ser power and 1 s acquisition times. 

-^®^ µ^« §ª~gk««ki s| WsM/ĎÎ 
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The considerable signal observed from within the cell correlated well with 

the results obtained from the 2D mapping, which again highlighted that 

there was pronounced uptake of the chol -DNA AuNPs. There is evidence of 

intracellular NP signal in the -1.6 µm slice. As the focus was moved through 

the volume of the cell ( -1.6 to +1.0) there is signal detected from within the 

cell. At +1.6 µm, a little signal is detected. MGITC signal was taken from each 

section (Figure 3.28) and plotted as shown in Figure 3.29. 

 

 

MGITC signal was observed at each µm taken from the depth profile, which 

potentially confirms that the total area mapped was the cell itself. This 

conclusion is partly drawn from the fact that when the 3D mapping of chol -

DNA AuNPs in RAWs was carried out (3.2.3.2), the mapping area was an 

overestimation of the total cellular space and there was no MGITC signal 

seen from certain depth planes. Another point to notice here is that the 

Figure 3.29: Spectra taken at various points from the depth profile. All spectra were acquired at 1 

«kg~|i ^gg¯{¯z^®s~| ®s{kÏ ^® ¿¾ Ć z^«kª §~µkªÎ -^®^ µ^« §ª~gk««ki ¯«s|q WsM/Ď «~p®µ^ªk ^|i ®rk| 

plotted in an offset y-stack using Origin ®. 
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signal from -1.6 µm was intense in comparison to the rest and it could be 

suggested that this specific probe may be close to the cell membrane.  

As repeatedly mentioned in the sections of 3D mapping, in this chapter, a 

major limitation with 3D SERRS mapping is the inability to co -register the 

SERRS signal with the cell signal. An effor t was made to  overcome this 

limitation . It was thought that if the MGITC signal was co -localised with the 

cellular signal then this could determine that the SERRS response was 

definitely from within the cell. Raman mapping has been used to map 

cellular com ponents, which typically include: nucleic acids at 788  cm -1, 

phenylalanine at 1 004 cm-1 and the CH 2 stretch of the lipids at 2850 and 

2930 cm -1.217å219 Majzner et al. were able to illustrate the 3D distribution of 

the b iochemical and structural components of a single endothelial cell , and 

also a cross-section of a vascular wall, in an attempt to explore their 

heterogeneity. 124 By exploiting both depth profiling and 3D projecti on, they 

were able to present distributions of cellular components within the 

intracellular space. This was done by taking spectra in the high and low 

wavenumber regions to outline the presence of components such as lipids 

and nucleic acids respectively. B y integrating the Raman intensity in the 

2800 å 3020 cm -1 region of the cell, they were able to show cell area and 

depth in a series of chemical images.  

In an attempt to co -localise the SERRS signal with the cell signal, point 

spectra were taken to try an d locate peaks attributing to nucleic acids and 

lipids. Under the same conditions as mapping (1s acquisition time and 10% 

laser power) no nucleic acid or lipid peaks were observed  so the conditions 

were increased to 10 s and 50%  (ca. 2.66 mW) respectively. Again, cellular 

component peaks could not be observed, and it became apparent that the 

reason for this was because the MGITC signal was much stronger due to 

being in resonance  (Figure 3.30(a)). At 2900 cm -1 there was a broad peak, 

which may be the from the glass coverslip  (Figure 3.30(b)). At these 

conditions, the cells burnt, likely due to the decomposition of the NPs at 
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elevated laser power. Co -localisation would be a viable solution however, it 

was not possible in this particular  case due to the intense dye fingerprint.  

 

As mentioned by Majzner et al., 3D Raman imaging highlights great 

potential for applications in biomedical research and medical diagnostics. 

b) 

a) 

Figure 3.30: Point spectra taken over a range of wavelengths (400 å 3000 cm -1) to observe vibrational 

outputs from cellular components. (a) Spectra of an intense MGITC fingerprint drowning typical 

nucleic acid peaks at 788 cm -1. b) Spectra in the high wavenumber region, which would contain lipid 

peaks, yet only glass signal observed. Spectra taken on the inVia Raman confocal spectrometer, with 

a laser excitation of 633 nm, a 50% laser power and at a 10 s acquisition time.  
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However, there is a need in developing an appropriate methodology of thi s 

technique which also needs to be standardised. 124  

 

3.2.5 Cytotoxicity Evaluation of Cholesterol Modified 

Nanoparticles in HUVECs 

It was pivotal to understand whether the chol -DNA AuNP probes displayed 

any toxicity effects, as this would be detrimental once in an in vivo setting. 

Trypan blue has been routinely used as a cell stain to assess cell viability. It 

acts by staining dead cells with a blue colour, as these cells have a porous 

membrane through which the dye c an penetrate through. Cells were plated 

routinely in 6 -well plates, and the conjugates were added as they would for 

mapping studies. Thereafter, in place of the fixation process, cells were 

detached from the plates and added to Trypan blue solution in a ra tio of 1:5 

respectively and counted to determine the cell viability. Data is presented in 

a bar chart below  (Figure 3.31), highlighting the cell viabilit ies of both chol -

DNA and PEG AuNPs. Correlating cell counts are  provided in Figure 3.31(b).  
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The cell viabilities were constant to wi thin experimental error. PEG -AuNPs 

displayed no signs of toxic behaviour with a n 87% cell viability. The chol -

DNA AuNPs had an 89% cell viability, which again displays a non-toxic 

nature. The reason for the decrease in viability may be due to pipetting 

errors. The only route to overcoming this issue would be to increase the 

number of samples.  

Another approach which was used to measure the level of toxicity is a 

live/dead ® staining assay. Briefly, cells are incubated with their nanotags. 

Subsequently, cells are stained with green - fluorescent Calcein AM and red -

fluorescent ethidium homodimer -1 (EthD-1) stains. Calcein AM indicates 

intracellular e sterase activity and EthD -1 indicates loss of plasma membrane 

integrity. 220 Using fluorescence microscopy, observing a green colour would 

highlight cell viability in comparison to a red colour, which would 

correspond to non -viable cells. From this study  (Figure 3.32) it was observed 

that both chol -DNA AuNPs and PEG-AuNPs exhibited good 

biocompatibility as they maintained a green colour, conveying cell viability.  

Figure 3.31: a) Cell viability studies of chol -DNA AuNPs and PEG-AuNPs in HUVECs, which show the 

non-toxic nature of both conjugates to cells. Viability studies were carried out using the Trypan blue 

staining and counting method. Experim ent was carried out in triplicate with three replicates of each 

sample taken. The standard deviation is given as error bars. b) presents the cell counts from each 

study. b) respective cell counts from the studies.  
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Positive and negative control s were also used. In the positive control, bare 

HUVECs, upon staining outlined cell viability. For a negative control, cells 

were exposed to 4% PFA (fixing solution) and 0.01% Triton -X 

(permeabilising solution). These cells were non -viable upon staining red in  

colour.  

 

 

Figure 3.32: Live/Dead® viability assay kit used to carry out cell viability studies, in which the Calcein 

AM dye stained live cells green, and the EthD -1 dye-stained dead cells red. Study exhibited non -toxic 

nature of chol -DNA and PEG AuNPs. Positive and negative controls were also carried out. Study is 

representative of three repeats.   
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3.2.6 Concluding Remarks  

Functionalised AuNPs from section 3.1.3.2  have been investigated in RAW 

and HUVEC cells using SERRS. The first study saw the successful uptake of 

these chol -DNA AuNPs in RAWs with an average of 7.2% SERRS response 

from the cellular volume when compared to 1.5% observed from the control 

of polyT -DNA AuNPs. Statistical analysis was carried out in the form of a 

N®¯ik|®í« ®-test which typically outlines statistical si gnificance between two 

data sets. 3D SERRS mapping was then carried out to determine that the 

N/MMN ªk«§~|«k µ^« pª~{ µs®rs| ®rk gkzz ^|i |~® pª~{ ®rk gkzzí« «¯ªp^gkÎ Prk 

depth profile exhibited  both intracellular and extracellular MGITC signal. 

Live cell mapping was also carried out to determine that the fixation process 

was not changing the morphology of the cell, ablating or shrinking it, which 

could potentially alter the vibrational fingerprint. This study outlined no 

changes to the vibrational spectra.  Studies were concluded with attempts to 

multiplex using both conjugates in the same sample of cells. This study was 

unsuccessful as the reporter used on the control was pH sensitive and also 

aggregated within the intracellular environment, which resulted in a 

considerable signal being observed from the DCLS plot. It would be 

interesting to carry out multiplexing using another Raman dye/reporter, 

which may pose for future studies.  

The second set of in vitro  studies investigated the uptake of these fatty 

AuNPs within endothelial cells to gain a n enhanced  understanding prior to 

moving forward with photothermal experiments. A similar approach was 

taken as with RAWs in that 2D SERRS mapping was carried out first which 

exhibited increased uptake of the chol -DNA functionalised NPs vs. control 

NPs. The average % area of SERRS response from the cells was found to be 

16% in comparison to a negligible 0.2% from the PEG -AuNPs, which served 

as the control. The cholesterol conjugates also exhibited enhanced uptake 

in comparison to the RAWs. This correlated with literature, where it was 

found that fatty biomolecules had enhanced uptake in endothelial cells. 3D 
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studies also highlighted the increased MGITC response from within the cell. 

During this study, an attempt was made  to try and overcome the limitations 

of 3D depth profiling. Typically, it is impossible to select the exact area of 

the cell. The probability that extracellular space is selected is high. It was 

thought that by co -localising the SERRS response to that of the cellular 

fingerprint could determine that the area mapped was indeed the cell. 

However, point spectra were taken in attempts to observe the nucleic acid 

and lipid peaks at 788 and 2930 cm -1 respectively highlighted that it was 

impossible to do so. This was because at low laser power the cell signals 

could not be observed and when the laser power and acquisition time were 

increased, the MGITC signal was intense so no cellular component peaks 

could be observed. Similarly, the lipid peak was potentially mas ked by the 

glass background.  To overcome the issue with glass interferences, Ca F2 

slides can be used, which in the future can be utilised.  Lastly, cytotoxicity 

studies carried out using a Trypan blue staining method  and a live/dead® 

staining assay declared  these conjugates to be non -toxic.  

Although slight modifications were made between mapping in RAWs and 

HUVECs, a general statement could be mentioned in terms of their results. 

Chol-DNA AuNPs had pronounced uptake in endothelial cells, in 

comparison to th e macrophages. This is in line with the literature, in which 

s®í« «®^®ki ®r^® p^®®· fs~{~zkg¯zk« ^ªk ªk^isz· ¯§ ®^yk| s|®~ k|i~®rkzs^z gkzz«Î  

Moving forward, it would be interesting to determine where the chol -DNA 

AuNPs reside within the cellular space. Also, at present, the technique is 

limited because it is not as yet possible to co -register the cell signal with the 

SERRS signal from the NPs. Another limitation is the quantification of 

nanoparticles within th e cell. At present, this is not possible to do so. 

"z®r~¯qr ®rs« µ~ªy «^µ ^ ì«k{s-©¯^|®s®^®s´kí ^§§ª~^gr fks|q ¯«kiÏ {¯gr 

work needs to be done in trying to define a pathway for quantifying 

nanoparticles in cells, especially for 3D mapping.    
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4.  +r~zk«®kª~z ?~ispski @^|~«rkzz« ^« 

Jr~®~®rkª{^z "qk|®« p~ª +V- 

 

4.1 Chapter Introduction  

In an effort to understand whether  cholesterol modified nanoparticles could 

be utilised as photothermal agents, the core (nanoparticle itself) would need 

to have a LSPR in the NIR region (biological window), as they would be 

anticipated for in vivo studies.221,222 Hollow gold nanoparticles  (HGNs) were 

chosen as their LSPR can be tuned to the NIR region, and have also shown 

pronounced photothermal capabilities , as will be subsequently 

discussed.223,224  

One of the first nanoshell fabrication methods was pioneered by Halas and 

co-workers in 1998, 225,226 which involved a dielectric core particle being 

decorated with gold -binding ligands, followed by the covalent linkage of 

AuNPs acting as nucleation sites. Finally, additional gold reduction in 

solution at these sites completed the shell. Over the years seve ral additional 

synthesis methods were devised. And today, sacrificial galvanic 

replacement of cobalt NPs or the templated galvanic replacement reaction 

of silver for gold methods are predominantly used.227   

The templated galvanic replacement reaction involving silver and gold was 

first reported by Sun et al., who were one of the first groups to synthesise 

metallic HGNs via this simple, versatile route. 226,228,229  In essence, AgNPs are 

used as the precu rsor and when gold salt is added, the difference in redox 

potential between the gold salt and silver results in reduction and oxidation 

of the two respectively. Typically, this method synthesise d nanoshells in the 

range of 20 to 50 nm and the LSPR can be tuned to 800 nm. 227 Sun et al. also 

highlighted that the morphology of the precursor (AgNPs), dictates the 
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shape of the hollow nanostructure and hence, they demonstrated the 

preparation of hollow tubes, cubic boxes, and triang ular rings, etc. 

Interestingly, they mentioned that this method would be applicable for the 

preparation of other metallic shells using platinum and palladium instead of 

gold salt.  

Although the aforementioned method was probably the most widely used 

route,  the sacrificial galvanic replacement of cobalt NPs also became 

popular. This alternative approach was introduced by Liang et al., whereby  

cobalt NPs were used as the sacrificial core , and by tuning the stoichiometric 

ratio of chloroauric acid (HAuCl 4) and reducing agent sodium borohydride 

(NaBH4), the LSPR could be shifted in the region of 526 to 628 nm. 230 Later, 

Schwartzberg et al. added that the particle size and thickness of the shell 

could be adjusted with modifications to the cobalt template and the amount 

of HAuCl 4 added, effectively tailoring the LSPR from 550  to 820 n m (Figure  

4.1).231 In another study carried out by Xie et al., it was demonstrated that the 

LSPR could be tuned up to 1320 nm, again highlighting the versatility of such 

nanostructures. 59  
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Since their discovery, HGNs have been applied in biomedical imaging, 232 

photothermal therapy (PTT), 233 and drug delivery 234 (Figure 4.2). The optical 

properties of HGNs hold significant biological importance because of their 

ability to tune the LSPR into the NIR region (~700-1100 nm), which is referred 

to a« ®rk ìfs~z~qsg^z µs|i~µÎí221,222 The depth penetration of photons is 

limited in biological tissue due to the inherent absorption and scattering by 

inhabitants such as water and blood. These fluids, however, have reduced 

scattering and absorption in the near -infrared region, providing a r elatively 

transparent optical window for bioimaging. 59,235 

As mentioned, another remarkable capability of HGNs  is their photothermal 

abilities, which allows them to act as photothermal agents in a profusion of 

studies. This is attributed to the fact that the shell has a low thermal mass 

Figure  4.1: The work of Schwartzberg et al. depicting the extinction spectra of nine HGN samples 

with varying shell diameters and wall thicknesses. In this work the LSPR was tuned in the region of 550 

to 820 nm. Reprinted (adapted) with permission from A. M. Schwartzberg, T. Y. Olson, C. E. Talley and 

J. Z. Zhang, J. Phys. Chem. B, 2006, 110, 19935å19944. Copyright © (2020) Americal Chemical 

Society. 
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meaning its ability to absorb and retain heat energy is low, consequently 

enabling them to quickly dissipate heat to their surroundings. 223,224 This 

propensity of theirs has allowed them to be utilised in tumour ablation 

studies. Lu et al. conjugated HGNs with NDP -MSH, a potent agonist of 

melanocortin type -1 receptor (MC1R) overexpressed in many melanoma 

cells.233 Thereafter, they successfully exhibited their potential to mediate 

targeted photother mal ablation of melanoma. In another study by Hirsch et 

al., HGNs were incubated with human breast carcinoma cells, which upon 

irradiation were ablated; evident through fluorescent viability staining. 236  

In drug delivery, HGNs have been used as drug carriers owing to their cavity 

structure. Encapsulating drugs within the hollow core of the HGN allows for 

targeted delivery and good biocompatibility. 227 Additionally, they are used 

to transport genes. In one such case, Lu et al. delivered small interfering RNA 

(siRNA) to tumour cells by coupling these together with folic acid to HGNs. 

At the site of interest, the heat was used to detac h these from the 

nanoshells.237  

Preceding examples highlight the immeasurable proficiency of HGNs. Their 

positive contributions to varying areas of interest enable them to be utilised 

in forthcoming studies, in particular with PTT for various diseases. However, 

an area that is minimally linked with HGNs is that of CVD, envisioning that 

their bright future will see this gap being reduced also.  
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4.2 Chapter Aims  

With the pronounced uptake of chol -DNA AuNPs in endotheli al cells, it was 

thought they would be able to mimic LDL -C and hence be used as 

photothermal agents for targeting atherosclerotic plaque s. Moving forward 

in investigating the use of cholesterol modified nanoparticles as 

photothermal agents, the core (the n anoparticle itself) was required  to be 

optically active in the NIR region. This chapter aimed to investigate hollow 

q~zi |^|~§^ª®sgzk« Ý65@«Þ ^« ®rk ìg~ªkí p~ª ®rk«k §r~®~®rkª{^z ^qk|®« ^|i 

to deduce whether cholesterol modified HGNs (chol -DNA HGNs) were able 

to show enhanced cellular ablation in comparison to bare HGNs. HGNs were 

chosen due to their facile synthesis and ability to shift the LSPR, as well as 

being desirable nanostructures for PTT.  Due to their thin shells having a low 

thermal mass, HGNs can efficiently dissipate heat to the surrounding 

Figure 4.2: Schematic depicting the plethora of roles of HGNs . These can be functionalised with 

various moieties on the surface, acting as drug carriers and photothermal agents, for in vitro  and in 

vivo studies. Schematic is not drawn to scale.  
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tissues.223,224 It was equally important to tune the LSPR to the excitation 

wavelength of the irradiating  laser, maximising the heating.  

Once HGNs with t he desired LSPR were synthesised, they were 

functionalised with MGITC and chol -DNA and incubated with cells. 

Thereafter, photothermal ablation studies were conducted using an in -

house set-up, subsequently determining cell death by Trypan Blue staining 

studies. These studies compared the heating capabilities of bare AuNP to 

HGNs, and also bare HGNs to functionalised HGNs. 2D SERRS mapping was 

also carried out to determine the uptake of the functionalised HGNs in 

HUVECs and the % SERRS response per cell area was also calculated using 

DCLS plots.  

 

4.3 Results and Discussion 

4.3.1  Hollow Gold Nano particles  

4.3.1.1 Synthesis of Hollow Gold Nanoparticles  

The method of HGN  synthesis used herein was different from the traditional 

approach of using a Schlenk line. A method of silver template replacement 

µ^« psª«® s|®ª~i¯gki f· Xs^í« qª~¯§ s| µrsgr ^ µsik ª^|qk ~p {~ª§r~z~qsk« 

of AgNPs were exploited to synthesise gold nanoshe lls.238 In this chapter, 

the HGNs were synthesised using an adapted protocol from that previously 

reported by Goodman  et al.224 The synthesis is a facile, benchtop reaction, 

which involves a galvanic replacement  reaction between a metal salt 

solution and a colloidal metal solution. The AgNPs have a lower reduction 

potential in comparison to the higher reduction potential of the gold salt, 

hence a redox reaction occurs, resulting in the formation of the HGNs; 0.99  

V for [AuCl 4]-/Au and 0.80 V for Ag +/Ag compared to the standard hydrogen 

electrode (SHE).224 The redox half equations and the overall balanced redox 

equation are given in Figure 4.3 below:  
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ὃὲέὨὭὧ ὙὩὥὧὸὭέὲȡὃὫ O ὃὫὥή  Ὡ  

ὅὥὸὬέὨὭὧ ὙὩὥὸὭέὲȡὃόὅὰ ὥή  σὩ  O ὃόί τὅὰὥή 

σὃὫί ὃόὅὰ ὥήO ὃόί σὃὫὥή τὅὰὥή  

Figure 4.3: The redox half equations and the overall balanced equation for the galvanic replacement 

synthesis between Au and Ag .  

 

Upon reduction of the gold salt on to the AgNPs, the latter begins to oxidise, 

creating pinholes in the alloy shell (Au) r esulting in a hollow structure , known 

as the Kirkendall effect. 239,240 Thereafter, through the Ostwald ripening 

process, the shell reshapes, moving towards the dealloying stage, in which 

the Au ions are reduced to atoms, forming the gold shell around the 

template. At this point, the Ag is completely oxidised, and only pure Au 

remains.224 A schematic depicting the stages of HGN formation is given in 

Figure 4.4. 

 

 

Figure 4.4: Schematic illustrating the stages of HGN synthesis by galvanic replacement. As gold salt 

is added to the AgNP, Au 3+ is reduced and Ag + is oxidised. Mass flows from the central region  via the 

process of Ostwald Ripening and the HGN begins to take shape. As the Ag + is completely oxidised, 

only pure Au fragments remain. Schematic is not drawn to scale.  
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For the sacrificial core, hydroxylamine AgNPs were used. A facile method 

reported b y Leopold et al. 241 was adapted to achieve these stable AgNPs. 

The synthesis was a rapid, benchtop reaction involving the addition of 

sodium hydroxide and hydroxylamine hydrochloride, followed by silver 

nitrate, under constant stirring. Figure 4.5 provides  the extinction spectrum 

of AgNPs synthesised with a ɚmax of 401 nm and a narrow FWHM of 73 nm, 

indicating the monodispersity of the nanoparti cles. The DLS data indicated 

an average diameter of 73.5 ± 2.4 nm. The zeta potential, as mentioned 

previously, provides information o n the NP surface charge, which indicates 

the stability of the colloid. AgNPs exhibited a surface charge of å 39.3 ± 1.1 

mV, which was greater than the proposed stability value of ± 30 mV, 155 hence 

confirming th e stability of the core template.  

  

 

Figure 4.5: Extinction spectrum of hydroxylamine AgNPs used for the synthesis of HGNs. Spectrum 

acquired using  a 1 in 10 dilution, at a scan rate of 600  nm/min.  
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4.3.1.2 Tuning the LSPR of Hollow Gold Nanoparticles  

HGNs are preferential nanostructures due to their tunable LSPR, which can 

be shifted for a specific application.  Tuning the LSPR to a particular 

wavelength in  the biological window (700 - 1100 nm) or shifting to resonate 

with a specific laser excitation source is most often beneficial for the 

application.  

The shift in LSPR is attributed to the change in the ratio between the NP core 

diameter and the shell thic kness.228,242,243  An increase in the core: shell aspect 

ratio would increase the nanoshell diameter, res ulting in a bathochromic 

shift (red shift) of the plasmon resonance, evident with a colour change from 

a vibrant blue to a grey -blue. Similarly, decreasing the ratio would result in 

a hypsochromic shift (blue shift), which would yield HGNs of red/purple 

colour. 231 In an effort to shift the LSPR further into the biological region, the 

core: shell  aspect ratio  was adjusted to  push the LSPR to longer 

wavelengths. Various ratios were investigat ed and batches of HGNs ranging 

s| >NJMí« pª~{ Å¿Æ å 850 nm were synthesised, as shown by their extinction 

spectra in Figure 4.6. 
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As predicted , and mentioned in the literature, the LSPR for the HGNs shifted 

to higher wavelengths with increasing Au 3+.244,245 This was evident from the  

colour gradient which was observed with increasing wavelength. These 

nanoshells were blue in appearance and the intensity of the colour 

decreased as they tended towards longer wavelengths. As HGNs shift 

towards longer wavelength s, the intense blue colour begins to drop, and 

they develop grey tone s.226,231  The extinction spectra in Figure 4.6(a) were 

broad highlighting a size distribution within each batch of prepared HGNs. 

a) 

b) 

Figure 4.6: a) Extinction spectra showing batches of HGNs synthesised with varying LSPR from 718 å 

850 nm, with the LSPR of each spectrum given in the key of the figure. The ratio of Ag:Au investigated 

for each batch are provided in section 6.3.2 of the Experimental chapter.  The spectra were taken at a 

scan rate of 600 nm/min. b)  7{^qk ~p f^®grk« ~p 65@« µs®r ®rksª ªk«§kg®s´k >NJMí« «r~µs|q ®rk g~z~¯ª 

gradient observed upon a  bathochromic shift.  
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This could be attributed to the synthesis, as it is impossible to get the same 

amount of gold onto each AgNP, therefore resulting in particles wi th varied 

diameters.  

In this particular study, the sacrificial template (AgNPs) was kept constant 

between the batches, hence, with the Au 3+ concentration increasing, it 

would allow for the extra Au to deposit on the o uter surface, resulting in a 

thicker shell. This resulted in the average diameter of the HGN increasing as 

shown by the DLS data provided in Figure 4.7. 

 

Although the average diameter increased with increasing Au 3+ 

concentration, there was a slight deviation from the general trend with the 

second batch (HGNs 772). As the size data was considerably larger than 

anticipated, this was thought to be an experim ental error. The study was not 

Figure 4.7: Bar chart with DLS data of various batches of HGNs with varying Ag:Au ratio. The error 

bars show the standard deviation of each batch. Measurements were carried out in tri plicate. The title 

of each sample is their respective LSPR. 
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repeated as the aim here was to outline the general correlation between 

LSPR and average diameter. The correlation between increasing diameter 

and increasing LSPR is also exhibited in several studies in literature, further 

strengthening the fact that this was an experimental error. 226,231,242  As a more 

definitive measurement, SEM or TEM (Transition emission microscopy) 

could be carried out to determine the exact dimensions of the particles.  

Another point that can be mentioned is that the DLS  data correlated very 

well with the extinction spectroscopy data . It has been previously reported 

that a shift in LSPR is indicative of a change in NP shape, size, and/or 

aggregation. The size data confirmed th at as the Au: Ag was adjusted to 

increase the shell thickness, hence the size of the HGNs, the LSPR also 

increased. The LSPR also affects the plasmonic properties of the HGNs, 

which is indicated through a change in the colour of the colloidal solution. 166  

From this study, the chosen ratio of Ag: Au was 3:2.5, as the resulting LSPR 

of those HGNs (772 nm) was in close proximity to the excitation wavelength 

of the heating laser  (785 nm). It was known that the exact wavelength would 

not be reproducible with a repeat synthesis, however, would be in close 

proximation. The synthesis was scaled up and this gave HGNs with an LSPR 

of 748 nm , and this batch was used for subsequent studies mentioned  in the 

remainder of this chapter. The extinction profile of this particular batch is 

given in Appendix  6. SEM data was also acquired which determined the 

diameter of the nanoshells to be predominantly ~60 nm ( Figure 4.8), 

although a range of sizes were observed. This can be correlated with the 

broad LSPR, which highlighted the polydispersity of HGNs. In literature 

HGNs, with an LSPR of ~740 nm were shown to have a diameter of 50 nm, 

hence it was understood that a dimeter of ~60 nm would be typical of HGNs 

with an LSPR of 748 nm.226 The difference in size between the nanoshells and 

their template (AgNPs ) is attributed to the different analysis techniques 

used. The latter were analysed by DLS which, typically, is an overestimation 

of the average diameter. From the literature, AgNPs with a similar LSPR is 
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known to be ~30 -35 nm. The resolution of the micros cope used was not high 

enough to detail the pinholes/cavities in the nanoshell, which occur on the 

surface of the nanoshell, yet the hollow centre was evident. TEM would be 

better at detailing the pinholes/cavities in the nanoshell. This would also be 

essential for determining the shell thickness, as SEM could not provide this . 

The zeta potential, as mentioned previously, provides information o n the NP 

surface charge, which indicates the stability of the nanostructures. HGNs 

were found to have a zeta potent ial of -49.6 ± 5.1 mV, an expected net 

negative charge due to the citrate ions present on the surface of the HGNs. 

As the value was greater than the proposed value of 30 mV, the HGNs were 

considered stable. 155  

In summary, a successful synthesis could be confirmed. Comparing the 

starting (AgNPs) and final products (HGNs), an increase in LSPR and size was 

observed, as well as observing a  hollow centre in the SEM for the final 

product. It would have been interesting to obtain a n SEM of the AgNPs to 

highlight the change in solid AgNPs versus hollow HGNs, however , this was 

not acquired . An example  is presented in the work of Sun et al., who outline s 

the gradual galvanic replacement reaction through TEM images. 239 

Figure 4.8: a) SEM of batch HGNs with a LSPR of 748 nm. Image was taken using a field -emission 

environmental SEM. b) Zoomed in image (a) to display the sizing.  

a) b) 
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4.3.1.3 Functionalisation of Hollow Gold Nanoparticles  

There are many bio/molecules and linker molecules that can be used for 

surface modification of HGNs. Amongst them is PEG (polyethylene glycol), 

a linker molecule, which can prevent the nanoparticles from being cleared 

by the RES (reticuloendothelial system ), hence the nanoparticles have 

longer circulation time in the body. 227 Biomolecules such as antibodies, 246 

aptamers 247, and polypeptide chains, 248 have been used for tumour 

targeting. An example of this can be seen in the work of Melancon et al. who 

attached monoclonal antibodies to HGNs intending to target and ablate 

epidermal growth factor r eceptor (EGFR)-positive cancer cells in vitro, a 

receptor overexpressed in a variety of solid tumours such as cancers of the 

brain, pancreas, and lungs. 249 Likewise, there are numerous other cases 

where HGNs are functionalised with biomolecules for tumour targeting, 

however, the literature is deficient in using HGNs as agents for CVD systems. 

Therefore, partly the focus of this research was to contribut e and strengthen 

the bridge between HGNs and CVD.  

/««k|®s^zz· rkªkÏ ®rk ^s{ µ^« ®~ ì®ª^|«pkªí ®rk k|®sªk p¯|g®s~|^zs«^®s~| §ª~gk«« 

of the cholesterol modified nanoparticles to HGNs, by keeping the same 

method of adding a Raman active dye and then the chol -DNA. However, 

modifications were made knowing that HGNs had an overall larger surface 

area.  

In the first instance, MGITC was functionalised on to the HGNs at a final 

concentration of 0.1  µM. MGITC was the dye previously used in the work 

with spherical Au NPs and it was decided , for consistency , that the same dye 

would be used for these studies. The reason for this chosen concentration 

was because it was again used for spherical AuNPs, hence it was initially 

trialled  with HGNs to see if a signal could be id entified. Upon an intense 

signal being seen, this was chosen as the concentration to move forward 

with. SERRS was carried out prior and post DNA functionalisation and it was 
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observed that the signal remained intense ( Figure 4.9). The slight drop in 

the intensity after adding the DNA was attributed to the unbound dye being 

removed in the centrifugation step and potentially, the DNA removing some 

dye whil st attaching to the surface of the HGN.  

 

 

The DNA functionalisation  step proved to be slightly more problematic. 

Firstly, it was difficult to estimate the ratio of DNA:  HGN to add as this could 

not be worked out solely using the size data from the DLS. The concentration 

of the HGNs could also not be calculated due to inst rument limitations. 

Hence, it was decided that the best route was DNA loading using the volume 

of DNA, and from this, the concentration of the added DNA could be 

calculated. The final aim was to get a full  coverage of chol -DNA so this was 

thought to be a v iable route. 50 µL of DNA was added which gave a final 

Figure 4.9: SERRS spectrum displaying functionalisation of HGNs + MGITC (Teal) and HGNs + MGITC 

+ chol -DNA (Purple). Spectra was acquired using a Snowy Range Raman spectrometer with a 638 nm 

laser excitation wavelength. A 40 mW laser power was utilised with an integration time of 1 second. 

Data presented is an average of three replicates, and all data was processed and averaged in 

MATLAB®. 
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concentration of 0.75 µM in solution. This  was conclusive from the extinction 

spectra, Figure 4.10, which were used to characterise the conjugates.  

  

 

 

From the abov e results, it was observed that the chol -DNA functionalised 

HGNs had undergone a bathochromic (red) shift from that of the bulk HGN 

solution (HGN 748 - before any modifications and centrifugation steps). 

However,  the MGITC functionalised HGNs and bare HGNs , in an opposing 

manner, had a hypsochromic (blue) shift. The results correlated with a 

successful functionalisation because when a shift in the LSPR and/or 

broadening of the peak is observed, it is indicative of a change in the size, 

shape, or surface environment of the nanostructure. 61 As there was peak 

Figure 4.10: Extinction spectra from the HGN functionalisation experiment showing HGNs alone 

(blue), HGNs + MGITC (purple), HGNs + MGITC  + Chol -DNA (Teal). Spectra were acquired at a 

baselined scan rate of 600 nm/min, with three replicates. Spectra were averaged and normalised (at 

450 nm) using Microsoft® Excel and Origin®.  The un -normalised spectra are given in Appendix 7.  
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broadening and shifting observed, the functionalisation was successful. 166 

Other reasons also contributed to this conclusion. Firstly, with the 

attachment of the bulky chol -DNA, this increased the overall diameter of the 

HGN, therefore shifting t he LSPR to a longer wavelength of 757 nm. A similar 

trend was also observed when chol -DNA had successfully attached to 

spherical AuNPs. Secondly, the controls (Bare HGNs and MGITC -HGNs) did 

not have a full monolayer coverage due to the absence of DNA, whic h meant 

they did not have a protective layer, and thus when they underwent the 

centrifugation step, they started to degrade. With the slight deterioration of 

the shell, the diameter decreased resulting in a hypsochromic shift. It should 

be noted that the M GITC functionalised HGNs had the same concentration 

of dye added as to that of the DNA functionalised HGNs , as the aim was to 

highlight the free surface available for DNA attachment. The MGITC coated 

HGNs shifted to 741 nm and the bare HGNs to 728 nm. A si milar case was 

mentioned by Kearns et al. in their work, in which they discussed the heating 

of PNIPAM (poly(N - isopropyl acrylamide)) coated HGNs. 250 The control of 

citrate capped HGNs, post -heating, were analysed by extinction 

spectroscopy to highlight aggregation, evidently seen from the 

considerable peak broadening and dampening. They reasoned that the 

bare HGNs, due to the absence of a protective coating, were not stable 

during photothermal experimentation. Here, however, the con trol peaks did 

not undergo  such excessive changes as the functionalisation process did not 

change the morphology of the HGNs as much  as heating had for the bare 

HGNs in Kearns work. A quick comparison between the original extinction 

spectra of the colloida l HGNs and the control bare HGNs was made, which 

displayed considerable peak dampening and broadening of the latter 

(spectra provided  in Appendix 8). This again highlighted that the control 

bare HGNs from the experiment were tending towards aggregation. A study 

by Chandra et al. also highlighted that the blue shift in HGNs LSPR was as a 

result of aggregation, with the extent of the shift dependent upon the shell 

thickness.251 A kinetic study or timed -extinction studies could be carried out 
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to track the aggregation process however due to time constraints these 

could not be conducted.  

Prk ^´kª^qk >NJMí« pª~{ ®rk k¶®s|gtion spectroscopy data were plotted in a 

scatter graph against the original LSPR of the batch HGNs, as shown below 

in Figure 4.11Î 6kªkÏ ì65@«í ªkpkªªki to the control sample from the 

p¯|g®s~|^zs«^®s~| k¶§kªs{k|® ^|i ì65@« Ý~ªsqs|^z >NJMÞí ªkpkªs to the LSPR of 

the batch HGNs. Displaying the LSPR in this manner allowed for a clearer 

visual understanding of the shifting observed.  

 

The cholesterol functionalised HGNs were also analysed by DLS  to 

determine their average diameter, which was found to be 132 ± 4.1 nm. The 

diameter of the original bare HGNs was previously found to be 109 ± 6.8 

Figure 4.11: Scatter graph of LSPR's highlighting the bathochromic and hypsochromic shifts from the 

~ªsqs|^z 65@ >NJMÏ ¯§~| {~ispsg^®s~| ~p 65@«Î Prk >NJMí« µkªk ®^yk| pª~{ ®rk k¶®s|g®s~| 

spectroscopy data and each sample was anal ysed in triplicate. The data was averaged and plotted 

using Microsoft® Excel and Origin®.  
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nm. With a considerable increase in the average diameter, this was further 

confirmation that the surface h ad been modified and was consistent with the 

extinction spectroscopy data. As mentioned previously, the chol -DNA is a 

bulky moiety, hence it was expected that the diameter would increase. 

These DLS results were also consistent with a study carried out by M ackanic 

et al. in which they functionalised ssDNA onto HGNs and witnessed an 

increase in the hydrodynamic diameter of the particles due to 

oligonucleotide attachment .252 Prk ®µ~ g~|®ª~z« ~p ì?57P+-65@«í ^|i 

ì65@« "z~|kí pª~{ ®rk p¯|g®s~|^zs«^®s~| «®¯i· µkªk |~® ->N ^|^z·«ki ^« ®rk· 

had degraded. A bar graph exhibiting  the size difference with the associated 

error is given in Figure 4.12 below.  

 

 

Figure 4.12: Bar graph illustrating the increase in average diameter of HGNs once the cholesterol is 

functionalised onto the surface. Data was obtained using DLS with three measurements taken of each 

sample. The error bars represent the standard deviation associated with the sample data. Data was 

averaged using Origin®.   
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4.3.1.4 Investigating the Stability of Functionalised Hollow Gold 

Nanoparticles  

The long -term stability is important for functionalised HGNs, especially if 

progressing towards in vitro  studies. Modified HGNs have been known to 

maintain colloidal stability when conjugated with varying biomolecules such 

as antibodies 247 and aptamers 253 for various selective targeting studies, 

highlighting th e fact that they do remain stable for the duration of their 

cellular uptake work. In the work of Grabowska -Jadach et al., in which HGNs 

were functionalised with a selective aptamer towards targeting tumour cells, 

it was mentioned that they left their conju gates in the fridge for up to two 

weeks and only upon noticing precipitation were they deemed unusable. 253 

This gave an insight into the shelf life of HGN conjugates.   

Here, the conjugat es did not show any visible aggregation for many days 

after functionalisation and being left in cool surroundings  (Appendix 9), 

however, it was thought that a comparison of their extinction spectra post  

synthesis and then after a duration of time would det ermine if there were 

any changes. For this reason, extinction spectra were taken after one week 

of functionalisation and compared to the initial spectra, as shown in Figure 

4.13. 
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The blue shifting of the LSPR after one week concluded that the particles 

were changing over this period. The hypsochromic shift was evidence that 

potent ially the gold shell was beginning to collapse in on itself and this 

reduction in the diameter was resulting in such a change. The reason for this 

change could be that the entire surface was not covered with DNA, exposing 

it to slow degradation. The HGNs h ave pinholes that enable the inside of the 

hollow shell to allow attachment of biomolecules also. It may be that some 

of this surface is left exposed so although  the outer surface is covered, the 

inside  surface may have some exposed area. Time permitting, it would have 

been interesting to track their stability daily which would highlight whether 

the changes were instant or after some time. It should be noted that all 

studies were carried out with fresh batches of conjugates, hence no 

interference in results  from stability issues are anticipated and these studies 

were only carried out to determine their shelf life.  

 

Figure 4.13: Stability study of chol -DNA HGNs in which the conjugates were analysed after one week 

and data compared to the initial extinct ion spectra. Spectra were taken at a scan rate of 600 nm/min 

and are an average of three replicates.  
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4.3.2 Photothermal Studies Using an In -House Setup 

The photothermal properties of metallic nanostructures are advantageous 

in a clinical setting. These  ì^qk|®«í g^| fk isªkg®ki ®~ ^ªk^« ~p s|®kªk«® ^|i 

when the heat is applied to them, their internalised heat can dissipate to the 

surroundings resulting in damage to the nearby cells. This therapy method 

has been widely used in cancer therapy as cancerous cells have a lower 

thermal tolerance in comparison to healthy cells. 78  

Recently, this approach was extended to CVD, an d the first -in-man trial 

utilising plasmonic photothermal therapy (PPTT) for the regression of 

atherosclerosis was carried out. The Plasmonic Nanophotothermal Therapy 

of Atherosclerosis (NANOM -FIM) trial looked at two approaches to NP 

delivery. 26 One set of patients received a bio -engineered on -artery patch of 

silica-gold NPs, which was implanted using a minimally invasive cardiac 

surgery, and the other group had silica -gold iron NPs delivered to th e artery 

via a micro-catheter. The control group received stent implantations. The 

therapy, carried out with either an intravascular or transcutaneous NIR laser, 

resulted in a reduction of the atherosclerotic plaque with both of the 

nanoparticle treatments . The greatest results, however, were obtained from 

the treatment via the on -artery patch of silica -gold NPs. This trial highlighted 

that PPTT does contribute to the minimisation of atherosclerotic plaque 

development and has the potential to be utilised as  a therapy method for 

CVD.  

HGNs in particular, have shown pronounced heating capabilities due to 

being efficient at converting light energy into heat. 254 In an effort to 

understand whether modifying HGNs with chol -DNA co uld result in 

enhanced thermal destruction in vitro , an in-house heating setup was used. 

In general, this setup comprised of a CW 785 nm laser excitation source 

directed at a small glass vial (1.75 mL) which contained the sample. A K -type 

thermocouple prob e inserted into the glass vial was used to record the 

temperature reading, which was visual on a connected Picologger. The 
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probe was kept out with the path of the laser, as otherwise , this would 

increase the temperature reading. An image and schematic of the in -house 

setup can be seen in Figure 4.14 below.  

 

 

4.3.2.1 Heating of Bare Hollow Gold Nanoparticles  

Initial studies carried out investigated the heating profiles of bare HGNs 

(Figure 4.15). Upon irradia ting the sample of bulk HGNs using the CW 785 

nm laser excitation source, the temperature saw a sharp incline that started 

Figure 4.14: (top) Image of the in -house setup. (bottom) Schematic of the in -house setup detailing the 

parts within the setup. Arrows direct the laser direction from a 785 nm CW laser excitation source. The 

image is not drawn to sc ale.  
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to plateau after ~10 minutes of heating, once the maximum bulk 

temperature had been reached. Thereafter, the temperature remained 

constant until the end of the heating cycle, which was 30 minutes. 

Temperature recordings were taken using a K -type thermocouple probe, 

which was inserted into the HGN solution through an opening made in the 

cap of the glass vial, with real -time data being co llected on the Picolog 6 

data logging software. A maximum laser power of 330 mW was used to heat 

the sample, which saw the HGNs increase in temperature by just over 20 C. 

This was a result of the multi -step light to heat conversion process as 

described in  section 1.3.2 of this thesis. In summary, the surface electrons 

on the HGNs become excited, after which a series of electron -electron, 

electron -phonon, and phonon -phonon processes occur, and the thermal 

energy is transferred to the bulk solution, increasi ng its temperature. The 

HGNs had an LSPR of 748 nm, which was in resonance with the laser 

excitation (785 nm), also contributing to the heating efficiency.  
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From the heating profiles, there was clear discrimination between the 

profiles of HGNs and AuNPs. Whilst there was a sharp increase in the 

temperature of the bulk  HGNs, the latter had a profile very similar to that of 

water, which was the control, and both displayed very little bulk thermal 

change. This was due to several factors: firstly, the LSPR of HGNs closely 

matched that of the laser excitation wavelength, an d secondly, HGNs are 

known as highly efficient light to heat converters. 254 The reason being that 

the conversion of electromagnetic energy into thermal energy is higher in 

porous nanostructures in comparison to their soli d counterparts. 255 The 

results outlined above were consistent with a similar study carried out by Xie 

et al. in which they looked at the heating profiles of 775 nm HGNs and 

spherical AuNPs.59 

Upon cycled heating of the same sample of HGNs, it was noticed that the 

maximum temperature of the bulk solution decreased with each cycle of 

Figure 4.15: Heating profiles of HGNs and AuNPs. Profile shows a 20 °C increase in bulk temperature 

of HGNs in comparison to only a couple of degrees increase in the bulk temperature of AuNPs. 

Heating studies were carried out using a laser with a 785 nm CW laser exci tation source at full power 

(330 mW). Studies were carried out over a 30 minute time period.  
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heating. This was thought to be degradation of the HGNs, throug h repeated 

heating resulting in them not being able to heat as efficiently as the first 

cycle. This was also consistent with previous findings. 250 It is for this reason 

that subsequent studies did not have replicates from the same HGN s 

sample. The cycled heating profile of a batch of HGNs is given in Figure 4.16, 

where heating was carried out for 30 minutes followed by a 15 minutes 

cooling period to allow the bulk temperature to return to its initial starting 

temperature. The cooling periods are highlighted between the dashed blue 

lines.  

 

 

A maximum laser power of 330 mW was initially used for all heating studies. 

Due to time constraints, studies varying the laser powers could not be 

carried out however, it is generally known that with increasing laser intensity, 

increased heating is observed, especially at  the surface of the nanoshell. 

Figure 4.16: Cycled heating and cooling of HGNs. Heating was carried out over a 30 minute period 

followed by a 15 minute cooling period, which is highlighted between the dashed blue line. A CW 

785 nm laser source was used at maximum power (330 mW).  
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Hatef et al. studied the surface temperature of HGNs with a 40 nm diameter 

and 3 nm shell thickness  against laser intensity .256 Using a CW laser 

excitation, results exhibited that surface temperature increased linearly as 

the laser intensified. Furthermore, investigating the temperature in and 

around the nanoshell itself, confirmed that the heat affected zone was in 

close proximity to the surface and a temperature drop was observed as the 

distance from the nanoshell surface increased . At a 200 nm distance, the 

temperature was ~10% of its maximum value. This study also highlighted 

that the temperature at the surface of the HGNs would be exceedingly high 

compared to that of the bulk solution.  

Hatef et al. also compared the three types of laser light irradiations: CW 

(continuous -wave), short (nanosecond), and ultrashort (femtosecond) pulse 

laser. Their ideology was that a CW laser is best suited for applications that 

require an enduring, moderate increase in temperature heating such as t he 

photothermal release of molecules and hyperthermia. This is the reason why 

this study primarily focused on the use of CW laser instead of a pulsed laser.  

 

4.3.2.2 Photothermal Studies  of Bare Hollow Gold Nanoparticles  In 

Vitro 

With the efficient heating profile  of bare HGNs, the next step involved 

investigating their role as photothermal agents in cells. Their ability to 

promote thermal destruction in the cellular environment would then allow 

for studies with cholesterol modified HGNs in determining whether the latter 

have enhanced performance in thermal destruction, due to their increased 

cellular uptake.  

Due to instrument limitations , the HGN concentration was calculated after 

photothermal studies , and hence all photothermal studies were carried out 

by volumes.  The concentration of HGNs was worked out after the study to 

be 26.7 ɟM and was three -fold lower than that of AuNPs , which were 96.5 
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ɟM. Although the HGNs  were of a lower concentration, they were more 

efficient at heating than their spherical counterparts, as will be observed. A 

procedure was devised whereby 30 µL of HGNs were added to cells which 

had a concentration of 1.5 x 10 6 cells/mL. HUVECs were the chosen cell line 

as these were the primary focus of this research work. The nanoshells were 

incubated with the cells for 3 hours. Thereafter, the cells were counted, and 

samples were made up in small glass vials. These were kept in the incubator 

during the heating studies to minimise cell death by exposing the cells to 

undesirable surroundings. Each sample was heated for 30 minutes to allow 

comparability between results. Again, the resonant CW 785 nm laser 

excitation source with a maximum power of 330 mW, wa s used to ensure 

maximum heating of the samples. The temperature of the bulk solution 

could not be measured as it was not possible to insert the K -type 

thermocouple probe into the sample. This would contaminate the probe 

with cells, meaning one probe would  have to be used per sample and as this 

was not feasible, temperature recordings were avoided.  

Succeeding heat exposure, the remaining cells were counted using the 

traditional Trypan blue staining method, as stated previously in section 

3.2.5. Each sample was counted three times in a quick, yet efficient manner 

and the results were combined into a bar graph as shown in Figure 4.17. As 

controls, HUVECs alone, followed by bare AuNPs in HUVECs were heated.  
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From the initial heating studies carried out in vitro , it was distinctly evident 

that HGNs, through their remarkable heating capabilities had increased 

cellular death. The cell viability was considerably lower in comparison to the 

controls. It should be noted that the contribution from the surrounding 

media was negligible and this could be stat ed by the results from the 

controls as they displayed minimum change to cell count, therefore 

confirming that the media itself was not a contributor. The other point to 

mention is that the laser light was directed towards the solution and every 

effort was made to avoid it being directed at the glass vial sides, as this 

would increase the temperature of the bulk solution considerably. Hence, 

the results suggest that the HGNs were primarily the reason for cellular 

destruction. The respective cell count for ea ch sample is provided in Figure 

4.17(b).  

 

Figure 4.17: Bar charts depicting: a)cell viability, b) cell counts post heating of bare HGNs in HUVECs. 

The data confirmed HGNs to have a pronounced th ermal effect in the cellular environment. Each 

sample was heated for a period of 30 minutes, using a 785 nm laser excitation source at full power 

(330 mW). Cell counts were carried out in triplicates for each sample and three replicates of the study 

were carried out to calculate an average cell count as shown in the chart. The standard deviation is 

given in the form of error bars.  
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4.3.2.3 Photothermal Studies  of Cholesterol Modified Nanoshells In 

Vitro   

The next step involved the heating of chol -DNA HGNs in HUVECs (Figure 

4.18). It was expected that with the modification of cholesterol onto the 

HGNs, there would be increased cellular uptake of t hese nanoshells, 

resulting in increased cellular ablation. Bare and functionalised HGNs were 

incubated with cells for three hours before detaching and counting. Samples 

with an initial cell concentration of 1 x 10 6  cell/mL were prepared in small 

glass vials and left in the incubator during heating studies.  

 

 

Analysing the results from the study ( Figure 4.19), the cholesterol modified 

HGNs seemed to show greater penetration into the cells. This was attributed 

to the fact that the cell viability was lower (61%) than for the bare HGNs 

(76%), hence there would have been more HGNs internalising resulting in 

increased heating. Another point to mention is that although each study was 

carried out with 30 µL of bare/functionalised HGNs, the concentration of the 

two may have slightly differed. This is becau se as the functionalised HGNs 

Figure 4.18: Schematic illustrating the heating of chol -DNA HGNs in HUVECs using a NIR 785 nm 

laser, subsequently being stained with Trypan Blue, and a live cell count being carried out using a 

microscope. Schematic is not drawn to scale.  
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underwent a centrifugation step during the functionalisation process, they 

would potentially have lost some nanoparticles, thus resulting in a slightly 

lower bulk concentration. In saying that, showing greater heating 

capabili ties again highlighted that the cholesterol did have pronounced 

effects on cellular ingestion.  

It was also thought to investigate whether having the cells outwith their 

optimum conditions (37 °C and 5% CO2) contributed to cell death. Hence, 

samples (chol-DNA HGNs in HUVECs) were also left out at room 

temperature next to the heating setup. These samples gave an average cell 

viability of 62%, showing very similar effects to their heated counterparts. 

Although this could suggest that the heating may not neces sarily have been 

the cause of cell death, and in fact, it was the removal of the cells from their 

optimum conditions. In defence, it could be argued that when the samples 

are subjected to laser irradiation, they are exposed to high temperatures 

and the tem perature at the surface of the nanoparticle will be much higher. 

Therefore, it may be the case that for each sample the reason permitting cell 

death is varied. This was an initial study with only two repeats, hence the 

potential of experimental error and t he variability in cell counts has to be 

taken into consideration. This is because, with each sample preparation for 

counting, the pipetting error can contribute drastically to the variance in cell 

numbers. The respective cell count for each sample i s provi ded  in Figure 

4.19(b). 

 

 

 

 



 

129 

 

 

To understand if the currently used laser output is viable in an in vivo setting, 

the laser intensity was compared to that used in previous clinical trials and 

also literature. In the NANOM -FIM trial, which was mentioned in section 

4.3.2, a mW NIR laser was utilised for a 7-minute exposure time  (35-44 

W/cm 2).26 In comparison to that, the laser used in this study used a m W laser 

irradiation for a 30 -minute exposure time,  with a power  density of 0.825 

W/cm 2. In other studies, a 50 mW /cm 2 laser power was used for 1 minute of 

heating ,237 and another used a 3 2 W/cm 2 laser power for 3 minutes. 233 The 

´^ªs^®s~|« s| s|®k|«s®sk« ^|i ®s{s|q« g~|gz¯iki ®r^® ^ ì«®^|i^ªií p~ª z^«kª 

powers and heating times does not exist. The NANOM -FIM trial mentioned 

that the characteristics of the laser were personalised in their case, taking 

into consideration the body -mass index, thickness of skin, amongst other 

factors, which can be expected as tissue depth and severity of tumour will 

be case dependent. 26 These comparisons were used as a general guideline 

to help decipher whether such parameters used in this study were 

Figure 4.19: Bar charts illustrating:  a) cell viability, b) cell counts post heating of bare HGNs and chol -

DNA HGNs in HUVECs. The data confirmed chol -DNA HGNs to have a pronounced thermal effect in 

the cellular environment. Each sample was heated for a period of 30 minutes, using a 785 nm la ser 

excitation source at full power (330 mW). Cell counts were carried out in triplicates for each sample 

and two replicates of the study were carried out to calculate an average cell count as shown in the 

chart. The standard deviation is given in the form  of error bars.  
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comparable to those used in vivo or if major adjustments needed to be 

made to obtain results accordingly. Future work would involve trying to vary 

the laser intensity and observing the cell viability in such a case.   

 

4.3.3 2D SERRS Mapping of Cholesterol Modifie d Nanoshells  In 

Vitro 

2D mapping was carried on HGNs in HUVECs to confirm that these 

nanostructures were successful in cellular uptake, although this was 

anticipated to be the case. HUVECs were plated 24 hours prior to HGNs 

addition, after which they were incubated for 3 hours. The cells were then 

washed and fixed down before mapping. All mapping was carried out using 

a 633 nm laser excitation source at 10% laser power, with a 1 second 

acquisition time and a 2 µm step size. Data were processed using WiRE 4. 2 

software and DCLS plots were used to analyse the data, which are given in 

Figure 4.20.  
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Figure 4.20: DCLS of 2D SERRS mapping of functionalised HGNs in HUVECs. a/b) HUVECs alone, c/d) 

Chol -DNA HGNs in HUVECs. Cells mapped using  a Renishaw inVia Raman confocal microscope and 

data processed using WiRE software. Maps acquired using a 633 nm laser excitation with 1 second 

acquisition times, at 10% laser power. False colour images were generated using DLCS analysis and 

show the successful uptake of functionalised HGNs in cells. e) A typical MGITC signal observed from 

the cellular environment (red) compared to the reference MGITC spectrum, used for DCLS analysis 

(blue). 
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The maps indicated that there was considerable uptake of the func tionalised 

HGNs. Although the majority of the signal came from within the cell, there 

was also a signal from the extracellular space. This was thought to  be the 

nanoparticles that were close to being ingested , as they are close to the cell 

membrane. It may  also be the case that HGNs need a little longer in 

incubation with the HUVECs. As previous cell studies were conducted with 

three  hour incubation times, the conditions were kept consistent here, 

hence future studies would look to optimising the incubation  times. The % 

SERRS response per cell area was calculated using ImageJ, as described in 

section 6.2.2.2. From 10 biological samples, the average % area of SERRS 

response was found to be 2.6 %. It should be highlighted that the cellular 

uptake was not as high as for spherical nanoparticles functionalised with 

cholesterol DNA (16.2 %) because here, 30 µL of functionalised 

nanoparticles were added in keeping consistent with other studies carried 

out in this chapter. Spherical cholesterol modified particles wer e added at a 

concentration of 6 ɟM previously. This experiment was carried out merely to 

confirm that there was successful ingestion of nanoshells. Further 

experimentation would need to be carried out to optimise the concentration 

of HGNs for in vitro  studies, and in line with previous in vitro  studies, 

comparing controls of pegylated or polyT -DNA HGNs, which would, in turn, 

allow a better understanding o f their uptake. 3D SERRS mapping is also 

proposed, which would confirm the MGITC signal from within the 

intracellular space.  

 

4.3.4 Cytotoxicity Evaluation of Cholesterol Modified Nanoshells  

In Vitro 

It was important to understand the toxicity of HGNs and whether the prime 

contribution towards cell death was either the HGNs themselves or th e 

heating. Bare AuNPs are non -toxic, however bare AgNPs are cytotoxic. The 

synthesis of HGNs involved AgNPs as a sacrificial core and hence there  was 
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the possibility of the remainder of traces. A study was prepared where by 

cells were incubated with both, H GNs and chol -DNA HGNs, and 

subsequently stained with Trypan blue for counting to determine cell 

viability. The results presented in Figure 4.21 determin e that HGNs do not 

have a significant effect on cell viability and in fact, have good 

biocompatibility with the cells. The cell viabilities for both samples were 

86%, and the slight reduction in the cell count was attributed to unreacted 

AgNPs, which may have a cytotoxic nature. If HGNs themselves were 

cytotoxic then the cell viability would have been much lower. These results 

were concordant with the work of Grabowska -Jadach et al, who confirmed 

HGNs to be non-toxic  when they incubated aptamer -functionalis ed HGNs 

with tumorous (A375) and normal cells (HaCaT). Using an MTT assay they 

deduced that their functionalised HGNs did not have a detrimental effect in 

vitro .253 The cell count for each sample is provided  in Figure 4.21(b).  

 

Another vital question poses as the excretion of HGNs  in vivo. Their non-

cytotoxic nature is witnessed, however, if they are not easily excreted from 

Figure 4.21: a) Cell viability and b) cell counts from the studies of bare and functionalised HGNs in 

HUVECs, which show the non-toxic nature of HGNs to cells. Viability studies were carried out using 

the Trypan blue staining and counting method. Experiment was carri ed out in duplicate with three 

replicates of each sample taken. The standard deviation is given as error bars.  
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the human body, this could potentially be harmful. Recently, Zhang et al. 

published a study in which they synthesised biodegradable HGNs for IPT -BT 

(photothermal -brachy-therapy). Their remarkable study outlined the 

decomposition of HGNs into less than 5 nm wit hin 24 hours, subsequently 

allowing renal clearance. They were able to reach this understanding by 

trialing  the HGNs in various simulated physiological environments using a 

biological simulation system. 257 This study provides an insight into the 

clearance ability of HGNs from the human body. In addition to this, many 

other research groups have investigated the clearance abilities of differing 

nanostructures from the body and conclude that these can efficien tly clear 

from the system if they are optimised for renal clearance. 258,259  

Although a g eneral statement can be made concerning the toxicity of HGNs 

or any other nanostructures, it is important to remember the sensitivity of 

«¯gr ªk«k^ªgr ^« s® s|´~z´k« ªs«y ®~ rk^z®rÎ "« ©¯~®ki f· 5^i k® ^zÎÏ êÎÎs® s« 

important to treat each nanoparticle app lication individually to determine 

®rk §~®k|®s^z fk|kps®« ^|i r^º^ªi« ®~ §¯fzsg rk^z®rëÎ260 

 

4.3.5 Concluding Remarks   

HGNs are demonstrated as biologically applicable nanostructures due to 

their ability to navigate their LSPR in the NIR region, attracting many 

biological and medical applications. The HGNs were synthesised to have an 

LSPR as close as possible to the heating laser, which in this case was 785 nm. 

Successful synthesis yielded HGNs with an LSPR of 748 nm and size data 

obtained from the SEM indicated the nanostructures to have an average 

diameter of 60 nm. Thereafter, HGNs were successfully functionalised with 

chol -DNA and MGITC, a monolayer coverage sufficiently stabilising the 

nanoshells. Extinction spectroscopy and DLS data confirmed successful 

functionalisation, shown by an increase in diameter size and an 
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bathochromic shift in the LSPR, in comparison to a hypsochromic shift seen 

by the bare HGNs, due to aggregation.  

Photothermal studies of bare and functionalised HGNs were carried out 

using a NIR 785 nm laser excitation source. In the first study of comparing 

HGNs to spherical AuNPs, the former displayed remarkable heating, in line 

with a similar study in literature. 59 And again during in vitro  studies, the HGNs 

successfully ablated surrounding cells as seen by the considerably reduced 

cell viability. As the PTT studies moved forward to compare bare and 

functionalised HGNs, the latter did have a pronounced effect in cell death, 

even though they had a lower concentr ation than the control. However, the 

cell viability of chol -DNA HGNs left at room temperature was very similar to 

its heated counterpart. This study was preliminary and would require further 

work to investigate whether the reason for cell death was the hea ting or the 

cells being out side their optimum surroundings. All photothermal studies 

were carried out using volumes instead of concentrations as at the time SEM 

data was not acquired. The concentration of HGNs was worked out after the 

study to be 26.7 ɟM and was three-fold lower than that of AuNPs which were 

96.5 ɟM. Although the HGNs were of a lower concentration, they were more 

efficient at heating than their spherical counterparts.  

Due to laboratory closures and time constraints, planned optimisation 

studies of the heating experiments could not be carried out. These studies 

were to include optimising the laser power, heating times, and 

concentrations of HGNs. It would be interesting to investigate the minimum 

concentration of HGNs required to provide an effective response in cell 

ablation. Optimising concentration of HGNs with a reduced laser power 

would help reduce the potential risk of any thermal damage in vivo. In 

^iis®s~| ®~ ®rs«Ï s® µ~¯zi fk s{§~ª®^|® ®~ ¯|ikª«®^|i ®rk ì{s|s{¯{ i~«kí ~p 

HGNs which would provide an effective response.  Further to this, the laser 

intensity also requires much attention to understand the minimum amount 

of light required to efficiently heat and kill cells simultaneously. These 
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studies would be important in trying to minimi se potential risks when 

moving forward to in vivo studies. Although this study requires much more 

attention before moving it to the in vivo study stage, it is important to try and 

understand the majority of these details beforehand, which will also ease 

things as they move forward.  

Experimental studies would also need to determine whether heating of the 

functionalised HGNs affects the DNA attachment onto the HGNs. A previous 

study by Mackanic et al. discussed the release of ssDNA from the NP surface 

upon irradiation using a 785 nm excitation source. 252 In another study by 

Borzenkov et al., the temperature related stability of the thiol bond was 

investigated, in which it was found that increasing the temperature 

decreased the stability of the thiol bond. 261 Hence, the potentiality exists that 

during the photothermal experiments, the DNA may start to destabilise. 

However, further experimentation would need to clarify this.  

2D SERRS mapping was successfully carried out to show that the modified 

HGNs were inte rnalised by the cells , although , the average % SERRS 

response per cell area was low and would require optimisation of probe 

concentrations. Comparisons between chol -DNA HGNs and AuNPs could 

not be investigated by 2D mapping. Hence, this should be considere d for 

future work along with studies w here both types of modified nanoparticles 

are added to the same cell samples to determine if one has an increased 

uptake over the other. 3D mapping would also need to be carried out to 

determine successful uptake.  

It is also vital to understand the photothermal efficiency of these HGNs. This 

is the ability of the nanoparticles to convert an absorbed photon into heat. It 

would be an important study to allow comparisons between different 

batches of HGNs, and then to also  compare their values with those already 

reported in the literature. 59,254   This would be very interesting and necessary 

when moving forward.  
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The research presented herein  successfully demonstrated the  pronounced 

cellular uptake of cholesterol modified nanoparticles, subsequently 

exhibiting their bright future as photothermal agents  for targeting 

atherosclerotic plaques.  

The first set of experiments saw the successful functionalisation of 

cholesterol onto spherical AuNPs, using a DNA functionalisation method.  

This was due to the ease in attaching cholesterol to single -stranded DNA 

and the facile attachment of this to AuNP s, using thiol as the anchoring body. 

Analyses included extinction spectroscopy and DLS to determine that 

cholesterol was on the surface. Kinetic studies also confirmed the stability of 

these probes , especially for  the duration of in vitro studies. Time permitting, 

it would have been interesting to study the conformation of cholesterol once 

on the surface using computational modelling studies to determine its 

packing , and this would help in understanding the interactions with cells, 

which allow it to have e nhanced uptake.  

The next study highlighted the enhanced uptake of these probes within the 

cellular environment. The study began with the investigation  of these probes 

in RAWs and using 2D/3D SERRS mapping, highlighting the enhanced 

uptake in comparison to their control (polyT -DNA AuNPs), evident from the 

calculated % relative SERRS response. Thereafter, an attempt was made at 

multiplexing in which both chol -DNA AuNPs and polyT -DNA AuNPs were 

added simultaneously. This study was unsuccessful due to the Raman  

reporter on the control. MBA was found to retain its robust signal within the 

cell and also aggregated within the cellular environment. Future work 
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should look at using another Raman active dye or reporter with the control. 

This would be interesting to ca rry out as it would again highlight the 

pronounced effect of having cholesterol on the nanoparticle surface. The 

«®¯i· µs®r M"W« µ^« ¯«ki ^« ^ ì§ª~~p ~p g~|gk§®í ^|i ^z«~ used as a 

compar ison for  the study of HUVECs. 

Chol-DNA AuNPs in HUVECs again showcased their remarkable 

characteristic of increased cellular uptake. This work saw a control of 

pegylated nanoparticles being used , which have routinely been used in 

literature for cellular studies , and the uptake from them was negligible 

compared to chol -DNA AuNPs. The % SERRS response from the cholesterol 

probes was much greater in HUVECs compared to in RAWs. This potentially 

highlighted the specificity of  these fatty nanoparticles with  endothelial cells , 

as also mentioned in the literature , which meant that there was the potential 

of these bein g used to specifically target plaque sites in vivo. 2D and 3D 

SERRS mapping were again the modes of analysis here. Reasoning was 

given for the changes in the vibrational fingerprint from within the cell as 

possible orien tational changes of the MGITC and the attachment of these 

probes to cellular components. 3D further tried to co -localise the MGITC 

signal with cellular responses. However , it was found that the MGITC 

drowned any cellular peaks.  It was mentioned that  issues with depth 

profiling remain . This needs further thought and also a route for quantifying 

the signal. With the 2D mapping , ̂  ì«k{s-©¯^|®s®^®s´kí ^§§ª~^gr µ^« ¯®szs«kiÎ 

However, extending this approach to 3D would be tedious and very time -

consuming. Cell viability studies highlighted the non -toxic ability of these 

cholesterol conjugates.  

With the favourable results, the final  results chapter  exhibited  the potential 

of using cholesterol modified HGNs as photothermal agents. HGNs 

exhibited their tuneable LSPR and proficient heating capabilities. They were 

successfully functionalised with MGITC and chol -DNA. Functionalised  HGNs 

displayed excellent photothermal ablation of HUVECs in comparison to their 
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bare counterparts, excellently showcasing their ability to be used as 

photothermal agents in these preliminary studies. However, much work still 

needs to be carried forward. This app roach needs to be optimised with 

concentrations of probes, laser powers , etc. Attempts have to be made to 

retain the stability of these modified HGNs as stability studies highlighted 

the deterioration of the shell.  

A greater, in -depth study i s needed befo re these cholesterol modified 

HGNs can be moved forward as photothermal agents in vivo. This work was 

provided as an initial study into their potential, which was successful.  

The attempt to bridge the gap between PTT and CVD was victorious and the 

research presented within is evidence of that.  
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6.  /¶§kªs{k|®^z 

 

6.1 Functionalisation of Cholesterol Modified 

Nanoparticles  

6.1.1 Materials 

Cholesterol -DNA and poly -thymine DNA were purchased from ATDBio. 

MGITC was purchased from Thermo Fisher Scientific and all other ch emicals 

were purchased from Merck.  

 

6.1.2 Preparation of Buffers  

6.1.2.1 Sodium Citrate Buffer  

A stock solution of sodium citrate (250 mM, 250 mL) was prepared by 

dissolving 18.4  g of sodium citrate in Milli -Q water. The pH was adjusted 

using a Jenway 3510 pH meter, wh ich was calibrated prior to use. 

Concentrated HCl was used to adjust the pH to 3.  

 

6.1.2.2 Jr~«§r^®k *¯ppkª N^zs|k µs®r Pµkk| À¾Ď 

A resuspending buffer of 0.05% PBST was prepared by first preparing a PBS 

buffer (0.1 M, 250 mL) by dissolving 1.5 g of sodium chlori de and 0.43 g of 

phosphate buffer in Milli -Q water. The pH of the buffer was checked to make 

sure it was in the range of 7.2 å 7.4. 

" «®~gy ~p J*NP Ý¾ÎÃĆÏ ¿¾ {>Þ µ^« §ªk§^ªki f· ^iis|q Ã¾ ą> ~p Pµkk| À¾Ď 

to 9.95 mL of PBS and thoroughly shaken. Thereafter,  a 0.05% PBST was 

prepared by adding 1 mL of the prepared 0.5% PBST to 9 mL of PBS. Tween 
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À¾Ď µ^« ®oo viscous to be pipetted in extremely small volumes, hence the 

required concentration was made up using serial dilution.  

 

6.1.3 Nanoparticle Synthesis and Functionalisation  

6.1.3.1 Preparation of Glassware  

Prior to all experiments, glassware was cleaned using a multi -step 

procedure. This started with a 3 to 4 -r~¯ª «~^y s| 6kzz{^|k¶ĎÏ p~zz~µki f· 

ªs|«s|qí« µs®r k®r^|~zÏ ^gk®~|k, and isopropanol. Glassware was then le ft to 

soak in aqua regia  for 4 to 6 hours, which was prepared in -house using nitric 

(HNO3) and hydrochloric (HCl) acid, in a ratio of 1:3 respectively. 

Subsequently, the glassware was rinsed several times with deionised water 

(d.H2O) prior to use, and the ªs|«s|qí« |k¯®ª^zs«ki µs®r «~is¯{ g^ªf~|^®kÎ   

 

6.1.3.2 Colloid Synthesis  

A colloidal solution of Au citrate reduced nanoparticles was prepared using 

a modification of the Turkevich method. Sodium tetrachloroauate (III) 

dihydrate was added to d.H 2O (60.5 mg, 500 mL) and stirred rapidly. Once 

boiling, an aqueous solution of sodium citrate (57.5 mg, 7.5 mL) was added 

quickly to the flask and left to boil for a further 15 minutes in which the 

solution turned from colourless to a wine -red. After this time, the heat wa s 

turned off and the solution cooled, maintaining constant stirring.  

 

6.1.3.3 Optimising the Functionalisation of DNA and Dye to Gold 

Nanoparticles  

In an attempt to deduce the optimum route of functionalising cholesterol 

DNA and MGITC to AuNPs, two route were stu died. In the first study, DNA 



 

142 

 

in the ratio of 4000:1 (DNA:AuNP) was added and left to shake for one hour. 

Thereafter, two additions of sodium citrate buffer (250 mM, 30 µL) were 

made with an interval of 15 minutes between the two, leaving the sample to 

shake for a further 30 minutes. MGITC (1 µM, 100 µL) was then added prior 

to centrifuging at 3400 rpm for 10 minutes.  

The second route reversed the steps: MGITC (1 µM, 100 µL) being added 

prior to cholesterol DNA (4000:1), followed by two citrate buffer addi tions, 

and a centrifugation step. The second route was chosen as the first route 

highlighted minimum MGITC on the surface due to the bulky DNA moiety 

blocking the surface.  

 

6.1.3.4 Conjugation of Cholesterol DNA to Gold Nanoparticles  

For all conjugations, AuNPs with a concentration of 96.5 ɟM were used. To 

the synthesised citrate AuNps (900 µL), MGITC  (1 µM, 100 µL) was added 

and left to shake for 30 minutes. Cholesterol DNA was added in the ratio of 

4000:1 and left to shake for one hour. Thereafter, two additions of sodium 

citrate buffer (250 mM, 30 µL) were made with an interval of 15 minutes 

between  the two, leaving the sample to shake for a further 30 minutes. The 

sample was then centrifuged at 3400 rpm for 10 minutes. The resulting 

pellet was resuspended in PBST (0.05%, 1 mL). 

 

6.1.3.5 Conjugation of PolyT -DNA to Gold Nanoparticles  

The protocol described i n Section 6.1.3.3 was followed for the 

functionalisation of PolyT -DNA to AuNPs, which were used as the control. 

The only difference was the centrifugation step, with these conjugates 

undergoing a cycle at 4000 rpm for 15 minutes.  
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6.1.3.6 Conjugation  of HS-PEG-5000 to Gold Nanoparticles  

Firstly, MGITC (1 µM, 100 µL) was added to AuNPs (900 µL) and left on the 

shaker for 30 minutes. HS-PEG-5000 (10 µM, 100 µL) was added and left to 

shake for one hour. Thereafter, two additions of sodium citrate buffer (250 

mM, 30 µL) were made with a shaking time of 15 minutes in between and 

then left again for 30 minutes to shake prior to centrifuging at 4000 rpm for 

15 minutes. The conjugates were resuspended in PBST (0.05%, 1 mL).  

 

6.1.3.7 Overcoming the Issue of Solubility with  Cholesterol DNA  

To overcome the issue of cholesterol and its solubility, a surfactant was 

added to the resuspending PBS buffer. Different concentrations of Tween 

À¾Ď µkªk s|´k«®sq^®ki ®~ ik®kª{s|k µrsgr µ~¯zi |~® ^zz~µ gkzz¯z^ª i^{^qk 

and also maintain the solubi lity of the conjugates. 0.5, 0.1 and 0.05% Tween 

À¾Ď µkªk ^iiki «k§^ª^®kz· ®~ J*N Ý¾Î¿ M) and sused to resuspend the 

prepared conjugates. Subsequently, these were added to cells and using 

fªsqr® pskzi {sgª~«g~§·Ï ik®kª{s|ki ®r^® ¾Î¾ÃĆ Pµkk| À¾Ď s| J*N µ^« 

sufficient to maintain the solubility of the conjugates, with no damage to the 

cell membrane.  

 

6.1.4 Characterisation Methods  

6.1.4.1 Extinction Spectroscopy  

Extinction spectra were collected using an Agilent Cary 60 UV -Visible 

Spectrophotometer with a scan rate of 600 nm/min. Samples were analysed 

using disposable plastic poly (methyl methacrylate) (PMMA) cuvettes, with a 

pathlength of 1 cm. Sample were scanned between wavelengths of 400 and 

800 nm. 
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6.1.4.2 Dynamic Light Scattering  

A Malvern Zetasizer Nano ZS system was used to collect size data on the 

bare and functionalised AuNPs. Analysis was carried out in PMMA cuvettes 

in triplicate. Data w ere averaged and the standard deviation was calculated 

using Microsoft® Excel. 

 

6.1.4.3 Zeta-potential Measurements  

In order to determine t he surface charge of the AuNPs, a Malvern Zetasizer 

@^|~ \N «·«®k{ µ^« ¯«kiÎ " ìis§ gkzzí kzkg®ª~ik µ^« ¯«ki ®~ {k^«¯ªk ®rk 

charge of the bare AuNPs, and measurements were obtained in triplicate.  

 

6.1.4.4 Surface Enhanced Raman Spectroscopy Analysis 

A Snowy Range (SnRI) Raman spectrometer, with a 638 nm laser excitation, 

was used to collect SERS spectra. The instrument was calibrated using an 

ethanol standard prior to data collection. Data was acquired at an 

integration time of 1 second with a 100% laser power (40  mW) in 4 mL clear 

glass vials. Analysis was carried out in triplicate and data was processed 

using MATLAB® software.  

 

6.1.4.5 Scanning Electron Microscopy  

For the imaging of nanoparticles, samples were spotted (1 µL) onto a silicon 

wafer and left to air -dry. They were imaged using a FEI Quanta 250 FEG-

ESEM, a field-emission environmental SEM, using an acceleration voltage of 

30 kW to capture the images.  
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6.2 In Vitro Studies of Cholesterol Modified 

Nanoparticles  

6.2.1 Cell Culture and Sample Preparation  

6.2.1.1 Culturing RAW 264. 7 Macrophages  

+kzz« µkªk g¯z®¯ªki ¯«s|q -¯zfkgg~í« ?~ispski /^qzkí« ?kis¯{ Ý-?/?Þ 

(low glucose), supplemented with 1% penicillin/streptomycin, 1% 

fungizone , and 10% fetal bovine serum (FBS), and were subjected to an 

atmosphere of 37 ºC and 5% CO2, in an incubator. Upon reaching ca. 90% 

confluency in a 175 cm 2 flask, the cells were washed with PBS and 6 mL of 

DMEM was added to the same flask. Cells were lifted by the simple method 

of scraping and were counted using Trypan Blue. For sample preparation, 

cells were plated in 6 -well plates, containing 22 mm glass slides, at a 

concentration of 0.4 x 10 6 cells/mL and incubated further for a period of 24 

hours. Fresh media and conjugates (6 ɟM) were then added to the cells and 

incubated for a further 3 hours. The ce lls were then washed with PBS twice, 

fixed using 500 µL of 4% paraformaldehyde in PBS for 15 minutes before 

washing with PBS and sterile H2O twice. Once dried, the coverslips were 

mounted onto standard glass microscope slides for SERRS mapping.  

 

6.2.1.2 Culturing  Human Umbilical Vein Endothelial Cells  

Human umbilical vein endothelial cells (HUVECs) were obtained from The 

University of Glasgow. The cells were cultured in endothelial cell growth 

medium MV supplied by PromoCell ®. The media was supplemented with 

1% penicillin/streptomycin and 1% fungizone. The cells were subjected to 

an atmosphere of 37 ºC and 5% CO2 in an incubator. At reaching ca. 90% 

confluency in a 175 cm 2 flask, the cells were lifted using the HUVEC  cell 

detach -kit, counted using Trypan Blue , and resuspended in 4 mL of HUVEC 
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cell growth medium. Cells were plated in 6 -well plates, which contained 22 

mm glass sides, at a concentration of 0.2 x 10 6 cell/mL and incubated further 

for a period of 24 hours.  Fresh media and AuNP conjugates (6 ɟM) were then 

added to the cells and incubated for 3 hours in the incubator. Thereafter, 

cells were washed with PBS twice, fixed using 500 µL of 4% 

paraformaldehyde in PBS for 10 minutes before washes with PBS and steril e 

H2O twice. Once dried, the coverslips were mounted onto standard glass 

microscope slides for SERRS mapping.  

 

6.2.2 2D and 3D SERRS Mapping of Cells 

The fixed cells were mapped using a Renishaw InVia  Raman confocal 

microscope to determine the intracellular uptake of the conjugates. A HeNe 

633 nm excitation source with laser powers of 5%  (ca. 0.2 mW) and 10% (ca. 

1.2 mW), at 1 second acquisition time per point , an 1800 l/mm grating , and 

a spectral cent re of 1300 cm -1 were used to acquire the maps. A N PLAN EPI 

50x/0.75 BD magnification objective was also used. The maps were 

collected in the edge Streamline HR high confocality mode at a 2 µm 

resolution in the x and y directions. For the 3D SERRS maps, the volume 

Streamline high confocality mode was used with a 3 µm resolution in the x, 

y and z directions.  

The data was processed using the Windows -based Raman Environment 

(WiREÊ-Renishaw plc) 4.2 software package. Pre-processing included 

baseline subtraction and cosmic ray removal. False colour images were 

generated using direct classical least squares (DCLS) based on the MGITC 

reference spectrum. Each sample consisted of mapping 10 cells, otherwise 

stated. 
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6.2.2.1 Pre-Processing of Collected Maps  

Upon da ta collection, all maps were pre -processed prior to plotting DCLS 

images. This included baseline correction and cosmic ray removal using the 

ikp^¯z® «k®®s|q« µs®rs| ®rk WsM/Ď ÂÎÀ «~p®µ^ªkÎ 4sª«®z·Ï k´kª· «§kg®ª^ 

underwent baseline correction which applied the 11 th order polynomial 

fitting. Thereafter cosmic ray removal was carried out which used a near 

neighbour algorithm to remove sharp spikes in the  collected  fingerprints. 

Thereafter, the data was plotted using the DCLS plotting function within the 

ì?^§§s|q "|^z·«s«í p¯|g®s~|Î  

 

6.2.2.2 Calculating the Relative SERRS Response 

Due to the challenge in quantifying the number of nanoparticles within a 

cell, a method was used whereby the % area of SERRS response was 

g^zg¯z^®ki ¯«s|q 7{^qk< pª~{ 4sxsí« s{^qk §ª~gk««s|q package. This would 

allow for an estimation of the SERRS response per cell area, however , would 

not be a quantification of the nanoparticles within the cell. This method took 

into consideration the number of pixels correlating to the SERRS response 

from th e conjugates, referred to as the % relative SERRS response per cell, 

allowing for comparisons to be made across different samples.  

Once each data set was pre -processed, the DCLS plots were generated 

using WiREÊ 4.2 software, based on the MGITC reference s pectrum. The 

data collected during mapping was fitted to this reference spectrum and 

according to the degree of spectral fit, a gradient red false colour was 

assigned. Associated with each data set was a look up table (LUT), which had 

maximum and minimum v alues corresponding to the degree of spectral fit. 

The minimum value was assigned where the spectra indicated a good 

overlapping with the MGITC reference spectrum. The gradient false colour 

µ^« g~|´kª®ki ®~ {~|~grª~{^®sg ªki g~z~¯ª ¯«s|q WsM/Ď ÂÎÀ «~p®µ^ªk 

package. The subsequent steps were carried out in ImageJ. Using the 



 

148 

 

snipping tool, the cellular area was selected, which masked everything 

outside this area. The image was then split into red, blue , and green 

channels, selecting the monochromatic red chan nel, where only the red 

pixels were present. A threshold was set to count the pixels corresponding 

to the SERRS response only and in this case was set to 150. The percentage 

of the red pixel area (corresponding to the SERRS response) in relation to 

the ful l cell area was then calculated ( Figure 6.1). 
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6.2.3 Live Cell Imaging  

Cells were plated at a concentration of 0.4 x 10  6 cell/mL in 35 mm glass -

bottom dishes purchased from  Ibidi®.  After a 24-hour incubation period, 

the chol -DNA AuNPs (6 ɟM) were added, subsequently incubating for 3 

hours. Thereafter, the cells were washed with PBS twice and fresh media was 

added. Mapping was carried out as detailed in section 6.2.2. The objective 

was a Nikon NIR Apo 60x/1.0 w  (water immersion) . 

 

6.2.4 Multiplexing Using MBA-PolyT-DNA AuNPs 

MBA (10 µM, 100 µL) was added to AuNPs (900 µL) and left to shake for 30 

minutes. Subsequent steps were carried out as they were for the 

functionalisation of p olyT-DNA AuNPs (sections 6.1.3.3. and 6.1.3.4.). 

Thereafter, samples for mapping were prepared as detailed in section 

6.2.1.1. Chol-DNA and polyT -DNA AuNPs were simultaneously added (3 µM 

each), and mapping was carried out as described in section 6.2.2. 

 

 

Figure 6.1: Schematic detailing step by step process of calculating the % area of SERRS response: (a) 

-+>N §z~®« µkªk qk|kª^®ki ¯«s|q WsM/Ď ÂÎÀ «~p®µ^ªkÏ ÝfÞ ®rk «sq|^z µ^« g~|´kª®ki ®~ 

monochromatic red colour using the LUT (look up table), (c) The image was import ed into ImageJ 

Ý4sxsí« s{^qk §ª~gk««s|q «~p®µ^ªkÞ ^|i ®rk gkzz ^ªk^ µ^« «kzkg®kiÏ gzk^ªs|q k´kª·®rs|q ~¯®«sik ®rk 

selected area, (d) the image was split to the monochromatic red channel where the red pixels 

appeared as white spots, (e) the threshold was se t to 150 which highlighted the area from the signal 

as black, (f) the % area of SERRS response versus the cell area was calculated. The data was further 

«®^®s«®sg^zz· ^|^z·«ki ¯«s|q ^ «®¯ik|®í« ®-test. It should be noted that the cell appears different in size 

due to cropping, which has displayed the cell as varying in size. However, the cell was the same size 

during the entire process.  
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6.2.5 Cell Viability Studies  

6.2.5.1 Trypan Blue Staining Assay 

Cells were plated directly in 6 -well plates at a concentration of 0.2 x 10 6 

cell/mL and incubated for 24 hours. Thereafter, conjugates were added (6 

ɟM)  the cells incubated for a further 3 hours. These were detached from the 

plates using the HUVEC detach -kit, purchased from PromoCell®. A volume 

of 10 µL of cells was added to 40 µL of Trypan blue staining solution. Cells 

were counted using a haemocytometer in duplicate. Each experiment was 

repeated t hrice with three replicates of each sample.  

 

6.2.5.2 Live/Dead ® Cell Staining Assay 

Cells were plated at a concentration of 0.2 x 10 6 cell/mL on 22mm glass 

slides and incubated for 24 hours. Thereafter, cells were subjecte d to 6 ɟM 

of each conjugates (chol -DNA and PEG AuNPs) and incubated for a further 

3 hours. Prior to the assay, the cells were washed with PBS twice. A solution 

of Calcein AM (20 µL, 2mM) and EthD-1 (20 µL, 2mM) were diluted in 10 mL 

of PBS. The fluorescent staining solution (1 mL) was added to the cells and 

left at room temperature for 30 minutes. The cover slips were affixed to glass 

microscope slides with a staining solution layer between the glass layers.  

Confocal fluorescence images were acquired using  a Leica Microsystems 

TCS SP8 microscope equipped with a 63x N.A 1.2 HC PL water immersion 

objective lens. To minimise or eliminate artefacts associated with 

simultaneous dual wavelength excitation, all dual labelled samples were 

scanned sequentially in a frame-by-frame format. Firstly,  Calcein-AM was 

imaged using a 488nm argon ion laser (5% laser power) and emission 

wavelengths were detected using a photonmultiplier tube detector with a 

gain setting of 650V. Ethd -homodimer was image d using a 514 nm argon 

ion laser (5% power) and emission wavelengths were detected using a 
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second PMT with a gain setting of 650V. All images were acquired across a 

512 x 512 frame in 12 -bit format. Images were prepared using ImageJ 

software with scale bars added.  

 

6.3 Hollow Gold Na noparticles  

6.3.1 Hollow Gold Nanoparticle Synthesis  

Firstly, the AgNPs were synthesised, which were used as the sacrificial core 

for HGNs. To a large conical flask, sodium hydroxide (47 mg in 360 mL of 

d.H2O) was added along with hydroxylamine hydrochloride (42 mg in 4 mL 

of d.H 2O). Under rapid stirring, silver nitrate (67 mg in 40 mL of d.H 2O) was 

added. This was left to stir for 15 minutes under constant stirring and the 

solution turned yellow -green in colo ur.  

Prior to HGN synthesis, the stock solution of gold was prepared, which 

comprised of Au and K 2CO3. Hydrogen tetrachloroaurate (III) (10 mg in 1 mL 

of d.H 2O) and potassium carbonate (12.5 mg in 50 mL of d. H 2O) were added 

to a volumetric flask and left for 30 minutes. During this duration, the 

solution turned from yellow to colourless.  

The citrate solution was also prepared which was used as the capping agent. 

A 50 mg/mL solution was prepared by mixing 1 g of sodium citrate tribasic 

dihydrate with 20 mL  of d.H 2O.  

In general, the HGN synthesis involved AgNPs, d.H 2O and Au/K 2CO3 being 

added in parts. In the first instance, AgNPs and d.H 2O were magnetically 

stirred before the Au/K 2CO3 was added. The resulting solution was left to stir 

for 5 minutes, after which, the capping agent was added and left stirring for 

^ p¯ª®rkª Ã {s|¯®k«Î Prk ì«®^|i^ªií ª^®s~ p~ª ®rk 65@« ¯«ki s| ®rk {^x~ªs®· ~p 

the experimental was 3:  5.5: 1.5, which was 30 mL of AgNPs, 55 mL of d.H2O 

and 15 mL of Au/K 2CO3, together with 2 mL of citrate capping agent.  For 
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some experiments, the ratios varied, and the experiments also scaled. These 

have been stated accordingly.  

 

6.3.2 Tuning the LSPR of Hollow Gold Nanoparticles  

The LSPR of the HGNs could be controlled by adjusting the ratio of the three  

main components of the synthesis: AgNPs, Au/K 2CO3 and water. By 

increasing the Au to Ag ratio, a bathochromic shift in the LSPR could be 

observed. The following table details the varying ratios which were 

investigated to obtain the desired LSPR for photot hermal studies. The 

batches are named according to their LSPR as mentioned in section 4.3.1.2.  

 

Batch (nm)  AgNPs (mL)  

 

Water (mL)  Au/K 2CO3 Solution (mL)  

Au (0.196 mg/mL)  

K2CO3 (0.245 mg/mL)  

 

718 3 6 1 

772 3 5.5 1.5 

842 3 5 2 

849 3 4 3 

850 3 3 4 

 

6.3.3 Characterisation of Hollow Gold Nanoparticles  

Primarily, HGNs were characterised using extinction spectroscopy, as 

mentioned in section 6.1.5.1. The only difference was that samples were 

analysed between wavelengths of 400 nm and 1100 nm.  

Size data was collected using DLS and SEM, as detailed in section 6.1.5.2 

and 6.1.5.5 respectively.  
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6.3.4 Functionalisation of Hollow Gold Nanoparticles  

MGITC (1 µM, 100 µM) was added to the synthesised HGNs and left to shake 

for 30 minutes. Thereafter, DNA (15.8 µM, 40 µL) wa s added to the MGITC -

HGNs and left to shake for one hour. Two subsequent additions of sodium 

citrate buffer (250 mM, 5 µL) were added with a 15 -minute interval for 

shaking in between. The conjugates were left shaking for another 30 

minutes prior to centrif uging at 4000 rpm for 15 minutes and re -suspending 

in PBST (0.05%, 1 mL).  

 

6.3.5 In-House Photothermal Setup  

All photothermal studies were carried out on an in -house built setup which 

comprised of a CW 785 nm laser excitation source, directed at the sample 

contained in a glass vial, through a series of mirrors and lens. Temperature 

recordings were obtained throug h a K-type thermocouple probe which was 

inserted into the glass vial and connected to a Picologger for visual readings. 

All heating studies were carried out at maximum laser power (330 mW) with 

30-minute irradiation time.  

 

6.3.6 Photothermal Studies of Hollow G old Nanoparticles   

To determine the heating profile of HGNs and AuNPs, 600 µL of colloidal 

solution was irradiated in a 1.75 µL glass vial for 30 minutes For cycled 

heating, the same procedure was carried out, however after 30 minutes of 

heating, the sampl e was cooled whilst on the setup for ~15 minutes to allow 

the sample reach its starting temperature. Thereafter repeating this another 

2 times to obtain three replicates. The heating profiles obtained were 

plotted using Microsoft® Excel and Origin®.  
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6.3.7 Photothermal Studies of  Hollow Gold Nanoparticles  In Vitro 

HUVECs were cultured as mentioned in section 6.2.1.2. These were initially 

plated at a concentration of 1 x 10 6 cells/mL and incubated for 24 hours. 30 

µL of chol-DNA HGNs/HGNs were added to the cells a nd further incubated 

for 3 hours. Thereafter, the cells were detached from the plates and counted 

to prepare samples with an initial cell concentration of 1.5 x 10 6 cells/mL or 

1.0 x 106 cells/mL in 500 µL aliquots. Where either concentration have been 

used, this has been stated accordingly. All samples were kept in the 

incubator until heating. Each sample was irradiated for 30 minutes at a 330 

mW laser power. Immediately upon completion of heating, the cells were 

counted using Trypan Blue staining to deter mine the remaining cell count. 

Each sample was counted three times and two/ three replicates of each 

sample were also obtained to allow for an average and standard deviation 

to be calculated.  

 

6.3.8 2D SERRS Mapping of Cholesterol Modified Nanoshells 

In Vitro 

HUVECs were cultured and plated as described in section 6.2.1.2. After a 

24-hour incubation period, 30 µL of chol-DNA HGNs were added to the cells 

and incubated for a further 3 hours. Thereafter, the slides were washed, and 

the cells fixed down using the rem aining procedure mentioned in section 

6.2.1.2. Mapping was carried out as detailed in section 6.2.2 and the % 

SERRS response was calculated using the procedure mentioned in section 

6.2.2.2. 
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6.3.9 Cell Viability Studies of Bare and Functionalised Hollow 

Gold N anoparticles  

Cell toxicity studies were carried out as detail ed in section 6.2.5.1. The only 

difference was that 30 µL of bare/functionalised HGNs were added to 

HUVECs. Experiments were carried out thrice with three replicates of each 

sample. 
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Appendix 1: Biosynthesis Pathway of Cholesterol  

 

 

 

Appendix 2: Un-Normalised Extinction Spectrum of Conjugates  

  

Figure 7.1: Biosynthesis pathway of cholesterol. Reprinted by permission from Springer Nature: 

[Springer Nature] [Nature Metabolism] [B. Huang, B. liang Song and C. Xu, Nat. Metab. , 2020, 2, 132å

141], [Copyright ©] (2020). 

Figure 7.2: Extinction spectra of bare AuNPs (purple), cholesteryl -TEG functionalised AuNPs (blue) 

and PolyT functionalised AuNPs (grey). Spectra were acquired at a baselined scan rate of 600 nm/min, 

with three replicates. Spectra were averaged using Microsoft® Exce l and Origin®.   
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Appendix 3Ð N®¯ik|®í« ®-test statistical analysis and Histogram  (RAWs)  

 

The confidence interval results determine the degree of probability that the 

ì®ª¯kí {k^| µszz p^zz fk®µken a range of values. The table below gives the 

ª^|qk« p~ª Ç¾Ï ÇÃ ^|i ÇÇ Ć gkª®^s|®· p~ª µrkªk ®rk ì®ª¯kí {k^| g^| zskÎ   

Table 2Ð +~|psik|gk s|®kª´^z ´^z¯k« ~f®^s|ki pª~{ ®rk N®¯ik|®í« ®-test. 

Conf. Levels in % Lower Limits Upper Limits  

90  3.1 8.4 

95  2.5 8.9 

99  1.4 10.1 

 

 

  

 

 

Figure 7.3: Histogram depicting the spread of % area SERRS response from 10 biological repeats of 

chol -DNA AuNPs and its control, polyT -DNA AuNPs. Diagram shows a larger spread of values from 

the chol -DNA conjugates in comparison to the control.  
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Appendix 4: Silica Standard at 5% and 10% Laser Power  

  

Figure 7.4: Comparison of intensity of silica standard on the inVia Raman confocal spectrometer at 

5% and 10% laser power.  
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Appendix 5Ð N®¯ik|®í« ®-test statistical analysis and Histogram  (HUVECs) 

 

Table 3: Confidence s|®kª´^z ´^z¯k« ~f®^s|ki pª~{ ®rk N®¯ik|®í« ®-test. 

Conf. Levels in % Lower Limits Upper Limits  

90  10.3 21.8 

95  9 23 

99  6.4 25.6 

 

 

 

 

  

Figure 7.5: Histogram depicting the spread of % area SERRS response from 10 biological repeats of 

chol -DNA AuNPs and its control, PEG-AuNPs. Diagram shows a larger spread of values from the chol -

DNA conjugates in comparison to the control.  
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Appendix  6: Extinction Spectrum of Synthesised HGNs with a LSPR of 748 

nm 

Appendi x 7: Un-Normalised Extinction Spectrum of Chol -DNA HGNs 

 

Figure 7.7: Un-normalised extinction spectra from the HGN functionalisation experiment showing 

HGNs alone (blue), HGNs + MGITC (purple), HGNs + MGITC + Chol -DNA (Teal). Spectra were 

acquired at a baselined scan rate of 600 nm /min, with three replicates. Spectra were averaged using 

Microsoft® Excel and Origin ®.   

Figure 7.6: Extinction spectrum of HGNs showing a LSPR of 748 nm. The data presented is an average 

of three spectra taken at a scan rate of 600 nm/min.  
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Appendi x 8: Extinction spect ra Comparing  Control HGNs to Batch HGNs  

 

Appendix  9: Visual Comparison of Bare and Functionalised HGNs  

  

Figure 7.8: Extinction spectra comparing HGNs from the functionalisation experiment to the batch 

HGNs. Spectra were acquired at a baselined scan rate of 600 nm/min, with three replicates. Spectra 

were averaged using Microsoft® Excel and Origin®.   

Figure 7.9: Image of Chol -DNA HGNs (left) and bare HGNs (right) after one week of synthesis.  
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