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Abstract 
Surface-enhanced Raman scattering (SERS) has been used successfully as an 

ultrasensitive technique for the direct analysis of dye-labelled oligonucleotides using 

aggregated silver nanoparticles. Key to this technique are the SERS probe and SERS 

substrate. Initial studies were made on the detection of phosphorothioate modified 

TAMRA-labelled oligonucleotides whereby a non-bridging oxygen atom in the 

phosphodiester backbone is replaced by sulfur. TAMRA-labelled phosphorothioate 

oligonucleotides with the same base pair sequence but different number of modified 

phosphate unites were compared to unmodified TAMRA-labelled oligonucleotides 

using silver nanoparticles (AgNP) as SERS substrates using different aggregation 

agents. Furthermore the investigation was extended to study the effect of 

modification in the detection of double stranded DNA (dsDNA). The focus was then 

turned to the SERS substrate since spherical and monodispersed silver nanoparticles 

are ideal for fundamental research as the contribution from size and shape can be 

accounted for in the experimental design. Different methods to produce size tuneable 

AgNP’s were investigated to study in detail the effect of modified and unmodified 

dye-labelled oligonucleotides, thiophenol (TP), rhodamine 6G (R6G) and malachite 

green oxalate (MGO) on the SERS response. 

The results obtained reflect the importance of each component of SERS. The 

phosphorothioate modifications, although their affinity towards silver surfaces can 

improve the DNA limit of detection (LOD), it also depends on the position and 

number of modifications and on the aggregating agent used which in itself also 

effects the LOD of DNA. The same applies for the SERS substrate where an increase 

in particle size results in an increased enhancement of the analyte’s Raman signal but 

further size increments leads to a decrease in SERS intensity due to other factors 

such as scattering. This demonstrates the importance of choosing the right 

experimental setups for DNA SERS analysis, as to obtain the right balance where all 

factors work synergistically with each other.
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Chapter 1: Introduction 
For over a decade the use of metallic nanoparticles for the ultrasensitive detection of 

biomolecules has been the centre of many studies and technologies. Various types of 

reporting moieties have been used ranging from oligonucleotides and proteins to 

fluorescent dyes. Nanoparticles, especially metallic nanoparticles are taking centre 

stage in optical biodiagnostic methods[1] and hence this study focuses on the use of 

silver nanoparticles which have surface plasmon resonance energies that coincide 

with that of visible light hence they can be used in various sensor applications such 

as surface enhanced Raman scattering (SERS)[2]. 

In this chapter we are going to introduce the main concepts that are relevant to this 

thesis with particular emphasises on deoxyribonucleic acid (DNA), the principles of 

surface-enhanced Raman scattering and the synthesis and optical properties of 

inorganic colloidal nanoparticles. 

1.1 Nucleic acids 

There are two classes of nucleic acids; DNA, and ribonucleic acid (RNA). These 

nucleic acids are made up of three components; nucleobase, sugar and phosphoric 

acid[3]. The nucleobases are adenine (A) and guanine (G), which are purine 

derivatives (see figure 1-1) and thymine (T), uracil (U) and cytosine (C), which are 

pyrimidine derivatives (see figure 1-2). 
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Figure 1-1 Purine and its derivatives, adenine and guanine that are bases in both DNA and 

RNA.  

 

Figure 1-2 Pyrimidine and its derivatives, cytosine which is found in both RNA and DNA, 

thymine which is found only in DNA and uracil which is found only in RNA. 

The sugar component for DNA is ß-D-deoxyribose and for RNA it is ß-D-ribose, 

their structure is depicted in figure 1-3. 

 

Figure 1-3 ß-D-deoxyribose is the pentose sugar in DNA and ß-D-ribose is the pentose sugar in 

RNA. 
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The sugars are covalently bound to a nucleobase by a N-glycosidic bond i.e. between 

a C1’ atom of the sugar and either the N1 atom of the pyrimidine base or the N9 atom 

of a purine base, thus forming what is better known as a nucleoside. In turn the 

phosphate group is covalently bound to the nucleoside through the 5’-hydroxylic 

group of the sugar, forming what is know as a nucleotide which can be seen as the 

building block of nucleic acids. The nucleotide can form polynucleotide chains by 

bonding of the phosphate residue at the 5’ position of one sugar to the 3’-hydoxyl 

group of another sugar, as demonstrated in figure 1-4. 

 

Figure 1-4 Polynucleotide structure with the bases cytosine, adenine and thymine 

The sugar and phosphate units form the backbone of the chain while the nucleobases 

‘stick out’ forming the side groups. 
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1.1.1 DNA 

DNA is composed of two polynucleotide strands twisted around each other forming a 

right twisted double helix. The structure of DNA (see figure 1-5) was discovered by 

Francis Crick and James Watson in 1953[4]. 

 

Figure 1-5 Schematic diagram of a DNA double helix[5] 

The backbone of the polynucleotide is hydrophilic and has a negative charge at 

physiological pH due to the phosphate groups present which are found on the outside 

of the helix. The hydrophobic bases then align themselves on the inside of the helix 

structure. The polynucleotide strands in the helix run in opposite direction to each 

other, that is the 3’ end of one strand is linked to the 5’ end of the other. The strands 

are connected to each other by weak hydrogen bonding that forms between the base 

pairs. However due to steric constraints only a certain combination of base pairs 

allows hydrogen bonding, that is adenine only forms hydrogen bonding with thymine 

and vice versa, and guanine only forms hydrogen bonding with cytosine and vice 

versa (see figure 1-6). 
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Figure 1-6 (Left) Hydrogen bonding between adenine and thymine (A-T). (Right) Hydrogen 

bonding between guanine and cytosine (G-C).  

As the aromatic rings of the base pairs are parallel to each other, this gives DNA the 

twisted ladder like structure. The strands must be therefore complementary to each 

other hence one strand dictates the sequence of the other strand.  

The structure of DNA is classified into organisational levels. The primary structure is 

the sequence of nucleotides, which are labelled according to the base composition. 

The secondary structure is the shape of the DNA; basically the double helix. There 

have been three different conformations of the DNA double helix identified. The one 

found in normal physiological circumstances and proposed by Watson and Crick is 

known as the B-DNA. A shorter and wider form is the A-DNA, which was found in 

dehydrated samples. Both of these DNA have a right-handed conformation, while the 

third known conformation the Z-DNA has a left-handed conformation. Studies 

suggest that the Z-DNA plays an important role in protection against viral disease[6] 

[7]. The tertiary structure of DNA is the shape taken by the coiling of the helix on 

itself.  

The integrity of the DNA structure, is compromised when moving away from 

physiological pH and temperature. When the double stranded DNA is for example 
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heated above 95ºC, the hydrogen bonding between bases is disrupted and the strands 

are cleaved forming single stranded DNA (ssDNA). The denaturation of DNA is 

usually a reversible process and plays an important role in DNA replication. 

1.1.2 RNA 

RNA like DNA is a polynucleotide, which differs from the latter by having ribose as 

the sugar component, and uracil instead of thymine as a base. The different sugar 

component is a key factor in the structure of RNA. Due to the additional OH group 

on ribose it hinders the formation of double stranded RNA. As a result of steric 

hindrance, RNA is found only as a single stranded molecule, however it still can 

form folds and loops on itself as it forms hydrogen bonds between base pairs with 

itself. 

1.1.3 Biological role of DNA and RNA 

The main role of nucleic acids is that they encode in the base pairs sequence the 

genetic code that is decoded to synthesise proteins. There are three major steps for 

such synthesis (see figure 1-7) and these are: 

1. Transcription – DNA helix unfolds and a complementary strand of RNA is 

synthesised along a crucial part of one of the ssDNA. This RNA strand is 

now referred to as messenger RNA (mRNA) and leaves the cell nucleus to be 

transferred to the ribosomes. 

2. Translation – In the ribosome transfer RNA (tRNA), delivers amino acids 

according to the three base sequence on the mRNA. 
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Post-translation modification – After the ribosome fabricates the protein, the latter 

must undergo modification to become biologically active. Common modifications 

that occur are cleavage of amino acids and chemical modifications of side chains 

such as phosphorylation, acetylation and methylation. 

 

 

 

Figure 1-7 Schematic summary of the synthesis of protein 
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1.1.4 Analysis of nucleic acids 

As more and more research occurs in the field of genomics and proteomics, 

analytical tools have to be developed to conduct faster, cheaper and reliable 

techniques for analysis. Analytical chemists in whatever field of science they work 

will encounter analysis that demands:  

• qualitative analysis of a mixture of compounds, 

• qualitative analysis of a pure compound, 

• quantitative analysis of a compound in a mixture, and 

• structure elucidation of a compound. 

There are various methods that can be used to analyse small organic molecules. For 

example mixtures can be separated and quantitatively analysed by gas 

chromatography (GC) and liquid chromatography (LC). For identification purposes 

there are a variety of techniques such as the ‘classical’ methods of nuclear magnetic 

resonance (NMR), mass spectroscopy (MS), infrared (IR) spectroscopy, 

Ultraviolet/visible (UV/Vis) spectroscopy and X-Ray crystallography. Great 

development in the use of biosensors and chemosensors has been achieved especially 

for diagnostic medicine for the analytes such as glucose, urea, cholesterol, hepatitis 

B, etc [8]. The aforementioned methods however are not entirely suitable when it 

comes to analyse proteins and nucleic acids. Difficulties arise due to the physical and 

chemical properties of these biomolecules.  
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Most biomolecules have a high molecular weight, they are non-volatile, not 

thermally stable and furthermore have a large number of functional groups and 

chromophores, making analysis more complicated. All these biomolecule 

characteristics make them unsuitable to be analysed by conventional methods such as 

GC, MS, Uv/Vis and IR spectroscopy. Advances in these techniques and new 

techniques have been developed throughout the last two decades that helped produce 

large advances in proteomics and genomics. These bioanalytical techniques main 

goals is to have great accuracy and reliability in determining e.g. the peptide or 

nucleotide sequence, and a great sensitivity as the analytes in question are usually 

present in very small amounts. 

The analysis of nucleic acids can be divided into three distinctive steps; isolation and 

purification, quantification and amplification, and sequencing. In the first step the 

DNA or RNA is isolated from the cell by simple straightforward methods such as 

centrifugation, precipitation and liquid-liquid extractions. Following its isolation, 

nucleic acids can be quantified by measuring with a UV/Vis spectrometer, since the 

aromatic groups present in the bases absorb at a maximum of around 260 nm. Other 

methods used to quantitatively detect DNA are by fluorescent or radioactive markers. 

Mixtures of DNA can be also quantified using electrophoretic methods.  

The polymerase chain reaction (PCR), revolutionised genomics, as one DNA 

molecule can be amplified exponentially, if a part of its sequence is known[9]. 

Improvement in the PCR technique, now allows DNA quantification to be measured 

during the amplification process, this method is better known as real-time PCR. 

Other methods of quantification are available such as the use of biosensors that 
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recognise the DNA/RNA target analyte and send a signal that can be measured. A 

variety of sequencing methods for DNA are available and the most common ones 

used are the Maxam Gilbert method[10], the Sanger method[11], DNA arrays and 

pyrosequencing[12]. 

1.1.5 Synthesis and modification 

1.1.5.1 Synthesis 

Chemical synthesis of DNA is important for biotechnology as it allows the 

production of tailor made oligonucleotide sequences that can comprise synthesis of 

natural, non-natural sequences and various additional modifications. Manual 

synthesis of oligonucleotides is time consuming and is limited to experienced 

synthetic chemists[6]. However with the advent of the phosphoramidite approach[13-15] 

in the early 1980s and automated synthesisers, the synthesis of DNA is now available 

to anyone with basic laboratory skills. Automated synthesis not only made it to 

research laboratory but also to companies that specialise in the production of DNA 

thus drastically reducing the cost of synthesis.  

The chemical synthesis of DNA consists of a four step synthesis cycle; 1) 

deprotection 2) coupling, 3) capping and 4) oxidation as shown in figure 1-8 on the 

next page. 
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Figure 1-8 The four steps of oligonucleotide synthesis cycle: 1) Deprotection; 2) Coupling; 3) 

Capping; 4) Oxidation. 

The synthesis in most automated synthesisers occurs on controlled pore glass 

(CPG)[16] solid support that is usually functionalised with one of the 4 different DNA 

bases, although universal supports i.e. non-base functionalised CPG are also 

available. Unlike enzymatic DNA synthesis[17,18], chemical DNA synthesis 

progresses in the 3' to 5' direction[19]. The bases are attached to the CPG via a 3'-ester 

linkage and the 5'-hydroxyl is protected with a dimethoxytrityl (DMT) moiety, which 

can be cleaved under acidic conditions. The bases are protected by isobutyryl for 

guanine, benzoyl for adenosine and acetyl for cytidine[20]. No protection is needed 

for thymine.  
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Other protecting groups are now available for exocyclic amine protection such as 

phenoxyacetyl dA[21] and dimethylformamidine dG[22]. The phosphate backbone is 

protected by a cyanoethyl ester[23,24].  

The CPG is usually filled in columns where the reagents are automatically supplied 

to it in sequence with acetonitrile washing steps in between each cycle.  

1.1.5.1.1 Deprotection 

The first step of the cycle starts with the hydrolization of the DMT group found on 

the pre-attached protected nucleoside using 3% trichloroacetic acid in 

dichloromethane (DCM) (see figure 1-9). The DMT protecting group prevents 

polymerisation during resin functionalization.  

 

Figure 1-9 Deprotection of dimethoxytrityl cation to give free 5'-hydroxyl group for coupling. 

The resulting by-product is a DMT cation which is bright orange allowing in-line 

monitoring of the reaction process and the coupling efficiency. After the deprotection 

the 5' hydroxyl group is available to react in the second step of the sequence. 
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1.1.5.1.2 Coupling 

After the first base on the CPG is deprotected and activated the second base is 

introduced as an anhydrous solution of phosphoramidite. 

 

Figure 1-10 Alkyl phosphoramidite routinely employed as monomer in the synthesis. 

The 5' alcohol is protected as a dimethoxytrityl ether. The phosphoramidite is 

activated by a weak acid such as tetrazole or other tetrazole derivatives (5-

benzylthiotetrazol). The activated phosphoramidite couples with the 5'-hydroxyl of 

the CPG attached nucleotide producing a dinucleotide. The 5'-hydroxyl of the first 

nucleotide is linked to the 3'-hydroxyl of the second nucleotide by a phosphite link as 

shown in figure 1-11 below. 

 

Figure 1-11 Phosphite triester linked dinucleotide after coupling step. 
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This step is more than 98% efficient[25] and any side reactions are reversed during the 

capping step of synthesis[26]. 

1.1.5.1.3 Capping 

Even if the coupling chemistry is highly efficient it is not possible to achieve 100% 

reaction efficiency of the CPG attached nucleoside with the incoming 

phosphoramidite, therefore the few unreacted 5'-hydroxyl groups on the CPG 

attached nucleotide need to be capped. This prevents from taking part in the next 

coupling step. The capping is done by the acetylation of the 5'-hydroxyl group (see 

figure 1-12) with acetic anhydride in tetrahydrofuran (THF)/pyridine solution 

catalysed by N-methylimidazole. 

 

Figure 1-12 The uncoupled nucleotide is acetylated to prevent further reaction during the next 

synthesis cycle. 

This step also reverses any phosphitylation of the O6 position of guanosine[26].  

1.1.5.1.4 Oxidation  

The last step of the cycle is the oxidation of the acid unstable phosphite triesters 

(P(III)) formed in the coupling step to the more stable pentavalent phosphotriester 
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(see figure 1-13). The oxidation is achieved by iodine in the presence of water and 

pyridine[27,28]. The phosphotriester produced is effectively a DNA backbone, 

protected with a 2-cyanoethyl group that prevents undesirable reactions at the 

phosphorus during subsequent synthesis cycles.  

 

Figure 1-13 Dinucleotide as produced after the first cycle, with DMT protected 5'-hydroxyl 

ready for next cycle. 

1.1.5.1.5 Cleavage and deprotection 

The cycle is then repeated until the sequence of the desired length is obtained. The 

final DMT is left at the 5'-end of the oligonucleotide at the discretion of the operator, 

usually the purification method is the main factor of the decision. The sequence 

obtained on the CPG column is removed from the synthesiser and the 

oligonucleotide is cleaved from the solid support by treatment with concentrated 

ammonium hydroxide for one hour at room temperature. The cyanoethyl groups and 

the protecting groups of the exocyclic primary amino groups on the heterocyclic 

bases are removed with ammonium hydroxide at 55 ºC for sixteen hours. 
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1.1.5.2 Modification 

Applications based on DNA such as PCR[17], DNA microarrays[29] and molecular 

beacons[30] require modified synthetic DNA. These modifications can range from 

fluorescent tags to linkers and spacers. The modifications can be done at the 5'- ,3'- 

ends as well as in mid-sequence sites. Furthermore sugar and backbone 

modifications can be done to confer extra stability to the molecule. 

1.1.5.2.1 5'- and 3'- modification 

Some common terminal modifications that are commercially available are 

fluorescent dyes, non-fluorescent modification such as thiol- and amino- handles, 

biotin and various spacer molecules. Since solid-phase synthesis goes in a 3'- to 5'- 

direction, 5'-modifications are the most common. Using a modified phosphoramidite 

the modification can be incorporated at the end of the sequence. In solid-phase 

synthesis the 3'-terminus is attached to the CPG therefore any modification at the 3'-

end must leave a DMT-protected alcohol for subsequent coupling. There are also 

commercially available columns where the CPG beads have both DMT protected 

hydroxyl and fluorenylmethyloxycarbonyl (Fmoc) protected amino groups on the 

same carbon chain, which permit easy functionalization (see figure 1-14). 

 

Figure 1-14 CPG functionalised for 3'-modification. 
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Other commercially available universal columns have pre-functionalised fluorescent 

probes or non-fluorescent modifications whereby the first base of the DNA must be 

added.  

1.1.5.2.2 Mid-sequence modification 

The most common and popular method used for mid-sequence modification is 

through the Sonogashira reaction[31] whereby a 5'-iodouridine nucleoside can react 

with an alkyne modified group (fluorescent tag, protected amino group) yielding a 

modified base. 

1.1.5.2.3 Sugar and backbone modification 

Sugar and backbone modifications are used mainly to confer thermal stability and 

resistance to nucleases. An example of sugar-modified oligonucleotides is the locked 

nucleic acid (LNA) where the 2'OH is bridged through a methylene unit to the C-4’ 

(see figure 1-15). These LNA can be introduced into the sequence by replacing the 

DNA phosphoramidites with LNA analogues in the synthesis cycle. LNA 

oligonucleotides have a high binding affinities to complementary nucleic acids[32]. 

 

Figure 1-15 Locked nucleic acid (LNA) where the 2'-hydroxyl of the ribose sugar is bridged to 

the C-4’ by a methylene group. 
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Backbone modification usually consists of the replacement of the charged oxygen of 

the backbone with a sulfur atom (see figure 1-16), producing phosphorothioates[33]. 

Phosphorothioate-containing oligonucleotides have found wide spread use in 

molecular biology due to their increased resistance to nuclease digestion and as 

antisense oligos for in vitro and in vivo inhibitors of gene expression[34]. Using solid-

phase synthesis there are two ways of preparing phosphorothioates. The first option 

is to use H-phosphonates monomers which are useful for the preparation of 

internucleotide linkages not attainable by standard phosphoramidite chemistry[35]. 

The second option is using a sulfurizing reagent in conjunction with phosphoramidite 

chemistry. This method gives better control on the state of each linkage in a site-

specific manner. Although there are various sulfurization agents that can be used[36-

40], 3-ethoxy-1,2,4-dithiazolidine-5-one (EDITH) is nowadays widely used[41-44] as it 

is soluble in the acetonitrile standard solvent for phosphoramidite dilution and stable 

in solution for several months. 

These DNA modifications are important tools for the development and enhancement 

of SERS based bio-diagnostics as shown in the following section.  

 

Figure 1-16 An oligonucleotide with a phosphorothioate linkage, in which a non-bridging 

oxygen is replaced by a sulfur. 
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1.2 Surface-enhanced Raman scattering 

1.2.1 Basic principles 

As biodiagnostics is pushing towards goals of high throughput, multiple analysis 

capacities and inexpensive miniaturised platforms, SERS is gaining good momentum 

as a platform for future development of bioanalytical tools. Understanding the basic 

principles of SERS gives an insight of its potential.  

SERS amplifies the Raman signals from molecules by several orders of magnitude. 

The amplification of the signals is attributed to the electromagnetic interaction of 

light with metals. Such interactions cause the large amplification of the laser field 

through excitations generally known as plasmon resonances. Molecules can thus be 

analysed by profiting from this phenomenon, by being adsorbed or in close proximity 

of a metal surface. Raman signals come from the inelastic light scattering. Such 

signals can be analysed and used to give useful information on the vibrational 

structure of a molecule[45]. 

SERS great potential cannot be fully appreciated if the Raman process is not 

understood. The Raman process/effect is a scattering process of light, it was first 

discovered by Sir Chandrasekhara Venkata Raman[46] in 1921 in India using very 

simple colour filters, the sun as a light source and his eyes as detectors. The 

observation of this new optical scattering phenomenon earned Raman a Nobel Prize 

in physics in 1930. It was officially awarded to him “for his work on the scattering of 

light and for the discovery of the effect named after him”[47]. 



 

  20 

Raman scattering is one of many physical processes (such as absorption, 

luminescence and other scattering processes) that occur when light interacts with 

matter. The outcome of the interaction of light with molecules is determined by the 

energy levels of the degrees of freedom of the molecule in question. Energy levels 

can be represented schematically as Jablonski diagrams[48-50] (see figure 1-17) in 

which molecular electronic states are represented as bold curves (see figure 1-17) 

that show the energy state as a function of the atomic coordinates. The minima of 

such curves correspond to the equilibrium position of the atoms. Motional states, 

which are usually vibrational states, for each electronic state, are depicted as thin 

lines while transition between states are represented by arrows (see figure 1-17). 

 

Figure 1-17 Jablonski diagram. The electronic energy levels are represented as bold lines and 

the vibrational/rotational levels represented as thin lines. Possible transitions between states are 

indicated by arrows (dotted lines for radiative transitions and solid lines for non-radiative 

transitions). Adapted from Le Ru[45]. 
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In the ground state the electrons occupy the lowest energy state possible, hence 

following the Pauli exclusion principle, electrons of opposite spins are paired up 

together, having a total spin of zero. This ground state is then called a singlet state 

(S0). When an electron is excited to a new state, the total spin may not be zero, as 

nothing prevents it from having a different spin value, hence the electronic excited 

state is four times degenerate, as four different spin states can be assumed: a singlet 

state (S1) corresponding to the only excited state configuration of a total spin of zero 

and a triplet state (T1) corresponding to a triply degenerate excited state with a total 

spin of one.  

There are a lot of transitions that can occur between molecular states. Each transition 

would correspond to either an absorption or loss of energy, thus conservation of 

energy is upheld. Transitions between electronic states are known as electronic 

transitions while transitions between two states in the same electronic state are called 

internal or vibrational transitions. These transitions can be further classified in to two 

groups: 

• Radiative transitions; which involve interaction with a photon. Such 

transition is depicted by a straight vertical dotted arrow as depicted in figure 

1-17. It involves absorption of a photon i.e. transition to a higher energy or 

the reverse emission of a photon. Transitions between singlet and triplet state 

are forbidden, however may occur if a spin relaxation mechanism occur as a 

photon cannot introduce a change in total spin. 
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• Non-radiative transitions; are a result of interaction with the environment 

(solvent, other molecules) or of internal interactions (internal conversion, 

intra-molecular vibrational redistribution). 

From all the radiative transitions, Raman scattering is part of an important family of 

processes that involve scattering. These scattering processes, unlike other optical 

processes such as absorption and emission, involve the instantaneous absorption of 

an incident photon and emission of another photon, known as the scattered photon. 

Scattering processes are classified into two: 

• Elastic scattering, whereby both incident and scattered photons have the same 

energy, however can have different direction and/or polarisation. It is known 

as Rayleigh scattering in molecules and for large objects such as 

nanoparticles it is called Mie scattering. Such scattering process involves no 

transfer of energy between molecule and photon hence not much is revealed 

on the internal molecular structure. 

• Inelastic scattering, whereby the scattered photon is at a different energy from 

the incident photon. The energy difference is essentially the transition 

between two states in the molecule. Raman scattering is in fact an inelastic 

scattering process involving transition between vibrational/rotational levels. 

When scattered photons have less energy than the incident photon (ES < EL), 

the process is called Stokes process. It usually corresponds to a transition 

from the vibrational ground state v = 0 to a first excited state v = 1, with 

energy ħwv=EL - ES, where ħwv is the energy of vibration (see figure 1-18). 

Opposite to this process is the anti-Stokes process when a scattered photon 
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has more energy than the incident photon (ES > EL), hence the molecule 

relaxes from a vibrational mode v = 1 to the vibrational ground state v = 0. 

The energy of the vibration is now ħwv=ES – EL (see figure 1-18). As an 

excited vibrational state is needed for the anti-Stokes process (usually 

through thermal excitation), it is a weaker phenomenon than the Stokes 

process. 

 

Figure 1-18 Simplified Jablonski diagrams of the anti-Stokes (left) and Stokes (right) Raman 

processes. Figure adapted from Le Ru[45]. 

One of the great advantages of Raman scattering unlike fluorescence is that it is an 

instantaneous process that can happen without a direct absorption of the photon. This 

allows the process to happen even when no electronic transition is present at the 

incident wavelength, hence incident light where no molecular absorption (no 

fluorescence) occurs can be used. However a disadvantage of scattering is that they 

are usually a weak phenomenon especially when compared to absorption and 

fluorescence processes. When the incident light (energy) corresponds to one of the 

real electronic levels in the molecule, resonant scattering occurs. Resonance Raman 

scattering has an important application in both normal Raman and SERS conditions, 

as it increases by several orders of magnitude the scattering effect. When resonance 
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Raman scattering is used in SERS conditions, the technique is better know by the 

acronym SERRS i.e. surface-enhanced resonance Raman scattering. 

1.2.2 SERS substrates 

A substrates main role in SERS is to provide a surface to support a plasmon 

resonance, which enhances the Raman signal. The plasmon resonance of the 

substrate is wavelength dependent therefore substrates usually exhibit a good 

enhancement in a limited wavelength range. Raman spectroscopy usually operates in 

the 400 -1000 nm region hence ideal SERS substrates should have a good plasmon 

resonance in this particular region. 

Substrates that have suitable enhancements in such a region are usually: 

• substrates made of gold and silver, 

• substrates with dimensions less than 100nm. 

The noble metals gold and silver along with the others, are well known to have 

special properties, both physical and optical which all arise from the availability of 

free conduction electrons. The ‘sea’ of electrons form what is known as a plasma or 

solid state plasma[51]. The plasma response to light governs the optical properties of 

metals especially in the visible part of the spectrum. SERS substrates are usually 

used in the form of metallic colloids whereby they are used in solution or else 

attached to a substrate forming planar metallic structures. Other types of substrates 

used are in the form of electrodes. Electrodes played an important role in the 
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discovery and development of SERS, however their use has decreased lately mainly 

because of their low enhancement factor. 

1.2.3 SERS probes 

A wide range of molecules/analytes can be measured by SERS, as in principle any 

molecule that produces a Raman signal, can interact with the plasmon resonance of 

the metallic substrate and in turn be amplified. A molecule that satisfies the two 

prerequisites of having intense Raman scattering, and good metal interaction can be 

used as a tagging/probe for target analytes, that do not have a satisfactory 

amplification in normal experimental procedures.  

Raman scattering intensities are characterised by the Raman cross-section i.e. the 

cross-section σ [m2] of a molecule in relation to the signal produced by Raman 

scattering which is made up by the intensity/power P [W](proportional to the number 

of photons per unit time involved in the process) to the incident power density SInc 

[Wm-2] at the molecule position as in equation 1-1. 

𝑷 = 𝝈𝑺𝑰𝒏𝒄 

Equation 1-1 

The intensity varies by several orders of magnitude depending on both the 

analyte/probe under study and the incident wavelength used. Molecules, which have 

electronic energies close to the exciting laser energy, have a high intensity and are 

called resonant Raman scatterers. Examples of such molecules are dyes (e.g. R6G) 

for which resonance Raman scattering intensities can be ≈106 larger than normal 

Raman intensities. It is important to note that when a resonant Raman scattering 



 

  26 

probe is used in SERS conditions, the technique can be referred to as SERRS, 

however enhancement mechanisms still operate the same way. 

As stated before a good Raman scatterer or a resonant Raman scatter is not sufficient 

for being used in SERS conditions. The molecule must also be able to chemically or 

physically adsorb to the SERS substrate. Since substrates are usually made of gold or 

silver, it is easier to work with probes/analytes that have thiol or triazole groups as 

they show a high chemical affinity to such metal surfaces. Other ways to attach such 

molecules is through electrostatic interactions or surface functionalization of the 

substrates. 

1.2.4 SERS enhancement 

1.2.4.1 Electromagnetic and chemical enhancements  
Central point to the SERS technique is the ability to quantify the magnitude of the 

enhancement and to understand the physical origins of the enhancement. As stated 

before in section 1.2.3 the average Raman intensity of a molecule is directly 

proportional to the laser power density and the Raman cross-section of the molecule. 

This can also be generalised to SERS, however the SERS intensity is affected by an 

enhancement factor (EF). The physical origins of SERS EF are usually separated into 

two multiplicative contributions: 

• The electromagnetic (EM) enhancement factor FEM which is thought to be 

the major contributor of SERS enhancement. It arises from the coupling of 

the incident and Raman electromagnetic fields with the SERS substrate. The 

EM enhancement relies on the large local field enhancement that occurs 

close to metallic surfaces when localised surface plasmon (LSP) resonances 
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are excited. The molecule must be in close proximity to the metal surface (~ 

10 nm) to profit from them.  

• The second contribution to the EF is called the chemical enhancement (CE) 

factor Fchem. The existence and the definition of the CE factor is still a 

subject of controversy (7) nonetheless it is believed that its contribution to 

the SERS enhancement is much smaller than by the EM factor. One view of 

the CE factor is that the modification of the electronic polarizability of the 

probe molecule can induce resonant Raman scattering at wavelengths where 

the non-absorbed molecules would not be resonant (7). However the more 

accepted explanation is through a charge transfer (CT) mechanism (161), 

where the probe must be chemisorbed to the metal surface. 

SERS substrates are highly non-uniform even at the nanometre scale and since local 

field enhancement depends strongly on the exact position of the molecule on the 

surface, points of very large enhancement (hot spots) can be very localised. Single 

molecule (SM) SERS detection applications can profit from such hotspots, however 

many applications in analytical chemistry are more interested in the average 

enhancement factor i.e. for molecules with random position on the substrate. Most 

SERS EF definitions will therefore fall into one of the two categories : 

1. Maximum SERS enhancement factor. They occur on specific positions on the 

surface of the substrate and are known as hot spots. Only molecules in the hot 

spot may profit from it. These hot spots can give enhancement factors up to 

106 in spherical nanoparticles and up to 1010-1011 at nanometre gaps between 

two nanoparticles. Such high enhancement factors are sufficient to detect 
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SERS signal of a single molecule, however the hot spots cannot yet be made 

in a controlled manner or bring analytes specifically to their location. Single 

molecule detection can still be achieved when using resonant Raman dyes[52]. 

2. SERS average enhancement factor. It assumes a molecule is randomly 

adsorbed on the surface of a SERS substrate; hence it is an average of all the 

possible positions the molecule in question might take on the metallic 

surface. Typical values of SERS enhancement factors are in the range of 105-

106. 

1.2.5 SERS applications 

The main advantage of Raman spectroscopy is that it gives a distinct and unique 

spectrum of a molecule and hence provides a spectroscopic fingerprint. Raman 

spectroscopy is more specific than IR spectroscopy; only NMR is better when it 

comes down to specificity. This allows Raman spectroscopy to be exploited in a 

variety of applications.  

SERS is being implemented for applications, as it combines the advantage of the 

high specificity of the Raman effect and the high sensitivity which is equivalent or 

even better than that of fluorescence[53]. These advantages open up other niches of 

application that would be impossible to implement with normal Raman spectroscopy. 

Examples of such applications is the use of SERS in trace analysis especially in the 

detection, identification and quantification of dyestuff in old paintings, medieval 

manuscripts[54-56], medicines[57-59], explosives[60], drugs and bio-fluids such as 

glucose[61]. Recently trace detection of biomolecules have been the main driving 
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force in providing new SERS applications, specifically for analysis of DNA[62] and 

proteins[63]. A great benefit of SERS in trace analysis is that SERS conditions such as 

substrate, probe and laser excitation are optimised according to the analyte under 

investigation as to have the optimum signals and the detection limit.  

The SERS probes usually used in applications involving biomolecules, are ideal in 

substituting fluorophores in fluorescence based applications[53]. The apparent 

competition between the two techniques is artificial as each one fills the gaps where 

the other cannot cover. Table 1-1 below summarises the advantages of each 

technique over each other. 

 

Table 1-1 Advantages of fluorescence and SERS. 

Fluorescence SERS 

Single molecule detection more practical and 
straightforward than SERS. 

High specificity, thus SERS signature easily 
distinguished from background signal and 
allows multiplexing (i.e. monitoring of 
different probes/tags). 

Well-established, readily available 
instruments, probes and conjugates. 

Applied to any molecule without the need of 
tagging 

Quantitative.  Works with any excitation wavelength with 
the appropriate substrate unlike 
fluorescence. 

 Photo-bleaching not as problematic in SERS 
than in fluorescence. 
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1.3 Inorganic colloidal nanoparticles 

1.3.1 Introduction 

Inorganic colloidal nanoparticles are ideal SERS substrates and are defined as small 

nanoscale objects that have an inorganic core and are dispersed in a solvent. There 

are large selections of inorganic nanoparticles that have different properties 

according to their inorganic core, such as photoluminescence in the form of 

fluorescence (semiconductor quantum dots e.g. CdSe or CdTe) or phosphorescence 

(doped oxide materials e.g. Y2O3) or magnetic moment (e.g. iron oxide or cobalt). 

The most interesting nanoparticles for SERS as described in section 1.2.2 are silver 

and gold nanoparticles, which have high electron density and strong optical 

absorption, making them ideal for the use as a substrate in SERS. In fact they were 

used in the first claims of single molecule detection both in water[64] and as deposits 

on a planar substrates[65]. 

1.3.2 Metallic colloids for SERS 

1.3.2.1 Introduction 

There are several chemical routes by which silver and gold colloids can be 

synthesised in solution[66]. Most of these synthesis routes involve a reduction 

mechanism. Since colloids are dispersed in a solvent and most of the time it is water, 

they are stable only because of coulombic and steric repulsions among the particles 

and this is brought about by the use of a stabilising agent that covers the colloid 

surface and prevents aggregation. One of the most used methods of synthesis for 
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SERS colloid is the sodium-citrate reduction method[67] by Lee &Meisel whereby the 

citrate acts as both reducing and stabilisation agent.  

Gold nanoparticles are the most well studied colloids for SERS, since they are easily 

stabilised, less susceptible to oxidation and usually have a longer shelf life than silver 

nanoparticles. Due to such properties gold nanoparticles have been widely used in 

biological applications[68-72] for many years now. This gives a wide understanding on 

the synthesis[73,74] properties and the chemistry of molecular binding.  

In spite of all gold’s advantages, silver nanoparticles are being widely used in SERS 

mostly because of the high electromagnetic enhancement in the visible region (500-

650nm), hence more emphasis on silver nanoparticle synthesis, properties, 

characterisation and uses, as a SERS substrate shall follow. Still most of the points 

made on silver can equally apply to gold colloids. 

1.3.2.2 Synthesis 

The synthesis of colloids is not yet fully understood, however there are many 

processes that have been studied in great detail[75-77]. Colloids are usually fabricated 

by first having a nucleation process that will create the nanoparticles to a certain 

shape and size, after which the growth of the particles will continue until the metal or 

reducing agent has finished. There are a lot of chemical and physical factors that 

affect the synthesis mechanism, which in turn give different size, shape and 

polydispersity (size distribution) to the nanoparticles. 

The most common cited methods for the preparation of silver colloids is the one 

described by Lee and Meisel[67]. From the three different methods for silver sols 
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production described by Lee and Meisel[67], the citrate reduction route is the one 

which is easiest to prepare and which gives stable particles, in fact it was further 

investigated and optimised by Munro et al.[75]. The three basic steps of silver colloids 

by the citrate-reduction method involve: 

1. Dissolve silver nitrate (AgNO3) in water and boil 

2. Reduce the former with sodium citrate (trisodium citrate Na3C6H5O7) while 

boiling 

3. Boil under reflux for one hour 

Gold colloids can be prepared in a similar fashion using citrate as a reducing agent, 

following these general guidelines: 

1. Dissolve chloroauric acid (HAuCl4) in water and boil 

2. Reduce the former with sodium citrate (trisodium citrate Na3C6H5O7) while 

boiling 

3. Boil under reflux for one hour 

There are various other methods that can be found in scientific literature involving 

different reducing and stabilizing agents for the synthesis of inorganic metallic 

colloids. Each method give different sizes, and shapes, hence also different 

extinction spectra.  
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Examples of well-known alternatives for production of silver colloids (can be 

adapted for gold) are: 

• Reduction with sodium borohydride (NaBH4) of AgNO3, however the BO3
3- 

ion does not act as a good stabilizing agent[2]. 

• Reduction of silver perchlorate (AgClO2) with sodium borohydride (NaBH4) 

with the perchlorate ion acting as a stabilizing agent[77]. 

• A two step synthesis; ‘small’ nanoparticles are first produced by borohydride 

reduction and used a seed for the second step, whereby ascorbic acid is used 

for a slower and more controlled reduction[78]. This gives colloids with better 

size uniformity and better size control. A similar approach was taken for the 

fabrication of silver sol by reaction of AgNO3 with hydrazine hydrate[79] and 

HQ[80]. 

• Another two step process for the production of spherical monodispersed 

silver nanoparticles with controlled size range was reported by Lundahl et 

al.[81], whereby ethylenediaminetetraacetic acid (EDTA) reduced silver 

nanoparticles[82] are used as seeds to eventually grow controlled sizes of 

nanoparticles by reduction of silver nitrate with hydroxylamine hydrochloride 

(HONH2·HCl).By this method, different sizes can be grown according to how 

much silver nitrate is available for reduction. 

Other possible synthesis routes can also involve formation of silver colloids in non-

aqueous environment such as that reported by Kim et al. [83]. 
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1.3.2.3 Properties 

Silver colloids prepared by the Lee and Meisel method[67], result in a grey-yellow 

solution with the extinction spectrum maximum in between 400-430nm. Gold 

nanoparticles produced by the citrate reduction method give a ruby red solution with 

an extinction spectrum at a maximum in the range of 520-530nm. The citrate 

reduction method usually give a wide size distribution range, with a mean of about 

60nm and various shapes, however with optimisation work done on the Lee and 

Meisel method by Munro et al.[75] provided less polydispersed colloids with smaller 

particle size average of around 27nm. Silver colloids display aging over time, they 

can be stored up to one year in a fridge at 4ºC. The stabilizing agent, the citrate ion 

(C6H5O7
3-) is a weak base, whose triple acid form is citric acid (C6H8O7) (pKa 

6.4/3.76/3.13), hence this has to be taken into account when doing pH dependant 

SERS experiments. 

1.3.2.4 Characterisation 

Inorganic metallic colloids need to be fully characterised since knowing their size 

distribution and shape, allows one to know the plasmon resonance and 

electromagnetic enhancements when used as SERS substrates. 

The most direct method to characterise colloids is by electron microscopy. The 

commonest microscopic technique used is scanning electron microscopy (SEM). 

From SEM images the accurate size and shape can be obtained. The colloid samples 

cannot be used directly in SEM but they need to be dried in an appropriate substrate, 

which can lead to clustering between particles (see Figure 1-19). Such a problem can 

be avoided (in this case for negatively charged nanoparticles) by either treating the 
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silicon wafer to give it a positive surface charge or by grafting on a positively 

charged poly-lysine glass slide. Unfortunately SEM is a time consuming and costly 

technique, however an alternative to SEM is atomic force microscopy (AFM), which 

can measure accurately the height of the particles, however the in-plane 

measurements are not as accurate as with SEM. 

 

Figure 1-19 Clustering of silver nanoparticles after drying on a silicon wafer for SEM analysis. 

A relative simple and cheap technique for the optical characterisation of inorganic 

metallic colloids is UV/Vis spectroscopy whereby the absorption and transition 

(extinction) can be measured. The peaks observed in the extinction spectra are 

directly associated with the resonant optical response at the wavelength 

corresponding to the localised surface plasmon resonance of the substrate. If the peak 

is broad it reflects polydispersity of the colloid. The resonance wavelength obtained 

from the extinction spectra of the colloid is important for SERS, as the largest 

enhancement for the substrate is when both incident laser and/or Stokes shifted 

SERS photons are close to the resonance wavelength. It is to note that although the 

wavelength dependence of the extinction spectrum and the SERS enhancement are 
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related, the extinction spectrum and the magnitude of the SERS enhancement are 

indirect. To better illustrate this, it is known that resonances associated with gap-

plasmons do not have more intense extinction spectra despite their much bigger 

SERS enhancements[84]. Another example is when using aggregated colloid from 

which the SERS signal is mostly due to hot spots, the extinction spectrum is not a 

good indicator where in the wavelength the maximum SERS enhancements occur. 

UV/Vis spectroscopy is ideal for quality control of the colloid solution prepared 

rather than accurate measurement for shape and size, however recent studies tried to 

relate the size and shape of silver nanoparticles to their plasmon resonance[85]. 

From UV/Vis measurements one can also deduce the concentration of the colloids in 

solution, the same way dye concentrations are obtained by the use of the Beer-

Lambert law (see equation 1-2): 

𝐴 = 𝑙𝑜𝑔!" 𝑇 = 𝑐!𝜀𝑙 

Equation 1-2 

where for monodispersed colloid solutions cm [M] is the colloid concentration and ε 

[M-1cm-1] is the extinction coefficient and l is the light path length. The extinction 

coefficient depends on the material. Gold nanoparticles of approximately 40 nm have 

an ε corresponding to 1.63 x 1010 M-1cm-1while silver nanoparticles of the same size 

has a ε of 2.8 x 1010 M-1cm-1. The extinction coefficient also increases with an 

incrimination of particle size. 

Another interesting technique that is commonly used for colloid characterisation is 

dynamic light scattering (DLS). DLS relies on the principles[86] of measurement of 
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intensity fluctuations in the light scattered by a monochromatic source. Assuming 

that the particles are spherical, DLS can give the radius of the particles, as it is 

directly related to the diffusion coefficient D, as shown in equation 1-3 the Stokes 

Einstein equation[86]: 

𝐷 =
𝑘!𝑇
6𝜋𝜂𝑅!

 

Equation 1-3 

where h [kg m-1s-1] is the solvent viscosity, Rh is the hydrodynamic radius of the 

particle. DLS is an important tool for characterisation alongside other techniques as 

the average properties of the particles can be easily obtained. 

Another method for particle size characterisation is by differential centrifugal 

sedimentation (DCS), which allows extremely high-resolution size distribution that 

can range from 0.01µm to 50µm. The theory behind particle size analysis of an 

unknown distribution of spherical particles by sedimentation is the Stokes’ law[87] 

whereby the time taken by particles to settle a known distance in a fluid of known 

viscosity and density is measured. If sedimentation is done under gravity alone, it is 

not very practical as it would be limited to particles of a relatively large size. Small 

particles would take a long time to settle and settling itself would be hampered by 

Brownian motion. Using centrifugal forces for sedimentation through the use of a 

centrifuge allows sedimentation analysis of smaller particles. This is due to the high 

g forces, which make sedimentation of small particles much faster than Brownian 

diffusion. The stokes law has to be modified (see equation 1-4) to take in account the 

variation in g force with distance from the centre of rotation: 
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𝐷 =
18𝜂 ln 𝑅! 𝑅!
𝜌! − 𝜌! 𝜔!𝑡

!.!

 

Equation 1-4 

where D is the particle diameter [cm], h  is the final viscosity [poise], Rf is the final 

radius of rotation [cm], R0 is the initial radius of rotation [cm], rp is the particle 

density [g ml-1], w is the rotational velocity [rad s-1] and t is the time required to 

sediment from R0 to Rf [s]. All parameters are kept constant except for time during 

analysis, so that the diameter of spherical particles are measured based on arrival 

time at the detector. The common designs for DCS instruments usually consist of a 

hollow optically clear disc that is driven by a variable speed motor, with a 

monochromatic detector beam (see figure 1-20). The wavelength for the beam is 

usually in the range of 400 to 500nm as short wavelengths give better detector 

sensitivity for particles smaller than 100nm.  

 

Figure 1-20 Hollow disc centrifuge design.	  Taken from Laidlaw[88] 

The overall advantages of the DCS method are accuracy, repeatability of the size 

distribution reported and an overall better resolution. 
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1.3.2.5 Functionalization 

Inorganic colloidal nanoparticles can be functionalised with a variety of moieties that 

can range from simple molecules such as N-hydroxy-succinimide (NHS) to polymers 

such as poly(ethylene glycol) (PEG) and biomolecules from the smaller ones such as 

lipids and peptides to larger molecules such as DNA and proteins. 

When inorganic nanoparticles are conjugated with biomolecules, hybrids are 

generated. These hybrids can then interact specifically with a biological system. The 

greatest advantage that these conjugations offer is that they bring together the unique 

properties of both materials. For example inorganic nanoparticles such as silver bring 

the optical properties together with the property of an aptamer of high specific 

binding by molecular recognition. Such systems would be an ideal candidate for 

SERS sensing applications or with addition of a dye for SERRS sensing applications.  

Conjugation of biomolecules to nanoparticles fall generally into four classes: 

1. Chemisorption, whereby the biomolecule binds to the surface of the inorganic 

particle core e.g. thiol groups. 

2. Electrostatic adsorption, whereby a charged biomolecule adsorbs to an 

oppositely charged nanoparticle. 

3. Covalent binding by conjugation chemistry, whereby already present 

functional groups present on particle and biomolecule are exploited. 

4. Non-covalent, affinity-based receptor-ligand systems e.g. an avidin (protein) 

–biotin (vitamin H) system.  
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Nucleic acids, apart from containing genetic information of organisms can be 

employed as a very specific polymeric molecule for molecular recognition. This 

sought after property could be transferred to metallic inorganic colloids by 

conjugation. Oligonucleotides can be conveniently attached in an aqueous solution to 

both silver and gold nanoparticles[68-71,89] by a thiol-metal bond. Unlike double-

stranded DNA (dsDNA), ssDNA is more flexible[90] and can take a curved or coiled 

formation on the nanoparticle. Studies have found that ssDNA attached to 

nanoparticles undergo a stretching when an increased surface coverage induces steric 

pressure or when it is hybridised with a complementary strand, which results in a 

stiffer double helix[91-93]. Aptamers have the desirable property of strongly binding to 

a target molecule by molecular recognition, determined by geometric matching of the 

surfaces of the two molecules, hence they have been attached to various 

nanoparticles as to exploit such characteristic. Aptamers have been attached to gold 

nanoparticles via a thiol functional group[72,94] and to quantum dots, and silica coated 

gold particles by covalent conjugation chemistry[95,96], to avidin-modified magnetic 

nanoparticles[97] and to biotinylated DNA aptamers to quantum dots with 

streptavidin[98]. Aptamer functionalised nanoparticles have been successfully used to 

detect the thrombin protein using both colourimetry and SERRS[99,100]. 

Functionalised nanoparticles are being also widely used in research to investigate 

nucleic acids, especially when SERS and SERRS techniques are used thus offering 

high enhancement factors[101]. Such techniques make it possible for handling low 

sample concentrations which rival and in most cases are better than 

fluorescence[65,102]. Detection for very low DNA concentrations can be devised using 
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SERRS systems, whereby a DNA probe is modified as to be able to adsorb to the 

metal nanoparticle surface and linked to a chromophore which will give a resonance 

contribution with the exciting laser wavelength (see figure 1-21). 

 

Figure 1-21 Schematic diagram of a SERRS active DNA probe. Four main components are 

present however it should be noted that the dye and surface-seeking group could be the same 

species. Figure adapted from Graham et al.[103]. 

Array based formats have been developed where the probe is immobilized as to 

capture the target sequence from the sample.  These systems were effectively used to 

detect and analyse the breast cancer gene BRCA1[104] and also the detection of 6 

different labelled oligonucleotide sequences[105]. Other approaches use molecular 

sentinels whereby the SERRS signal changes through hybridization of the probe[106]. 

SERRS based diagnostic systems are being also developed to detect a wider variety 

of target molecules by using the numerous high affinity and highly specific aptamers 

that are readily available as probes[107]. Aptamer-based SERRS systems 

characteristics are that they provide an ultrasensitive detection technique as 

demonstrated by Cho et al.[99] in the detection of thrombin protein by combining 

resonance Raman scattering with SERS enhancement in the presence of a metallic 

nanoparticle. 
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1.4 Aims 

In the following chapters two fundamental aspects of SERS are examined, the SERS 

probe and the SERS substrate. In chapters two and three the effect on SERS with the 

modification of the oligonucleotide SERS probe is investigated. The aims of chapter 

two were to determine the effects of phosphorothioate modified DNA on SERS  

when: 

• The concentration of the aggregating agent spermine are changed 

• The number of phosphorothioate modifications in the TAMRA-labelled 

oligonucleotide are changed 

• Inorganic salts are used as aggregating agents 

The results obtained in this chapter were further backed up with a study on the 

interaction of phosphorothioate modified DNA with the silver nanoparticle surface 

using un-labelled polyadenine oligonucleotides. While in chapter two the focus was 

on single stranded DNA the aim of chapter three was extended to double stranded 

DNA. The different electrostatic properties of single-stranded and double stranded 

DNA favours the single-stranded DNA to give higher SERS intensities, when 

negatively charged silver nanoparticles are used. The aim of chapter 3 was to:  

• Determine the effects of DNA melting curves with phosphorothioate 

modification 

• investigate the effect of different combination of unmodified and 

phosphorothioate modified DNA with complimentary unmodified and 

phosphorothioate modified DNA on SERS intensities. 
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• Find a relation between melting curves and change in SERS intensities 

 In the following chapters four and five the focus turns to the SERS substrate. The 

aims of chapter four were:  

• To produce different monodispersed silver nanoparticle size.  

• to understand the effect of nanoparticle size on SERS enhancement, using 

three different dye-labelled oligonucleotides with different absorption 

maximum wavelength. 

In chapter five the aim was to: 

• improve on the synthesis of monodispersed size tuneable silver nanoparticles 

using hydroquinone which is a selectively reduces Ag ions when 

nanoparticle seeds are present.  

• to determine the analytical enhancement factor for each size using 

rhodamine 6G, malachite green oxalate and thiophenol as probes.  

The aim of chapter six was to: 

• bring together the work of the previous chapters together evaluating the 

effect of combining nanoparticle size and phosphorothioate modification 

on SERS analysis and  

• comparing different methods of nanoparticle characterisations 
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Chapter 2: Quantitative Enhanced Raman 
Scattering of Dye-Labelled Phosphorothioate 
Oligonucleotides 
2.1 Introduction 

Molecular biodiagnostics are evermore relying on nanotechnology to improve 

sensitivity capabilities and the ability to multiplex i.e. to identify more than one 

analyte simultaneously. Gold nanoparticles have become a general tool for such 

biodiagnostic techniques whether monitoring their colorimetric[108], scattering[109] or 

electrical properties[110].  

A point in case of improvement in diagnostics by nanomaterials is the detection of 

DNA. Routinely this is done by fluorescence labelling of DNA whereby the common 

disadvantage encountered apart from photostability issues is having a broad spectral 

response making it an inefficient multiplexing technique. Photostability and 

sensitivity for the detection of DNA was greatly increased with the use of quantum 

dots[111,112] whereby the excitation occurs at a single wavelength, however the 

emissions from such systems are still broad (25 nm). The solution for multiplexing 

lies in the use of spectroscopic techniques, especially in conjunction with metal 

nanoparticles in SERS as it gives narrow spectral lines[101]. The sensitivity is further 

enhanced by labelling the DNA with chromophores (the same used in fluorescence) 

as to have resonance Raman scattering[113] which as reported enables single-molecule 

detection[64,65]. SERRS has been effectively used as a quantitative technique for the 

direct analysis of dye-labelled oligonucleotides[114-122]. It has been shown that 

SERRS can have limits of detection of at least three orders of magnitudes lower than 
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those obtained by a fluorescent technique[115]. For SERRS analysis of dye-labelled 

oligonucleotides it is important not only for the biomolecule to adsorb onto a suitable 

metal surface[123] but also that the chromophore attached coincides with the laser 

excitation wavelength. The metal substrate used was a silver colloidal solution, 

which gives high electromagnetic enhancement in the visible region. In direct 

SERRS analysis of dye-labelled oligonucleotides using negatively charged silver 

nanoparticles, spermine a tetramine molecule is used which in turn reduces the 

negative charge of the DNA backbone and induces formation of silver nanoparticle 

aggregates creating appropriate SERRS conditions in solution. Furthermore if a dye 

that has a net negative charge in solution is used the oligonucleotide can be modified 

using propargylamine[124] which will provide a positive charge facilitating adsorption 

to the silver surface. Backbone and sugar modifications of DNA are becoming 

cheaper and easier to make. A modification that is gaining interest due to its 

properties are phosphorothioates linkages whereby a non-bridging oxygen atom of a 

phosphodiester is replaced by a sulfur atom[125]. Phosphorothioate oligonucleotides 

can be easily prepared through solid phase phosphoramidite synthesis where the 

oxidation step is replaced with a sulfurization step. Phosphorothioates modified 

oligonucleotides have been used in antisense applications[126] as the backbone 

modification infers to the strand resistance to both exo- and endonucleases. This is 

particularly useful for clinical applications whereby the enhanced stability is ideal 

when used in cells and sera. Another useful property that such modification brings 

about is its affinity towards silver and gold surfaces. As thiol modified molecules[127-

129] and thioctic acid modified DNA[130], phosphorothioate modified DNA are being 

used to functionalize quantum dots[131], gold nanoparticles[132], as a cross-linking 
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agent for  gold nanoparticles to form rigid structures[133] and fabrication of bimetallic 

core-satellite nanoclusters[134]. In this study the limit of detection of phosphorothioate 

modified dye-labelled oligonucleotides is compared to an unmodified dye-labelled 

oligonucleotide using SERRS. The mechanism by which the phosphorothioate-

modified DNA attaches to the nanoparticle surface was explored using poly-adenine 

oligonucleotides. 

2.2 Experimental 

2.2.1 Chemicals and materials 

Oligonucleotides were purchased from Eurofins (Germany) and purified by HPLC. 

All other materials were purchased from Sigma-Aldrich and used without further 

purification. All water used was doubly distilled (18.2 mΩ cm). 

2.2.2 Nanoparticle preparation 

The citrate reduced silver colloid was prepared using a modified version of the Lee 

and Meisel method[67] Water (500 mL) was heated up to 45 ºC in a three parallel-

necked round bottom flask (1 L) and silver nitrate (90 mg in 10 mL H2O) was added. 

The solution was heated up to 98 ºC and 1% w/v sodium citrate solution (10 mL) was 

added. The temperature (98 ºC) was maintained stable for 90 minutes with 

continuous stirring throughout the flask. The necks were covered with aluminium 

foil to prevent excessive water evaporation. 
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2.2.3 Instrumentation 

Spectra recorded at 532 nm excitation wavelength an Avalon probe system 

Ramanstation R3was used which is equipped with an optical fibre probe with a 532 

nm diode laser excitation and a power of approximately 24 mW at the sample. 

Spectra recorded at 633 nm used a setup consisted of a Leica DM/LM microscope 

equipped with an Olympus 20x/0.4 long-working distance objective that collects 

180º backscattered light from a cuvette. The spectrometer system was Renishaw 

Ramascope System 2000 (Gloucestershire, UK) with a Renishaw diode laser with a 

power output of 1 mW at sample. Holographic edge filters were used to reject 

Rayleigh scattered light. The detector used was a deep-depletion RenCAM charge-

coupled device (CCD). 

2.2.4 Aggregation study 

Aggregation studies were carried out on the modified and unmodified TAMRA-

labelled oligonucleotides. The samples were prepared for SERRS analysis using 7 

µL of TAMRA-labelled oligonucleotide, 10 µL of spermine, 175 µL of water and 

175 µL of 0.3 nM silver nanoparticles. The following initial concentrations of 

spermine tetrahydrochloride diluted in water were used: 0.1, 0.01, 0.001, 0.0001, and 

0.00001 mol dm-3, followed by an analysis with no spermine present. The 

aggregation was monitored using the Avalon probe by taking a spectrum of the 

colloid solution every 30 s for 30min with 1s exposure time and 5 accumulations. 

The order of addition of analyte, spermine, water and nanoparticles was found to 

give the highest peak counts. 
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2.2.5 Limit of detection studies 

Concentration studies were carried out on the modified and unmodified 

oligonucleotides by diluting them with water to various concentrations. The samples 

were prepared for SERRS analysis as before by adding 7 µL of TAMRA-labelled 

oligonucleotide, 10 µL of 0.1 mol dm-3 spermine, 175 µL of water and 175 µL of 0.3 

nM silver colloid. The samples were analysed 10 minutes after the addition of the 

silver colloid. Using the Avalon probe each concentration was analysed 5 times, with 

a 2 s exposure and 5 accumulations. The average peak height of the TAMRA dye 

which gives the strongest peak (1650 cm-1) in the spectrum was plotted against the 

concentration of the dye-labelled oligonucleotide after being normalised to a hexane 

standard. This was repeated with 0.01 M initial spermine concentration and 2M 

initial concentrations of NaCl, KNO3 and MgSO4 as aggregating agents. The LOD 

was calculated using equation 2-1 

𝐿𝑂𝐷 =
𝜒!" + 3𝜎!"

𝑚  

Equation 2-1 

where χBL is the mean of the blank sample measurements, σBL is the standard 

deviation of the blank sample baseline and m is the gradient of the calibration line. 

2.2.6 Poly-adenine study 

SERS spectra were obtained for modified and unmodified poly-adenine 

oligonucleotides (PA1, PA2 & PA3). The DNA was prepared for SERS analysis by 

heating them up to 95 ºC for 15 minutes after which they were immediately cooled 
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down in an ice bath. Following this 7 µL of the oligonucleotide was added to 10 µL 

of 0.1 M spermine, 175 µL of water and 175 µL of 0.3 nM AgNP solution, giving a 

final DNA concentration of 100 nM. The same procedure was used when 1% (w/v) 

NaCl solution was used as aggregating agent, however a final DNA concentration of 

1.9 µM was used. The SERS spectra of three identical samples was recorded after 

one minute of mixing the analyte with the AgNP with an instrumental setup in a 

confocal arrangement at an extinction wavelength of 633 nm. The SERS spectra 

were obtained with an exposure time of 2 seconds and 5 accumulations.  

2.3 Results and discussion 

Phosphorothioate modified oligonucleotides are known to have a great affinity 

towards a silver surface due to the sulfur atoms availability for coordination with the 

metal surface. This is the first report to the best of our knowledge of 

phosphorothioate dye-labelled oligonucleotides used in direct DNA SERRS analysis. 

Increasing the affinity of the oligonucleotide towards the nanoparticle should in 

practice increase the Raman enhancement and give lower detection limits if affinity 

was the only the key factor and not taking in consideration the mechanism by which 

the aggregating agent works. To examine this hypothesis, three oligonucleotides with 

an identical 20 base pair sequence but with different backbone linkages were used as 

listed in table 2-1.  
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Table 2-1 Dye-labelled oligonucleotide sequences 

 5'-dye label oligonucleotide sequence 

   

O1 TAMRA 5'GGTTCATATAGTTATAATAA3' 

O2 TAMRA 5'*G*G*T*T*C*A*T*A*T*A*G*T*T*A*T*A*A*T*A*A3' 

O3 TAMRA 5'*G*G*T*T*C*A*T*A*T*AGTTATAATAA3' 

* is a phosphorothioate linkage 

 

The first oligonucleotide (O1) has normal phosphodiester linkages, the second one 

(O2) has all phosphorothioate linkages and the last sequence (O3) was a chimeric 

DNA whereby the first ten linkages starting from the 3’ are normal phosphodiester 

bonds, while the other half, the remainder ten linkages are phosphorothioate bonds. 

The dye-label attached at the 5’ end of the oligonucleotide used is 

carboxytetramethylrhodamine (TAMRA) which has an overall positive charge, 

facilitating the adsorption to the substrate. The absorption of the dye is at 544 nm 

which makes it in resonance with the laser excitation wavelength used (532 nm). 

Initial experiments were conducted using spermine as to understand if the 

phosphorothioate modifications change the interaction of the oligonucleotide with 

the spermine. This is due to the fact that spermines’ advantage over inorganic ions or 

acids as aggregating agents in DNA analysis apart from causing the aggregation of 

colloid by the reduction of the nanoparticle surface charge, that it also interacts with 

the DNA to modify its charge[122]. This was found to give a controlled aggregation of 

the nanoparticles. From our study it has been shown that decreasing the 

concentration of spermine for the three different oligonucleotides decreases SERRS 
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intensity from the TAMRA dye peaks (see figure 2-1) and No dye peaks could be 

observed at very low spermine concentrations.  

 

Figure 2-1 Comparison of SERRS spectra containing 1 nM TAMRA-labelled oligonucleotide 

(O1, O2 & O3) at different spermine concentrations and no spermine at laser excitation 

wavelength of 532 nm excitation wavelength with 1 seconds exposure time and 5 accumulations. 

For visualisation purposes the spectra have been baseline corrected and offset on the Y-axis. 
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When no aggregation agent was added no dye spectrum could be obtained, however 

when the oligonucleotides were left to incubate with the colloid for 24 hours the 

TAMRA peak at 1650 cm-1 could be seen for O2 (see figure 2-2). This shows that the 

phosphorothioate is actually seeking and interacting with the silver nanoparticle 

surface.  

 

Figure 2-2 Monitoring the 1650 cm-1 peak of the three TAMRA-labelled oligonucleotide at 1 

nM concentration after 24 hours of incubation with AgNP using a 532 nm excitation wavelength 

with 2 seconds exposure time and 5 accumulations. For visualization purposes the spectra were 

offset on the Y-axis. 

When using dye-labelled oligonucleotides, the spectral features of DNA are often not 

observable. In an attempt to understand the interaction of the phosphorothioate-

modified oligonucleotides with the AgNP label-free measurements were carried out 
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whereby the Raman signal originates from the nucleobases. More specifically to 

confirm that the phosphorothioate-modified oligonucleotides are attaching to the 

surface through the sulfur on the DNA backbone when spermine is used as an 

aggregating agent. Poly-adenine oligonucleotides modified analogously to the 

TAMRA-labelled oligonucleotides but without dye were used as shown below in 

table 2-2. Poly-adenine oligonucleotides were used as to facilitate the assignment of 

peaks. No dye was used, as its enhanced Raman spectra would overshadow the 

weaker peaks coming from the actual DNA hence the DNA itself is used directly in 

the analysis to understand the factors determining the observed signals. 

Table 2-2 Poly-adenine oligonucleotide sequence 

  oligonucleotide sequence 

   

PA1  5'AAAAAAAAAAAAAAAAAAAAA3' 

PA2  5'A*A*A*A*A*A*A*A*A*A*A*A*A*A*A*A*A*A*A*A*A3' 

PA3  5'A*A*A*A*A*A*A*A*A*A*AAAAAAAAAAA3' 

* is a phosphorothioate linkage 

 

Figure 2-3 shows the SERS spectra of the thermally treated unmodified poly A and 

phosphorothioate modified poly A on AgNP aggregated with spermine. In all three 

spectra the in-plane ring breathing mode at approximately 736 cm-1 and the skeletal 

vibration modes in the 1200-1600 cm-1 range can be seen[135].  

From the spectra obtained a 620 cm-1 peak which corresponds to the P-S vibration on 

to a metal surface[136] can be seen for the modified DNA (O2 & O3) (see figure 2-3). 

These preliminary results show that phosphorothioate oligonucleotides have an 
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affinity to the silver nanoparticle surface attaching themselves through the backbone. 

Therefore in theory an increase in the enhancement from the dyes is expected, as 

more DNA molecules would be found in SERRS hot spots. However this does not 

exclude strong non-specific interactions between the nucleobases and the metal 

surface[137]. Furthermore from the limit of detection studies carried out it is shown 

that oligonucleotide affinity when using spermine as aggregating agent is not the 

only factor that contributes to the detection but also the number and position of the 

modification and the interaction of the modified oligonucleotide with the aggregating 

agent. 

 

Figure 2-3	  SERS spectra of 100nM poly-A oligonucleotides at 633 nm excitation wavelength (2 

seconds exposure time and 5 accumulations) using 2.72 mM spermine as aggregating agent. 

Peaks at 620 cm-1 are present for poly-A phosphorothioate modified oligonucleotides (PA2 & 

PA3). For visualization purposes the spectra were offset on the Y-axis. 
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When using a 2.72 mM final spermine concentration the unmodified TAMRA-

labelled oligonucleotide (O1) gives a limit-of-detection (LOD) of 1.1 x 10-12 M a 

whole order of magnitude lower to the modified ones (O2 & O3) (see figure 2-4 and 

table 2-3). This suggests that spermine interacts with the DNA to give a better 

detection limit when phosphodiester linkages are present since O2 gave the highest 

LOD and the peak intensity at 1650 cm-1 did not increase as concentration of DNA is 

increased as seen in figure 2-4.  

 

 

Figure 2-4 Concentration dependence of the signal  graph obtained for the three different 

TAMRA-labelled oligonucleotides (O1, O2, & O3) using a final concentration of 2.72 mM 

spermine. Each point is the average of the main peak intensity (1650 cm-1) of five repeat samples 

and the error bars are their corresponding standard deviation. 
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Table 2-3 Limit of detection of the 3’ labelled oligonucleotides with different spermine 

concentrations 

Oligonucleotide 2.72 mM Spermine 

LOD/mol dm-3 

0.27 mM Spermine 

LOD/mol dm-3 

O1 1.1x10-12 6.2x10-12 

O2 3.7x10-11 4.1x10-11 

O3 3.0x10-11 3.5x10-12 

 

When the final spermine concentration is lowered to 0.27 mM the chimeric DNA 

(O3) now gives a better LOD of detection than the normal oligonucleotide showing 

that an appropriate balance between the affinity of the sulfur towards the surface and 

the spermine interaction with the DNA is found (figure 2-5). The fully modified 

DNA (O2) however still shows a high LOD of detection hence establishing that 

phosphodiester linkages need to be present when spermine is used as an aggregating 

agent (figure 2-5). Also the results show that when using spermine, modification of 

the DNA backbone does not give a better LOD unless spermine final concentrations 

lower than 2.72 mM are used.  
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Figure 2-5 Concentration dependence of the signal graph obtained for the three different 

TAMRA-labelled oligonucleotides (O1, O2, & O3). An initial concentration of 0.27 mM 

spermine and a laser excitation wavelength of 532 nm. Each point is the average of the main 

peak intensity (1650 cm-1 ) of five repeat samples and the error bars are their corresponding 

standard deviation. 

Further experiments were carried out to show that the results obtained are due to the 

interaction of spermine with the modified phosphorothioate. The LOD for the three 

different oligonucleotides were repeated using the same procedure but instead using 

NaCl, KNO3 and MgSO4 as aggregating agents since they do not cause aggregation 

through the attachment of DNA to the silver surface but only act by reducing the 

surface charge on the colloid[75]. As can be seen from table 2-4 these inorganic ions 

give a better LOD when phosphorothioates are present, although they give a high 

LOD when compared to spermine. 
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Table 2-4 Limit of detection of the 3’ labelled oligonucleotides with different inorganic salts 

Oligonucleotide NaCl 

LOD/mol dm-3 

KNO3 

LOD/mol dm-3 

MgSO4 

LOD/mol dm-3 

O1 1.3x10-10 8.9x10-10 4.6x10-10 

O2 6.1x10-11 4.9x10-10 2.4x10-10 

O3 3.1x10-11 4.4x10-10 1.9x10-10 

 

Any difference in LOD between the oligonucleotides can be attributed to the 

modification on the DNA. From the results obtained in figure 2-6 it shows that the 

modified DNA gives a lower LOD when compared to the unmodified DNA, showing 

that the affinity of phosphorothioate DNA in this case helps in the limit of detection. 

The chimeric DNA O3 gives a better LOD over all the three different inorganic salts. 

This can be attributed to the fact that its affinity (due to the presence of the 

phosphorothioate linkages) towards the silver surface is greater toward the 5’ 

terminal half where the dye is. For O2 however there is no preference for the 5’ or 3’ 

terminal, unless the dye itself is directed away from the surface due to steric 

hindrance and/or better packing. It was also shown using poly-adenine 

oligonucleotides that the phosphorothioate DNA attaches via the backbone to the 

silver nanoparticle through the sulfur (see figure 2-7) when using NaCl as the 

aggregation agent, since a peak at 620 cm-1 was present only for the 

phosphorothioate-modified DNA. It is to note that a higher concentration of DNA 

was needed (1.9 µM) to obtain suitable spectra. When using spermine as an 

aggregating agent lower DNA concentrations were needed (100 nM).  
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Figure 2-6 Concentration dependence of the signal graphs obtained for the three different 

TAMRA-labelled oligonucleotides (O1, O2, & O3). A final concentration of 54.5 mM inorganic 

salts (NaCl, KNO3, & MgSO4) as aggregating agent and a laser excitation wavelength of 532 nm. 

Each point is the average of the main peak intensity (1650 cm-1) five repeat samples and the 

error bars are their corresponding standard deviation. 
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Figure 2-7 SERS spectra of 1.9µM poly-A oligonucleotides at 633 nm excitation wavelength (2 

seconds exposure time and 5 accumulations) using 1% (w/v) NaCl as aggregating agent. Peaks 

at 620 cm-1 are present for poly-A phosphorothioate modified oligonucleotides (10PO/10PS & 

20PS). For visualization purposes the spectra were offset on the Y-axis. 

2.4 Conclusion  

This chapter gives an insight on the effect of phosphorotioate modification on SERS 

intensity and limit of detection when using silver nanoparticles and different 

aggregating agents. From the experiments conducted, it was concluded that a 

decrease in spermine concentration decreases the SERS intensity for both modified 

and unmodified DNA. However the SERS signal (at 1650 cm-1) from the 

oligonucleotide dye-label can still be detected for phosphorothioate modified DNA 

even when no aggregating agent is used, therefore confirming the increased affinity 

for the silver surface. SERS spectra have shown that the affinity was through the 

sulfur moiety present on the oligonucleotide backbone, since using poly-adenine 
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oligonucleotides the 620 cm-1 peaks characteristic of the P-S vibration on a metal 

surface can be seen. Furthermore it was concluded that O1 gives a better limit of 

detection than the modified oligonucleotides O2 and O3 (O1<O3<O2). However if 

the spermine concentration is decreased O3 has a lower limit of detection 

(O3<O1<O2).  The differences in the LOD between the DNA used shows that 

spermine interacts differently with unmodified and phosphorothioate-modified 

oligonucleotides. This is in contrast to when inorganic salts were used as aggregating 

agent, were the modified oligonucleotides gave a better LOD (O3>O2>O1). From 

this one can conclude that spermine interacts with the phosphorothioate modified 

DNA, causing a decrease in affinity and therefore an increase in LOD. It also shows 

the importance of the positioning of the modifications, where a fully modified DNA 

has a higher LOD than that of the chimeric one. In the next chapter the study will 

thus be extended to modified-dsDNA as to see if it behaves in a similar fashion to 

ssDNA, to give a complete picture of the behaviour of phosphorothioates. 
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Chapter 3: SERS Response from Double 
Stranded Dye-Labelled Phosphorothioate 
Modified DNA 
3.1 Introduction 

Most of SERS DNA detection assays use ssDNA as the analyte. This stems from the 

high surface affinity for metallic surfaces[117,138]. As in the previous chapter the 

AgNP’s are negatively charged, to which the ssDNA exposed bases facilitates 

absorption to its surface[139]. Other assays such as molecular beacons[30] and scorpion 

probes[140] will contain a mixture of both single and double stranded DNA as the 

detection of the target relies on a specific hybridisation event. Li and Rothberg[141] 

were the first to report a colourimetric method that discriminates between ssDNA 

and dsDNA.  

ssDNA and dsDNA have different adsorptions to gold and silver nanoparticle 

surfaces. This difference has been implemented not only in colourimetric methods 

but also in fluorescence and SERS based DNA detection. The adsorption difference 

between the two stems from the different electrostatic properties which are intrinsic 

to their structure. The double-helix geometry of dsDNA has the negatively charged 

phosphate backbone on the outside and the bases on the inside. On the other hand 

ssDNA although still having a negatively charged backbone it has its bases exposed. 

Therefore gold and silver nanoparticles that are usually stabilised by adsorbed 

negative ions repel the charged phosphate backbone of dsDNA and thus won’t 

adsorb. However the flexible ssDNA adsorbs to negatively charged nanoparticles by 
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attractive Van der Waals forces between the exposed bases and the nanoparticle 

surface. 

In chapter two the qualitative and quantitative SERS detection of phosphorothioate-

modified ssDNA was compared to unmodified ssDNA showing that spermine 

increases the LOD for phosphorothioate-modified oligonucleotides. In this chapter 

the study will be extend to dsDNA. ssDNA and dsDNA are compared using a 

combination of phosphorothioate-modified and unmodified dye-labelled 

oligonucleotide probes hybridized with their respective phosphorothioate and 

unmodified complements, in an attempt to shed light on the interaction of spermine 

with phosphorothioate-modified DNA. 

3.2 Experimental 

3.2.1 UV-Vis spectroscopy DNA melts 

UV-Vis spectroscopy was used to monitor the thermodynamic and kinetic properties 

of the dye-labelled oligonucleotides in the presence of its complementary 

oligonucleotide sequence. UV-Vis spectroscopy was carried out on a Varian Cary 

300 BIO spectrophotometer with a Peltier thermal control cycling between 10 ºC to 

90 ºC with 1 ºC per minute increments. The UV absorbance was measured at 260 

nm.  

The DNA melts were prepared by adding 50 µL of dye-labelled oligonucleotide (10 

µM) and 50 µL of complementary oligonucleotide (10 µM) and 400 µL of PBS (0.3 

M, pH 7.3). After a baseline spectrum was gathered using blanks (100 µL H2O and 

400 µL PBS) the samples were placed in the multi-cell block Peltier and the UV 
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absorbance at 260 nm was measured every minute as the temperature cycled between 

10 ºC and 90 ºC with 1 ºC per minute increment. Each cycle was repeated 6 times 

from which the average absorbance at each temperature was calculated. The 

absorbance at 260 nm was plotted against temperature. The 15 samples prepared 

comprised all combinations of dye-labelled oligonucleotides with complementary 

sequence. Control samples were also prepared whereby the dye-labelled 

oligonucleotide was added to a nonsense sequence or a diethylpyrocarbonate (DEPC) 

treated water. 

3.2.2 Synthesis and characterisation of silver citrate reduced 

nanoparticles 

3.2.2.1 Synthesis  

All materials were purchased from Sigma-Aldrich and used without further 

purification unless otherwise stated. All water used was doubly distilled (18.2 

mΩ•cm). All glassware was soaked in aqua regia for at leas two hours and rinsed 

with double distilled water. 

The citrate reduced silver colloid preparation method used is a modification of the 

method reported by Lee and Meisel[67]. Water (500 mL) was heated up to 45 ºC in a 

three parallel-necked round bottom flask (1 L) and silver nitrate (90 mg in 10 mL 

H2O) was added. The solution was heated up to 98 ºC and 1% w/v sodium citrate 

solution (10 mL) was added. The temperature was maintained at 98 ºC for 90 

minutes with continuous stirring throughout the flask. The necks were covered with 

aluminium foil to prevent excessive water evaporation. 
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3.2.2.2 Characterisation 

3.2.2.2.1 UV-Vis Spectroscopy 

The extinction spectra of the silver colloid were recorded after preparation using a 

Varian Cary 300 Bio spectrophotometer over a wavelength range of 200-800 nm. 

The baseline was recorded using doubly distilled water and the samples were diluted 

accordingly to remain in the linear response of the spectrometer. The concentration 

was calculated by Beer-Lamberts’ law whereby the extinction coefficient used was 

2.87 x 1010 M-1 cm-1 for a colloid with a maximum extinction wavelength of 407 nm. 

3.2.2.2.2 Dynamic light scattering and zeta-potential measurements 

The size and zeta-potential of the AgNP was measured using a Malvern Zetasizer 

(Nano-ZS) instrument. The standards for size were Nanosphere size standards 20 nm 

(± 1.5 nm, Lot. 339300) and 40nm (±1.8 nm, Lot. 33306), while the standard for the 

zeta-potential used was zeta-potential transfer standard (-68mV ± 6.8mV, Batch No. 

051001). 

3.2.3 Surface enhanced Raman spectroscopy 

SERS analysis was carried out to see the difference in SERS signal obtained from 

ssDNA vs. dsDNA and the effect of phosphorothioate modification. Briefly the 

samples were prepared by adding 50 µL of dye-labelled oligonucleotide sequence 

(524 nM) to 50 µL of complementary oligonucleotide sequence (524 nM) and 400 

µL of PBS (0.3 M, pH 7.3). The samples were pre-hybridised for 10 minutes at 90 ºC 

and 10 minutes at 20 ºC using a thermocycler (Agilent MX3005P). After which 7 µL 

of the sample was added to 10 µL of spermine tetrahydrochloride (0.1 M), 175 µL of 



 

  66 

DEPC treated water and 175 µL of silver nanoparticles (0.2 nM) and analysed after 

10 minutes in a poly (methyl methacrylate) (PMMA) micro-cuvette. An Avalon 

probe system Ramanstation R3 equipped with an optical fibre probe with a 532 nm 

diode laser excitation and a power of approximately 24 mW at the sample. The 

exposure time was 2 seconds and 5 accumulations. Data analysis was carried out by 

monitoring the 1650 cm-1 peak of the fluorescent dye TAMRA after being 

normalised to a hexane standard. A control was analysed using nonsense 

oligonucleotide instead of the complementary DNA. All samples were analysed in 

triplicates. 

3.3 Results and discussion 

Each dye-labelled oligonucleotide (O1, O2 & O3, see table 3-1) used in the previous 

chapter were hybridised with its phosphodiester complement (C1) and three different 

phosphorothioate complements (C2-C4) as listed in table 3-2. The modified 

complementary sequences were; one with all phosphorothioate linkages (C2), and 

two chimeric ones (C3 & C4). For C3 the first ten linkages from the 5’ side are 

phosphorothioate modified, while for C4 the first 10 linkages from the 3’ side are 

phosphorothioated. A nonsense sequence (NS) was used as a control. The melting 

curves and SERS intensity of each DNA duplex combination between the TAMRA-

labelled oligonucleotide and their complementary was obtained. 

It is to note that the modified DNA used is not stereospecific, as stereospecific 

synthesis although can be done[142] is not convenient and is not adapted to the use of 

automated synthesisers that produce large quantities of DNA. The number of 
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different stereoisomers produced is 2n-1, where n is the number of bases in the 

oligonucleotide. Just as an example for all-phosphorothioate modified dye-labelled 

oligonucleotide (O2) has theoretically 524288 different stereoisomers. As was 

recognised by Eckstein et al.[143] since each phosphorothioate linkage can occur as 

either Rp or Sp diastereomer, it gives rise to nuclease stability as hydrolytic enzymes 

accept only the Rp or Sp forms of phosphorothioate mononucleotides. The chiral 

phosphorous atom also enables the oligonucleotide to form duplexes with RNA of 

variable stability[144] and promote triplex stabilisation[145]. 

Table 3-1 Dye-labelled oligonucleotide sequence 

	   5'-‐dye	  label	   oligonucleotide	  sequence	  

O1	   TAMRA	   5'GGTTCATATAGTTATAATAA3'	  

O2	   TAMRA	   5'*G*G*T*T*C*A*T*A*T*A*G*T*T*A*T*A*A*T*A*A3'	  

O3	   TAMRA	   5'*G*G*T*T*C*A*T*A*T*AGTTATAATAA3'	  

*	  is	  a	  phosphorothioate	  linkage	  

 

Table 3-2 Unmodified and modified complementary oligonucleotide sequence (C1-C4) and a 

nonsense oligonucleotide sequence (NS). 

	   	   oligonucleotide	  sequence	  

C1	   	   5'	  TTATTATAACTATATGAACC3	  '	  

C2	   	   5'	  T*T*A*T*T*A*T*A*A*C*T*A*T*A*T*G*A*A*C*C	  3'	  

C3	   	   5'	  T*T*A*T*T*A*T*A*A*C*TATATGAACC	  3'	  

C4	   	   5'	  TTATTATAAC*T*A*T*A*T*G*A*A*C*C	  3'	  

NS	   	   5'	  GAAGCCTACGGACGAGCAAT	  3'	  

*	  is	  a	  phosphorothioate	  linkage	  
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As can be seen from the temperature melt graphs (see figure 3-1) the changes in 

absorbance are all comparable to the unmodified duplex and only the melting 

temperatures (TM) are significantly reduced when a phosphorothioate modification is 

introduced in the target and/or the complement DNA strand. If the slopes in the 

temperature melts have been significantly broader it would have indicated formation 

of many hybrids of relatively unstable duplexes due to the stereoisomerism. As 

observed in other similar studies[146] our melting data indicates a well-behaved two 

state transition. The general trend that can be seen from TM data obtained is that the 

more phosphorothioate linkages present the lower is the melting temperature. This 

lowering of TM ranges from 49 ºC for the normal duplex with no modifications to 28 

ºC for the fully phosphorothioated duplex. It seems that part of the reason of the 

lowering of melting temperatures of the duplex is due to the lack of stereoregularity.  

However Clark et al.[147] through circular dichroism (CD) spectroscopy have shown 

that the CD spectra of a DNA duplex in which both strands contained 

phosphorothioate modifications differed markedly from the spectra of either the 

unmodified DNA duplex or the DNA duplex containing modification in only one 

strand. They justify the difference due to an increase flexibility of the 

phosphorothioate oligonucleotide allowing the more rigid unmodified 

oligonucleotide to determine the structure. Therefore when both strands are modified 

this leads to a different structure to those where an unmodified strand is present.  
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Figure 3-1Melting curves of O1, O2, O3 with C1, C2, C3, C4 and NS. Absorbance at 260 nm was 

measured every minute as the temperature cycled between 10 ºC and 90 ºC with 1 ºC per minute 

increment. 
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It is to note that a different study by Benimetskaya et al.[148] suggest an opposite view 

on the 'flexibility' of phosphorothioate-modified oligonucleotides. They suggest that 

phosphorothioate modified DNA is more rigid than unmodified ones as the bridging 

O-P-O angle is reduced with the introduction of sulfur, limiting the conformational 

entropy of the oligomer. However thermodynamic analysis[147] of modified and 

unmodified DNA duplexes show that the factor driving the reduction in TM of the 

modified duplexes was a decrease in ∆Sº for formation of the complex, coinciding 

with the flexibility of phosphorothioates as supported by the CD spectra. 

The focus of this chapter is to establish the differences in affinity of dye-labelled 

ssDNA, dsDNA with and without phosphorothioate modification. In the previous 

chapter it was shown that the chimeric and phosphorothioate-modified TAMRA-

labelled oligonucleotide (ssDNA), disturbs the affinity to the AgNP surface and 

increases the LOD, when spermine is used as an aggregating agent. Therefore it is 

interesting to investigate the effect of phosphorothioate modification on the SERS 

detection of dsDNA. Assuming that the melting curves are indeed representing a 

two-state process, the experimental temperature used in the SERS analysis is below 

the lowest TM of 28 ºC. Therefore more than half of the dsDNA has not dissociated. 

It also to note the addition of spermine which is part of the SERS analysis might 

increase the TM as it is know that it further stabilises the DNA duplex[149].  

Previous studies have shown that dsDNA give a lower SERS intensity signal 

compared to ssDNA and this difference was exploited to produce multiplexed SERS 

assay[150]. Furthermore Harper et al.[151] determined that surface attraction towards 

the AgNP surface of the oligonucleotide is driven through the constituent bases and 
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that TAMRA contributes minimally to surface adsorption. As seen from Figure 3-2 

the unmodified TAMRA-labelled (O1) ssDNA as expected gave a higher intensity 

signal than the dsDNA. The more flexible ssDNA structure has its bases exposed 

which allows electrostatic attraction to the nanoparticle surface. On the other hand on 

the rigid and stable double helix the bases are not exposed and hence has lesser 

affinity to the surface. If the complement is all modified to phosphorothioate (C2) 

linkages the SERS intensity drops further more, however the presence of 

phosphodiester linkages in the chimeric complement sequences (C3-C4) have similar 

intensities to the unmodified complement (C1) (see Figure 3-2).  

 

Figure 3-2 Comparison of SERS intensity for ssDNA (O1-NS) versus dsDNA (O1-C1, O1-C2, 

O1-C3 & O1-C4). 
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When the TAMRA-labelled oligonucleotide (O2) is fully modified the highest 

intensity signal is not given by the ssDNA but by dsDNA with an unmodified 

complement. If the complement is fully modified the intensity is comparable to that 

of the ssDNA. This shows that spermine is in fact ineffective in giving the DNA 

affinity to the silver nanoparticle surface if phosphodiester linkages are not present.  

 

Figure 3-3 Comparison of SERS intensity for ssDNA (O2-NS) versus dsDNA (O2-C1, O2-C2, 

O2-C3 & O2-C4). 

The chimeric dye-labelled oligonucleotide (O3) with a normal complement gives a 

higher SERS intensity than the ssDNA, however when more phosphorothioate 

linkages are present (C2, C3, C4) the intensity decreases and is less than the ssDNA. 

These results shows the importance of phosphodiester linkages if spermine is used as 

an aggregating agent.  
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These results show that there are differential effects of spermine with phosphodiester 

and phosphorothioate oligonucleotides. This could arise from the fact that Rp or Sp 

sulfur atom in a phosphorothioate linkage possesses a greater partial negative charge 

and increased polarisability relative to its oxygen (phosphodiester) counterpart[152]. 

This could affect the specificity of cations binding to these linkages.  

 

Figure 3-4 Comparison of SERS intensity for ssDNA (O3-NS) versus dsDNA (O3-C1, O3-C2, 

O3-C3 & O3-C4). 

Differences in the interaction of polyamines with phosphorothioates compared to 

phosphodiesters has been observed in a study by Musso et al.[145] whereby an 

increased affinity was observed between polyamines and phosphorothioate-

containing triplexes, however even with high-resolution NMR data it was insufficient 

to propose a mechanism for this difference.  
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3.4 Conclusion 

In chapter 2 it was concluded that phosphorothioate modification increases the 

affinity of TAMRA –labelled ssDNA towards the AgNP surface. To profit from this 

increased affinity the aggregation agent used and its concentration has to be taken in 

consideration. In this chapter the study was extended to dsDNA, to better understand 

the effect of spermine on phosphorothioate modification dsDNA. Starting off with a 

melting curve study for the different combination of probe (O1, O2 & O3) and 

unlabelled compliments (C1, C2, C3 & C4) confirmed previous studies that 

phosphorothioate modification lowers the melting temperature which indicates a lack 

of stereoregularity and flexibility of the duplex. Previous studies have shown that 

unmodified dsDNA give a lower SERS intensity signal compared to unmodified 

ssDNA. The same trend was observed when using the unmodified O1 probe, that is 

the dsDNA gave a lower SERS intensity signal when compared to the ssDNA. It is to 

note however that the dsDNA with chimeric compliments (C3 & C4) gave a slightly 

higher signal than the unmodified compliment (C1) while the fully modified 

compliment C2, had a sharp decrease in SERS intensity compared to all the others. 

Going on to the O2 probe the importance of the presence phosphodiesters when 

spermine as an aggregating agent is used is shown. The O2 probe which is all 

phosphorothioate modified showed a different trend, whereby the dsDNA gave 

higher intensity than ssDNA. On gong to the O3 probe which is chimeric, the 

dsDNA with an unmodified compliment (O3-C1) gave a higher SERS intensity than 

the ssDNA (O3-NS) however when phosphorothioates compliments are present the 

dsDNA (O3-C2, O3-C3, and O3-C4) gave a lower SERS intensity than the ssDNA. 
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From this chapter one can conclude that spermine interacts with the 

phosphorothioate-modified oligonucleotides differently than it does with unmodified 

oligonucleotides. This interaction decreases the SERS intensity for phosphorothioate-

modified DNA. More work needs to be done to understand the mechanism behind 

such a phenomenon. In the next chapters the effect of nanoparticle size will be 

investigated.  
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Chapter 4: A Preliminary Study on the Effect of 
Nanoparticle Size on SERS Enhancement.  
4.1 Introduction 

Inorganic nanoparticles are being used in an increasing amount of applications due to 

their properties such as photoluminescence (e.g. CdSe and CdTe), magnetic moment 

(e.g. iron oxide and cobalt), surface plasmon resonance absorption (e.g. silver and 

gold)[153,154]. The latter are finding huge potential in applications for sensitive optical 

diagnostic tools due to the high electron and strong optical absorption, which makes 

them ideal candidates as substrates for SERS. This spectroscopic method, the Raman 

signal of an analyte which is intrinsically weak can be enhanced when absorbed or in 

close proximity to a silver or gold nanoparticle surface. AgNP’s were used in the first 

claims of single molecule detection both in colloid solutions[64] and on a planar 

substrate[65]. 

Since the surface plasmon resonance absorption is dependent on various factors such 

as the surface, the dielectric constant of the metal, the shape and the size of the 

particle, it is important to have a well-characterized substrate. This gives rise to the 

need of reproducible nanoparticle syntheses that produces, homogenous and 

monodispersed nanoparticles. There are various synthesis routes by which silver and 

gold nanoparticles[66] are obtained. While the preparation of spherical monodispersed 

gold nanoparticles are well characterized the preparation of AgNP’s still seems to 

pose a challenge to produce spherical monodispersed nanoparticles which are 

suitable as SERS substrates. Most of these preparations result in polydispersed sols 

with different morphologies[2,67,77]. 
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In this preliminary study 4 different sizes of nanoparticles were prepared. Citrate-

reduced AgNP’s were prepared and used as the smallest size and the 3 other larger 

sizes were prepared using a seeded growth method. Hydroxylamine hydrochloride 

was used as a reducing agent whereby silver is reduced onto AgNP seeds. The limit 

of detection using dye-labelled oligonucleotide probes was assessed for the four 

different sizes.  

4.2 Experimental 

4.2.1 Synthesis of Silver Colloid 

4.2.1.1 General 

All materials were purchased from Sigma-Aldrich and used without further 

purification unless otherwise stated. All water used was doubly distilled (18.2 

mΩ•cm). All glassware was soaked in aqua regia for at leas two hours and rinsed 

with double distilled water. 

4.2.1.2 Citrate reduced silver colloid (NP1) 

The citrate reduced silver colloid preparation method used is a modification of the 

method reported by Lee and Meisel[67]. Water (500 mL) was heated up to 45 ºC in a 

three parallel-necked round bottom flask (1 L) and silver nitrate (90 mg in 10 mL 

H2O) was added. The solution was heated up to 98 ºC and 1% w/v sodium citrate 

solution (10 mL) was added. The temperature was maintained at 98 ºC for 90 

minutes with continuous stirring throughout the flask. The necks were covered with 

aluminium foil to prevent excessive water evaporation. 
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4.2.1.3 EDTA silver colloid preparation 

The seed preparation method used is a modification of the method reported by Heard 

et al.[82]. Water (2 L) was heated up to 45 ºC in a beaker (3 L) and EDTA (94.7 mg) 

was added. The EDTA solution was then heat up to 98 ºC and sodium hydroxide 

solution (0.32 g in 20 mL H2O) was added. The solution was brought to boil and 5 

mL aliquots of silver nitrate (88 mg in 20 mL H2O) were added consecutively. The 

solution was left boiling for 15 minutes with continuous stirring throughout the flask, 

after which it was left to cool to room temperature.  

4.2.1.4 Silver colloid with controlled size ranges preparation 

The different nanoparticle sizes were prepared using a modified version of the 

method reported by Lundahl et al.[81]. EDTA-reduced colloid (100 mL) as prepared 

in section 4.2.1.3 was diluted with water (100 mL) in a 3 parallel-necked round 

bottom flask (500 mL). Silver nitrate (0.5 mM) was added in varying amounts 

according to the desired nanoparticle diameter; 20 mL for NP2, 30 mL for NP3, and 

200 mL for NP4. To each preparation 0.1% w/v hydroxylamine hydrochloride was 

then added drop wise until the nanoparticle solution started to scatter light strongly 

and took a red-brown colour. The solution was then heated to around 80 ºC and kept 

at that temperature for 10 minutes. This was followed by 1% w/v sodium citrate 

solution (10 mL) being added to the solution and allowed to cool to room 

temperature.  
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4.2.2 Silver colloid characterisation  

4.2.2.1 UV/Vis spectroscopy 

The extinction spectra of each silver colloid batch was recorded after preparation 

using a Varian Cary 300 Bio spectrophotometer. The samples were diluted 

accordingly if they were too concentrated. The concentration of each nanoparticle 

batch was calculated using the extinction coefficients for each different size 

presented by Yguerabide et al.[155]. 

4.2.2.2 Zeta-Potential 

The ζ-potential of each batch prepared was measured using a Malvern Zetasier model 

2000 (Worcestershire, U.K.). The standard used was zeta-potential transfer standard 

(-68 mV ± 6.8 mV) Batch No. 051001 (Malvern Instruments, U.K.) 

4.2.2.3 Particle size measurements 

4.2.2.3.1 DLS 

The particle size distribution of each batch prepared was measured using a Malvern 

High Performance Particle Sizer (HPPS) model HPP5002 (Worcestershire, U.K.). 

The standards used were:  

• Nanosphere size standards 40 nm nominal diameter (Polymer microspheres in 

H2O, 40 nm ±1.8 nm) Lot. 33306 (Duke Scientific Corp. Palo Alto, CA, 

U.S.A.). 
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• Nanosphere size standards 20 nm nominal diameter (Polymer microspheres in 

H2O, 21 nm ±1.5 nm) Lot. 33306 (Duke Scientific Corp. Palo Alto, CA, 

U.S.A.). 

4.2.2.3.2 DCS 

The particle size distribution of each batch prepared was measured using a CPS Disc 

Centrifuge model DC24000. The DCS was calibrated using a calibration standard 

(NIST traceable monodispersed polystyrene beads) of known size (0.377 µm) and 

density (1.385 g mL-1). The samples were run at 24000 RPM. The particle density for 

silver nanoparticles was set as 10.5 g mL-1 and fluid density of 1.064 g mL-1. 

4.2.2.4 Microscopy 

A sample from each batch of colloid prepared (NP1, NP2, NP3 & NP4) was dried on 

silicon wafer. Using a SEM  (FEI Sirion 200 ultra-high-resolution Schottky Field 

emission gun), four ‘snapshot’ images were taken for each sample. From the images 

obtained the diameter was calculated using Image J[156], an image process and 

analysis software. An automated method was used to measure the particles with the 

following parameters in place: 

• Particles must have a range between 10 nm – 100 nm 

• Circularity of particles must be around 0.8 – 1, where circularity is defined 

as: 

𝑪𝒊𝒓𝒄𝒖𝒍𝒂𝒓𝒊𝒕𝒚 = 𝟒𝝅(𝑨𝒓𝒆𝒂 𝑷𝒆𝒓𝒊𝒎𝒆𝒕𝒆𝒓𝟐)  

Equation 4-1 
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Before the particles were measured the images were converted to grey scale 8-bit 

images, enhanced by binary contrast enhancement (thresholding) and the scale was 

calibrated with the SEM image scale bar.  

4.2.3 Quantitative Enhanced Raman Scattering of Labelled 

DNA 

4.2.3.1 General 

All materials were purchased from Sigma-Aldrich and used without further 

purification unless otherwise stated. All water used was double distilled (18.2 

mΩ•cm). 

4.2.3.2 Dye-labelled oligonucleotides  

The dye-labelled oligonucleotide sequences used in this method are detailed in table 

4-1. Dye-labelled oligonucleotides were purchased from MWG Biotech. The 

concentration of each dye was calculated before analysis using the Beer-Lambert 

law.  

Table 4-1: Dye-labelled oligonucleotides used in this method 

Dye label λmax Oligonucleotide sequence 

HEX 535 nm 5’TACGCAGTCGTA3’ 

Cy3.5 581 nm 5’CAGTGCTACTGA3’ 

Cy5 643 nm 5’GCTATCAGTCAG3’ 
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4.2.3.3 Sample preparation and analysis 

The sample preparation method used is a modification of the method reported by 

Stokes et al.[157], whereby each dye-labelled oligonucleotide was diluted with water 

to 8 stock solutions (50 µL) in the range of 52 to 525 nM, as to give a final dye 

concentration range of 1 to 10 nM. Samples were then prepared for SERRS analysis 

by adding the dye-labelled oligonucleotide (7 µL) and spermine solution (10 µL, 0.1 

mol dm-3) followed by sterile water (175 µL, 18.2 mΩ•cm) and silver colloid (175 

µL, 0.2 nmol dm-3). The samples were analysed within 60 s of the addition of the 

silver colloid and each concentration was analysed five times. A blank solution (i.e. 

without dye-labelled oligonucleotide) was recorded before each sample. The spectra 

were obtained with the spectrometer grating centred at 1500 cm-1 and integrating for 

3 s. The spectra were baseline corrected using the GRAMS/32 software, and the 

average peak height of the strongest peak in the spectra was plotted (HEX, 1635 cm-

1; Cy3.5, 1279 cm-1; Cy5 1468 cm-1) against the concentration after being normalised 

to a silicon standard. This procedure was repeated for each silver nanoparticle size 

and dye-labelled oligonucleotide.  

4.2.3.4 Instrumentation 

The spectra were recorded at 514.5 nm laser excitation wavelength in a confocal 

arrangement. A Leica DM/LM microscope equipped with an Olympus 20x/0.4 long-

working-distance objective was used to collect 180º backscattered light from a 

standard microtiter plate. The spectrometer system was a Renishaw inVia 

(Gloucestershire, U.K.) with an Ar+ Spectra Physics laser as the excitation source. 

The power output was measured to be approximately 6 mW at the sample. Dielectric 
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edge filters were used to reject Rayleigh scattered light. The detector used was a 

deep-depletion RenCAM charge-coupled device (CCD). Signal intensities were 

normalised to silicon standards throughout all experiments. The LOD was calculated 

by equation 4-2 

𝑳𝑶𝑫 = 𝝌𝑩𝑳!𝟑𝝈𝑩𝑳
𝒎

   Equation 4-2 

where χBL is the mean of the blank sample measurements, σBL is the standard 

deviation of the blank sample baseline and m is the gradient of the calibration line. 

4.3 Results and Discussion 

4.3.1 Nanoparticle characterisation 

Various commercially available gold nanoparticles with different sizes are found and 

commonly used as SERS substrates since they are well characterised, as shown by 

the number of articles in literature that deal with controlled synthesis of gold 

nanoparticles of different size[158,159]. On the other hand silver nanoparticles are less 

well characterised, and the common methods used of citrate reduction[67] and 

borohydride reduction[2] give polydispersed colloid with a variety of shapes, with the 

latter giving an unstable suspension. In this chapter silver nanoparticles are used as to 

shed more light on the properties of such substrate, since silver nanoparticles are 

ideal candidate for SERS based applications as they have a stronger optical response 

and a narrower surface plasmon resonance (SPR) when compared with gold 

nanoparticles[155,160-162]. The wavelength used as the excitation source for SERS and 

SPR is in the range of 450 nm to 650 nm, for which the ideal size of the particle 
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would be around 60 nm. This size is ideal as it minimises collision with particle 

surface boundary (smaller sizes) and retardation effects (larger sizes)[160]. 

In this preliminary study four different sizes of silver nanoparticles were produced to 

test the effect of nanoparticle size would have on the SERS response when detecting 

dye-labelled oligonucleotides. The silver nanoparticles were prepared as described in 

section 4.2.1. The smallest nanoparticle size NP1 was prepared using a modified 

version of Lee and Meisel[67] as described by Munro et al.[75] which gives a 

monodispersed colloid of around 27 nm. The other larges sized nanoparticles (NP2, 

NP3 & NP4) were prepared by the method reported by Lundahl et al.[81] to give 

particles of 50, 60 and 80 nm respectively. The method involves seeded growth from 

smaller EDTA-reduced nanoparticles[82], using hydroxylamine hydrochloride as a 

reducing agent. 

The samples were first characterised by UV/Vis spectroscopy which gives an 

indication if the colloid produced has the right characteristics of a monodispersed 

silver nanoparticle colloid. The extinction spectra obtained were normalised and the 

results plotted against each other as seen in figure 4-1. It can be clearly seen that as 

one goes from NP1 to NP4 that there is a broadening of the spectra. 
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Figure 4-1 Extinction spectra of different silver nanoparticle diameters 

This broadening effect can be attributed either to an increase in polydispersity as size 

is increased or else may be due to additional multipolar resonances superimposed 

onto the red-shifted single (dipolar) plasmon resonance. The red-shift as one moves 

from NP1 to NP4 clear shows that the diameter of the nanoparticles is increasing, 

however NP2 is more red-shifted than NP3 which was not expected. Also NP2 and 

NP4 have the same maximum absorbance wavelength at 431 nm. Further 

characterisation is needed to have a clearer picture of the nanoparticles produced. In 

table 4-2 the maximum absorbance wavelength and the absorbance are listed, 

including the data obtained from the ‘seed’ which batches NP2, NP3 & NP4 were 

grown from. Apart from the increase in the maximum absorbance wavelength when 

the batches are compared to the ‘seed’, the extinction spectra show as expected a 

lower particle concentration than the original EDTA-reduced nanoparticle solution, 

since the absorbance gets significantly lower (molar extinction coefficient increases 



 

  86 

with particle size). The optical response of the batches is comparable to perfect 

spheres[160,163,164]. 

Table 4-2 Surface plasmon maximum and corresponding absorbance of the silver nanoparticles 

prepared 

Preparation  Surface Plasmon Max./nm Absorbance/arbit. units 

NP1 407 1.990 

Seed 423 0.666 

NP2 431 0.646 

NP3 428 0.468 

NP4 431 0.315 

The spherical shape of the nanoparticles can be confirmed by the SEM images taken 

(see figure 4-2). Four ‘snapshots’ of each batch were taken by SEM and the images 

in figure 4-2 are a representation of what is seen throughout. Important to note is that 

no rod shaped particles were found in the images, neither pronounced surface 

features or truncated shapes.  
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Figure 4-2 SEM images of the silver nanoparticles obtained from preparation 1 to 4. The 

particles were dried onto a silicon wafer. Note that images have different scale. 

Table 4-3 shows the dimensions obtained when the particle images were measured 

through the Image J software. It shows that a gradual increase in size did occur for 

NP2, NP3, & NP4 and that the method through which NP1 was synthesised produced 

smaller particles than the unmodified version of the Lee and Meisel method[[67]. It 

must be remarked though that NP4 has a lot of small size nanoparticles. These can be 

attributed to the formation of new nucleation sites when the silver nitrate to seed 

ratio is increased hence the formation of new particles is inevitable. Further 

characterisation techniques were performed as to ascertain that analysis method used 

in Image J is effective and that the particles made are stable. 
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Table 4-3 Average silver nanoparticle diameters measured by Image J 

Preparation No. of particles measured Average diameter/nm 

NP1 244 33 

NP2 530 45 

NP3 69 55 

NP4 231 70 

 

Since the SEM images show that the particles are spherical (have a low aspect ratio) 

they could be measured with DLS and DCS with no additional manipulation of data 

to account for a non-spherical shape. The size results obtained by DLS are tabulated 

in table 4-4. 

Table 4-4 Data from DLS for each preparation 

Preparation Z-Average/nm Peak 1 
Mean/nm 

Peak 2 
Mean/nm 

PDI 

NP1 59.8 86.6 18.5 0.266 

Seed 42.7 49.6  0.111 

NP2 45.3 55.2  0.135 

NP3 54.4 69.6  0.168 

NP4 59.3 79  0.189 

The results show the Z-average size (also known as the cumulants mean), the peak 

modes by intensity and the polydispersity index (PDI). The seed produced by EDTA-

reduction of silver nitrate gave a low PDI and small particles of around 40 nm as 

expected from such method. The batches grown from the EDTA-reduced seed (NP2, 

NP3 & NP4) are all larger then the seed and both Z-average and peak mode mean 

increase progressively as expected. The PDI is fairly low and thus indicates that the 



 

  89 

colloids are monodispersed, however it seems that it increases with growth size. A 

thing to keep in mind with this technique is that larger particles may ‘hide’ smaller 

particles and thus are not represented in the result. A point in case is NP4 were from 

SEM images a large population of small particles were seen however are not 

represented in the DLS results. The results obtained for NP1 are ambiguous as the Z-

average is higher that that for the supposedly larger NP4 particles and two peaks 

were found in the peak modes results that show two distinct populations, and a high 

PDI. These results do not reflect the SEM images obtained for the NP1. The DLS 

results of NP1 do not match with other characterisation techniques may be a result of 

the small particle size and thus factors such as Brownian motion effect the results 

output.  

The DCS results shown in table 4-5 and figure 4-3 show that NP1, NP2 and NP3 are 

monodispersed, but as size is increased the peaks become broader. On the other 

hand, as also confirmed by the SEM images, NP4 is not monodispersed but has 

distinct population of large particles and a smaller population of smaller particles as 

seen in table 4-5 and figure 4-3. It should be noted that NP3 are not larger than NP2 

as expected and this can be attributed to a larger distribution of particles. The overlay 

in figure 4-4 shows clearly that different sizes have been obtained (NP3 omitted). 

The DCS diameter values shall from now on be used in the discussion if not stated 

otherwise.  
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Table 4-5 DCS data for each preparation 

Preparation Peak 1/nm Peak Half Width Peak 2/nm Peak 3/nm 

NP1  44 0.0109   

NP2 53 0.0139   

NP3 45 0.0273   

NP4 70 0.0239 31 26 

 

 

Figure 4-3 Particle sizing graphs from DCS for each preparation 
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Figure 4-4 Overlay of particle sizing graphs of NP1, NP2, & NP4 from DCS 

The ζ-potential of the seed (EDTA-reduced) and the four samples were recorded and 

tabulated in table 4-6. As expected all colloid solutions gave a high negative ζ-

potential hence they are stable in solution. The citrate used to stabilise the 

nanoparticles (NP1, NP2, NP3 & NP4) gives adequate monolayer coverage at the 

surface, giving a negative charge to the silver nanoparticles (see table 4-6), as 

proposed by Munro et al.[75]. 
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Table 4-6 ζ-potential for each preparation made. 

Preparation Average ζ-potential/mV Standard deviation/mV 

NP1 -49.8 ±2.7 

Seed -44.7 ±1.5 

NP2  -50.1 ±15.1 

NP3 -46.7 ±1.3 

NP4 -58.2 ±1.6 

 

Figure 4-5 Proposed model of interaction and orientation of citrate at colloid surface. Figure 

adapted from Munro et al.[75]. 

4.3.2 Effect of nanoparticle size on the SERRS response 

The method used to investigate the effect of nanoparticle size on the SERRS 

response combines the SERS from the silver nanoparticles prepared in section 4.2.1 

and resonance Raman scattering from the dyes attached to the oligonucleotides. The 

dyes are fluorescent probes whose fluorescence signal is largely quenched by direct 

contact or close proximity to the silver metal. This composite technique is very 
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powerful and has reportedly achieved single-molecule detection[64,65,102,165]. Even if 

SERS spectra give narrow spectral lines ideal for multiplexed analysis[166], such a 

method can be further optimised for better multiplexing as SERRS spectra are 

simpler than SERS as only selected vibronic states are enhanced, giving the 

possibility to adopt this technique to real biological systems where only narrow 

SERRS peaks that conform to Raman resonance and surface selection rules would be 

observed. 

The dye-labelled oligonucleotide sequences used in this study are listed in table 4-1 

and the structures of the modified dyes are represented in figure 4-6. A terminal NH2 

was added to allow further modification with alternative groups or for conjugation 

purposes if the need arises in future work. Previous studies have already confirmed 

that SERRS yields a significant increase in sensitivity than fluorescence when dye-

labelled oligonucleotides are analysed[115]. The dyes used (HEX, Cy3.5 and Cy5) are 

common fluorescent dyes and their use for quantitative oligonucleotide detection by 

SERRS have been already demonstrated by Faulds et al.[116,118]. 
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Figure 4-6 Structures of dyes used for the labelling of the oligonucleotides. 

Faulds et al.[116,118] demonstrated that oligonucleotides labelled with dyes that have a 

negative charge perform better in SERRS if the oligonucleotide sequence is modified 

with 5-propargylamine-2’-deoxyuridine. This modification gives the oligonucleotide 

a positive charge once the spermine is added, facilitating its attraction to the negative 

surface of the silver nanoparticle[75]. If the dye has an overall neutral or positive 

charge then these modifications are not necessary although sensitivity could be 

increased if using them. Cy3.5 and Cy5 used in this experiment are positively 

charged while HEX is negatively charged. The oligonucleotide sequences attached to 

the dye were used as purchased without any internal modifications. SERRS spectra 

could still be obtained from them when added to the silver nanoparticles. This could 
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be due to the NH2 terminal found at the 3’ end of the sequence, which is positively 

charged and helps in the attraction towards the silver nanoparticle surface.  

As in previous studies[115-118] the same conditions were used for SERRS analysis 

whereby a 514.5 nm source was used and the silver nanoparticles were aggregated. 

In these experiments a fibre-probe system was used and the laser beam was focused 

into a cuvette. In this method a setup as described by Stokes et al.[157] was used 

where the limit of detection for the different dyes with the four sizes of silver 

nanoparticles were obtained within a small volume of a microtitre plate using 

spermine as an aggregating agent. The laser beam was focused on the air/water 

interface and a more suitable 180º backscattered Raman light was used. This 

eliminates the need for the light to travel through the highly absorbing nanoparticle 

solution, thus increasing sensitivity. 

Aggregation is important to have good SERRS results as it promotes a larger local 

electric field. For DNA analysis the tetramine spermine is used as it not only 

aggregates the nanoparticle by reducing the surface charge but it also neutralises the 

negatively charged phosphate backbone of the oligonucleotides when added before 

the nanoparticles. This improves the surface interaction and hence the SERRS 

sensitivity. For this set of analyses the spectra were taken at about 40 to 60 seconds 

after the addition of nanoparticles to the oligonucleotide/spermine sample. If left 

longer the aggregates might grow to larger clusters and the resonance is likely to 

become multipolar and thus the dipolar resonance required by SERRS is lost[157].  

The three dye-labelled oligonucleotides were analysed in conjunction with the four 

different sizes of silver nanoparticles have a limit of detection lower than the base 
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concentration of each dye which is 1x10-8 mol dm-3 (see table 4-7). This confirms 

that the dyes used were in close proximity of the nanoparticles or adsorbed to their 

surface during the aggregation step since a good SERRS response was obtained as 

can be seen from the SERRS spectrum of Cy3.5, Cy5 and HEX oligonucleotide 

probes aggregated with silver nanoparticles (see figure 4-7). No internal modification 

of the oligonucleotide sequence is required. For the negatively charged dye HEX the 

NH2 terminal group could have aided in giving a SERRS response apart form the 

DNA bases in the oligonucleotide that might play a role in absorption as well.  

Table 4-7 SERRS limits of detection for the three different dye-labelled oligonucleotides with 

the different sized silver nanoparticles. No values indicates that the experiment was performed 

but the limit of detection is higher than the base concentration of the dye (1x10-8 M). 

 λex:514.5 nm 

Dye label λmax/nm NP1/mol 
dm-3 

NP2/mol 
dm-3 

NP3/mol 
dm-3 

NP4/mol 
dm-3 

Stokes[157]/mol 
dm-3 

HEX 535 1.2x10-10 4.4x10-11 1.8x10-11 2.6x10-11 7.8x10-12 

Cy3.5 581 8.4x10-11 1.9x10-11 5.1x10-12 9.9x10-12 2.5x10-11 

Cy5 643 9.7x10-10 6.6x10-10 4.4x10-10 4.2x10-10 _ 
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Figure 4-7 SERRS spectra of Cy3.5, Cy5, and HEX dye-labelled oligonucleotide probes (2.7 nM) 

and aggregated with silver colloid (NP4) with excitation at 514.5 nm, 3 seconds exposure time 

and 1 accumulations. For visualisation purposes the spectra have been baseline corrected and 

offset on the Y-axis. 

The strongest peaks in the spectra were used to identify each label, these were: 

1634.5 cm-1 for HEX; 1279.3 cm-1 for Cy3.5; 1468.3 cm-1 for Cy5. For all dyes and 

all different nanoparticle sizes the SERRS response was linear at low concentrations 

(1 nM to 4.8 nM) as can be seen from the calibration lines obtained (see figure 4-8). 

However at higher concentrations linearity is lost. This can be attributed to the fact 

that as more probe is available the coverage on the nanoparticle would not be 

monolayered anymore thus giving discrepancies.  
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Figure 4-8 SERRS dilution series using silver nanoparticles and 514.5 nm laser excitation. The 

Raman intensity for each dye and particle size was plotted against concentration. The peaks 

used to identify each label were HEX, 1634.5 cm-1; Cy3.5, 1279.3 cm-1; Cy5, 1468.3 cm-1. 



 

  99 

From the LOD results (see table 4-7) obtained it is clearly shows that Cy3.5 probe 

holds the lowest LOD for all nanoparticle sizes. This stems from the fact that Cy3.5 

is positively charged enabling it to adsorb to the negatively charged surface of the 

silver nanoparticles giving thus better sensitivity at very low concentrations. The Cy5 

dye apart from being positively charged has a λmax of 643 nm, more than 100 nm 

from the 514.5 nm laser source hence the significantly higher LOD than HEX and 

Cy3.5. 

Clear and straightforward conclusions cannot be drawn for the effect of nanoparticle 

size on the SERRS response as other factors such as different dispersity and surface 

area. From table 4-7 NP1 and NP3 (44 nm and 45 nm respectively) have a similar 

average size, however do not have approximately similar LOD as would be expected, 

in fact NP3 gives a lower LOD. The different LOD can be attributed to the different 

preparation methods and more significantly the different size distribution of each 

batch. NP3 as stated before has a wider size distribution than NP1 as demonstrated 

by the half width of the peak in DCS (NP3: 27.3 nm, NP1: 10.9 nm). 

For HEX and Cy3.5 probes NP2 with a mean size of 53 nm gave the lowest LOD 

while for Cy5 probe NP4 (70 nm) gave the lowest LOD, although it is worth noting 

that the LOD for NP2 was close and that Cy5 probe gave high LOD when compared 

to other dyes. The problem with the NP4 batch is that smaller sized nanoparticles are 

found in the population as was confirmed with the SEM images (see figure 4-2) and 

DCS results (see table 4-5). The results are promising and encourages further 

investigation as it can be seen from here that as size is increased the LOD is getting 

lower especially when comparing NP1 with the larger sizes NP2 and NP4.  
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An analogous study by Stokes et al.[157] show similar LODs although the study was 

not comparing different sizes of nanoparticles and used 5’-propargylamine-2’-

deoxyuridine modified dye-labelled oligonucleotide sequences with silver 

nanoparticles (32 nm diameter) however comparisons can still be drawn. For the Cy5 

dye, the LOD was better for unmodified oligonucleotides than the modified ones 

used by Stokes[157], where the LOD of detection is higher than the base concentration 

of the dye (1x10-8 M) (see table 4-7). Such results can be attributed to the larger 

silver nanoparticles used, as a modified oligonucleotide that facilitates adsorption to 

the nanoparticle surface did not give better limit of detection than modified ones. A 

similar trend is found for Cy3.5 where the larger nanoparticles show a better LOD 

when compared to Stokes et al.[157]. However for the HEX dye the limit of detection 

is higher for the modified oligonucleotides. 

4.4 Conclusion 

In the previous chapters the focus was primarily on the SERS probe, while this 

chapter was a preliminary study on the effect of nanoparticle size on the SERS 

enhancement. The Lundahl method used for preparing the different sizes after a 

thorough characterisation of the colloids was found not as effective in preparing a 

range of different sized monodispersed nanoparticles. Problems were also 

encountered during the SEM characterisation as the images obtained showed sample 

aggregation. This issue was resolved in the next chapter. Using 3 different dye-

labelled oligonucleotides that have different maximum absorbance wavelength, the 

LOD for the four different nanoparticle sizes were measured. The results obtained 

showed that a nanoparticle size of 55 nm gave a better LOD, than smaller and larger 
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nanoparticles. The results obtained during the characterisation of the colloid and the 

LOD of the different probes are encouraging and hence a better method to prepare 

different sized nanoparticles was investigated in the next chapter. This would lead to 

a more rigorous method to calculate the enhancement factor provided by a change in 

nanoparticle size, taking in consideration the change in surface area that inherently 

occurs. 
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Chapter 5: Synthesis of Size Tuneable 
Monodispersed Silver Nanoparticles and the 
Effect of Size on SERS Enhancement 
5.1 Introduction 

In the preliminary study conducted in chapter 4, it was shown that larger 

nanoparticles give a better limit of detection. In this chapter a different approach 

from the previous chapter will be used to calculate effectively the SERS analytical 

enhancement factor (AEF) for each of the different sizes of AgNP. In fact, in this 

chapter, the particles are not aggregated, thus eliminating the aggregation factor, 

‘small’ probe molecules are used for an easier approximation of the surface coverage 

of the analyte on the nanoparticle surface and most importantly a more effective and 

simpler method for the preparation of spherical monodispersed nanoparticles. This 

was done by a seeded growth method, however contrary to the previous chapter the 

desired size of nanoparticle was obtained by changing the seed concentration and 

keeping all other reagents constant. This was done by using sodium borohydride 

reduced silver nanoparticles as seeds and hydroquinone (HQ) as the reducing agent 

for the AgNO3 salt. HQ is a selective reducing agent as it allows silver ions to be 

reduced only on the seed particles present and thus reduces secondary nucleation 

sites giving better monodispersity. The different size ranges of nanoparticles 

produced were subsequently tested for their efficiency as SERS substrates to find the 

optimal size at which the maximum intensity is delivered. Such a study is important 

as it is known that enhancement increases with particle size increase[163,167], however 

it follows that an increase in size also means nanoparticles absorb less and scatter 

more through inelastic scattering[45]. An increase in size of AgNP whilst the Ag 



 

  103 

concentration remains constant implies that the surface area available for the analyte 

to adsorb decreases. Hence the overall effect on the SERS response is a balance 

between the enhancement, scattering and surface area. To avoid overestimation of 

the SERS enhancement, the enhancement factor has to be real, that is an 

enhancement that would not be present under non-SERS conditions for the same 

molecule. SERS enhancement factors are usually separated into two main 

multiplicative contributions; the electromagnetic (EM) enhancement and the 

chemical enhancement (CE). The EM enhancement is due to the coupling of the 

incident and Raman electromagnetic field with the SERS substrate, while the CE 

origins are still controversial[168]. The most widely accepted mechanism for the latter 

is through a charge transfer mechanism[169]. The EM enhancement factor is thought 

to be the dominant contribution, however it is not necessary to know the exact origin 

to measure the overall enhancement factor. 

In this chapter three analytes (rhodamine 6G (R6G), malachite green oxalate (MGO) 

and thiophenol (TP)) with different optical and chemical properties are used giving 

the possibility of understanding better the effect of nanoparticle size on different 

analytes by measuring the AEF. Since the AEF strongly depends on the adsorption 

properties and surface coverage of the probe identical experimental conditions were 

used with all the different sizes and analytes used. AEF measurements are easily 

obtained and reproducible therefore can be used to monitor the average effect of 

nanoparticle size on the SERS signal. 
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5.2 Experimental 

5.2.1 Chemicals and materials 

Silver nitrate (AgNO3, ≥99%), hydroquinone (C6H6O2, ≥99%), trisodium citrate 

dihydrate (Na3C6H5O7
 . 2H2O, 99%), sodium borohydride (NaBH4, 99%) rhodamine 

6G (R6G) (C28H31N2O3Cl, 98%), malachite green oxalate (C52H54N4O12), thiophenol 

(C6H6S, ≥99%), ethanol (C2H6O, 99%). All chemicals were purchased from Sigma-

Aldrich and used without further purification. All water used was doubly distilled 

(18.2 mΩ cm). 

5.2.2 Synthesis of AgNP 

The synthesis of the different sizes of AgNP were prepared by a two step process; the 

preparation of AgNP seeds by sodium borohydride reduction, followed by a 

controlled seeded growth of the AgNP seeds with the reduction of AgNO3 with 

hydroquinone. All glassware was soaked in aqua regia for two hours and thoroughly 

rinsed with doubly distilled water. 

5.2.2.1 Seed preparation 

The sample preparation method used is a modification of the method reported by 

Creighton et al.[2]. The Ag colloid seed solution was prepared by preparing a 0.002 m 

sodium citrate solution (10 mL). Under vigorous stirring to the latter solution of 0.1 

m AgNO3 (50 µL) was added followed by a drop wise addition of 0.1 M NaBH4 (1 

mL). 
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5.2.2.2 AgNP with controlled size ranges preparation 

The sample preparation method used is a modification of the method reported by 

Gentry et al.[80]. The different sizes of AgNP’s were prepared by varying the amount 

of seed concentration whilst keeping all other reagents concentration constant. Hence 

a 0.1 M AgNO3 (100 µL) solution was added to a varying volume of H2O (7.2 mL – 

9.7 mL) in a 15 mL scintillation flask. Under rapid stirring at room temperature a 

varying volume of sodium borohydride reduced silver nanoparticles (0.08 mL – 2.56 

mL) were added followed by 0.1 M sodium citrate (22 µL) and of 0.03 M (100 µL) 

hydroquinone, thus giving a final solution volume of 10 mL. 

 

5.2.3 Instrumentation and measurements 

5.2.3.1 UV-Vis spectroscopy 

The extinction spectra of the colloids were recorded using a Varian Cary 300 Bio 

spectrophotometer directly after preparation of each nanoparticle size over a 

wavelength range of 200-800 nm. The extinction spectra of the colloid were recorded 

again after addition of the analytes. The baselines were recorded using doubly 

distilled water and the samples were diluted accordingly to remain in the absorption 

response limit of the spectrometer. The seed concentration was calculated by Beer-

Lamberts’ law whereby the extinction coefficient used was 4.16 x 109 M-1 cm-1. 

5.2.3.2 Scanning electron microscopy 

A sample from each nanoparticle preparation was prepared on a polycation 

functionalized silicon wafer. The wafer was first cleaned using water and ethanol, 
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then dried in a nitrogen flow. The wafer was then placed in an oxygen plasma 

cleaner for 60 seconds. PDDA (30 µL) was dissolved in 1 mM NaCl (1 mL), the 

solution was used to coat the clean wafer by spotting the wafer with the solution with 

a pipette and then leaving it for 30 minutes under a water-saturated atmosphere. 

After this step it was washed off and dried in a nitrogen flow. Each AgNP (100 µL) 

sample was put onto the PDDA-functionalized silicon wafer for 15 minutes under a 

water-saturated atmosphere. The sample was then washed off and dried in a nitrogen 

flow. Using a scanning electron microscope (FEI Sirion 200 ultra-high-resolution 

Schottky Field emission gun), eight ‘snapshot’ images were taken for each sample. 

From the images obtained the diameter was calculated using Image J[156], an image 

processing and analysis software. An automated method was used to measure the 

particles, whereby the particles must have a range between 10 nm – 100 nm and the 

circularity of the particles must be around 0.8 – 1 (where circularity is defined as 

Circularity = 4π(Area/Perimeter2)) as to avoid any aggregates that might be present. 

Before the particles were measured the images were converted to grey scale 8-bit 

images, enhanced by binary contrast enhancement (thresholding) and the scale was 

calibrated. More than 600 particles were measured for each size. 

5.2.3.3 Dynamic light scattering and zeta-potential measurements 

The size and zeta-potential of the different sized AgNP were measured before and 

after addition of MGO, R6G and TP using a Malvern Zetasizer (Nano-ZS) 

instrument. The standards for size were Nanosphere size standards 20 nm (± 1.5 nm, 

Lot. 339300) and 40nm (±1.8 nm, Lot. 33306), while the standard for the zeta-
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potential used was zeta-potential transfer standard (-68mV ± 6.8mV, Batch No. 

051001). 

5.2.4 SERS Measurements 

5.2.4.1 Preparation of samples for SERS analysis 

To 300 µL of AgNP, 33 µL of 1.6x10-5 M R6G solution were added to give a final 

concentration of dye of 1.6x10-6 M. The same volumes and concentrations were used 

for the other analytes MGO and TP. 

5.2.4.2 Surface enhanced Raman spectroscopy 

The SERS spectra of three identical samples was recorded after one minute of 

mixing the analyte with the AgNP with an instrumental setup in a confocal 

arrangement at an extinction wavelength of 633 nm. The SERS spectra were 

obtained with an exposure time of 2 seconds and 5 accumulations and all data was 

normalised to a silicon standard. The setup consisted of a Leica DM/LM microscope 

equipped with an Olympus 20x/0.4 long-working distance objective that collects 

180º backscattered light from a cuvette. The spectrometer system was Renishaw 

Ramascope System 2000 (Gloucestershire, UK) with a Renishaw diode laser with a 

power output of 1 mW at sample. Holographic edge filters were used to reject 

Rayleigh scattered light. The detector used was a deep-depletion RenCAM charge-

coupled device (CCD). The same procedure using the same experimental setup was 

used using an excitation wavelength of 785 nm with an exposure of 20 seconds and 5 

accumulations and all data was normalised to a silicon standard. 
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5.2.5 Raman measurements 

5.2.5.1 Preparation of samples for Raman spectroscopy 

A 0.01 M solutions of MGO andR6G, and a 9.3 M TP ethanolic solution TP. A 1x10-6 

M MGO solution was prepared to obtain a Raman spectrum at 633 nm laser 

excitation wavelength. 

5.2.5.2 Raman spectroscopy 

The Raman spectra of three identical samples were recorded using the same 

experimental conditions and setup as described previously for obtaining the surface 

enhanced Raman spectra. 

5.3 Results and discussion 

In this study a range of sizes of silver nanoparticles were prepared using an improved 

method, which give monodispersed spherical particles. The optimal size for surface 

enhanced Raman scattering (SERS) was then assessed by comparing the signals from 

the different sizes prepared to Raman spectra. Silver was chosen for the study not 

only because it has a strong optical response and a narrower SPR than gold[155,160-162] 

but also due to the need of a well characterized method for preparation of 

homogenous monodispersed AgNP. 

The AgNP’s were synthesized using HQ as a selective reducing agent using a 

modified version of the seeded growth method used by Gentry et al.[80]. In this study 

it is shown that different sized nanoparticles can be prepared by varying the seed 

concentration. Other seeded growth methods have already been reported both for 
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gold and silver nanoparticles[170-173] but not with HQ as a reducing agent. HQ is 

widely used in photographic film development and selectively reduces silver ions in 

the presence of metallic silver nanoclusters[80,174,175]. The weak reducing potential of 

HQ (Eº = -0.699 v NHE) is unable to reduce isolated Ag+ as it has a more negative 

reducing potential of -1.8V. However Ag+ can be reduced in the presence of silver 

(Ag0) as the reducing potential changes to +0.799 V. 

For the synthesis of different sized silver nanoparticles, HQ was used as it is a weak 

reducing agent and as mentioned above it selectively reduces silver ions only in the 

presence of AgNP seeds as represented in figure 5-1. Reduction by HQ has its own 

practical aspects as the reduction reaction is complete in a short period of time (15 

minutes maximum) and it occurs at room temperature.  Also HQ gives poor steric 

hindrance but also binds weakly to the silver surface of nanoparticles therefore such 

nanoparticles can be easily modified with different modifiers which would be better 

suited for subsequent applications. The nanoparticles prepared by HQ in this paper 

were stabilized with sodium citrate. 

 

 

Figure 5-1 Schematic representation of growth of silver nanoparticle seeds (left) into larger 

silver nanoparticles by the reduction of silver ions by hydroquinone. 

The seed used for the growth of the nanoparticles were prepared by sodium 

borohydride reduction of silver nitrate, which give small enough nanoparticles to 
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serve as seeds onto which further layers of silver can be added on. This nanoparticle 

preparation is reported to produce polydispersed sols and particles of different 

morphologies[2], as can be confirmed from the SEM images obtained (see figure 5-2 

a). The nanoparticles grown from the seeds however are monodispersed and of a 

spherical shape as the images and particle size count obtained by the SEM confirm 

(see figure 5-2 b-e and figure 5-3).  

The different sizes were produced by varying the concentration of the seed while 

keeping the amount of silver nitrate and HQ constant (see table 5-1). As the seed 

concentration is gradually decreased less nanoparticles will be available for the silver 

nitrate to be reduced on to therefore larger nanoparticles are gradually produced. It is 

to note that the silicon wafers were treated with PDDA a polycation which due to the 

positive charges on its backbone prevents aggregation of the negatively charged 

AgNP’s during the drying process in the SEM preparation steps due to Coulombic 

attractions. The images obtained then give a better representation of what is in 

solution. As seen in figure 5-2 b-e very few aggregates are present, suggesting that 

no nanoparticle clusters are present in solution. 
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Figure 5-2 Sample SEM images of seed (a) and AgNP (b-e) produced by the seed growth 

method. Images a to e correspond to average sizes of 11, 17, 26, 50 and 65 nm respectively. Note 

that scale bars in images a to d are 200 nm while for image e the scale bar is 500 nm 

 

Figure 5-3 Histogram of measured particles by SEM corresponding to eight sample SEM images 

of AgNP’s of each size prepared. 
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Table 5-1 Seed concentration and resulting nanoparticle size and extinction peak maximum. 

Seed conc. 
(nm) 

Final AgNP 
diameter (nm) 

Absorption 
maximum (nm) 

Standard 
deviation (nm) 

FWHM 

(nm) 

PDI 

seed 11 390 ± 13 71 0.56 

0.542 17 407 ± 5 103 0.25 

0.145 26 421 ± 8 169 0.3 

0.018 50 467 ± 11 199 0.21 

0.009 65 513 ± 15 227 0.22 

 

The four samples produced were characterized by SEM, whereby eight SEM images 

from each sample were measured by an automated process on Image J[156] software 

from which it was calculated that as the seed concentration is decreased from 0.542 

to 0.009 nM the size increased from 17 nm to 65 nm (see table 5-1) and that the 

samples produced are relatively monodispersed as the SEM images in figure 5-2(b-e) 

and histograms in figure 5-3 confirm. The full width at half maximum (FWHM), as 

well as the standard deviation increase as the size of the AgNP increases (see table 

5-1). This is further confirmed by the PDI data gathered from DLS measurements 

(table 5 – 1). The seed has a high PDI of 0.56 which as shown by the SEM images, it 

signifies that is not only polydispersed but also non-spherical in shape. The PDI 

sharply decreases to an average of 0.25, when the seeds are used to produce the 

different NP sizes, this is due to the monodispersed and spherical nature of the NP 

produced. This broadening of the extinction spectra can be attributed to additional 

multipolar resonances which become more significant as the particles get larger[155] 

and as expected a red shift was observed as the size is increased starting from a 
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maximum of 390 nm for the seed up to 513 nm for the larger nanoparticles[81,163,176-

179] (see figure 5-4).  

 

Figure 5-4 Normalised extinction spectra of seed and seed grown nanoparticles corresponding to 

SEM images in figure 5-2. 

The extinction spectra of the nanoparticles produced have a low extinction above 600 

nm therefore being off-resonance with the 633 and 785 nm laser excitation used. The 

analytes chosen to study the effect of spherical AgNP size on SERS intensity were 

the dyes rhodamine 6 G (R6G) and malachite green oxalate (MGO) and the sulfur 

containing molecule thiophenol (TP). 

The three analytes adsorb to the surface (chemisorbed for TP and physisorbed for 

MGO & R6G) of the negatively charged AgNP as R6G and MGO are positively 

charged dyes, while TP has a thiol group which has a great affinity towards 

silver[75,180,181]. The two dyes have been extensively studied in SERS experiments as 
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they have reliable photostability[181-183]. R6G has a maximum adsorption of 530 nm 

and is off-resonance with both excitations used however MGO which has an 

excitation maximum at 621nm, therefore at 633 nm is in resonance with the laser. 

This gives the possibility to compare between off-resonance and resonance SERS 

intensity with different sizes. The non-dye analyte thiophenol was used which is off-

resonance to both laser wavelengths used, and no fluorescence or photobleaching 

hinders the SERS measurement. 

The Raman enhancement effect in the SERS experiment was determined by G which 

describes the enhancement of the Raman signal per molecule adsorbed on the surface 

of a SERS-active species (in this case AgNP)[52,184]. G is calculated as: 

𝐺 =
𝐼!"#!
𝐼!"#"$

𝑀!"#$

𝑀!"#"$%&'(
   

Equation 5-1 

where ISERS and IRaman are the Raman intensities enhanced by AgNP and unenhanced 

intensity respectively. MBulk and MMonolayer are the molar concentrations of the analyte 

in an unenhanced experiment and enhanced experiment respectively. MMonolayer for 

the different sizes of AgNP’s produced was calculated assuming total nanoparticle 

surface coverage of the analytes, whereby a single R6G molecule occupies an area of 

0.4 nm2 on the surface of the AgNP[185]. This value was used as an approximate value 

for MGO. While for TP a single molecule occupies and area of 0.3 nm2 [180]. To 

ensure monolayer coverage around the nanoparticles a concentration of 1.6x10-6 M 

of analyte was used (see figure 5-5). Further information on these calculations are  

found in Appendix A. 



 

  115 

 

Figure 5-5 Monolayer coverage for the different sizes of nanoparticles where R6G and MGO 

have a 0.4 nm2 coverage and TP covers on average 0.3 nm2. 

The Raman spectra for all three analytes from which IRaman were obtained at a higher 

analyte concentration than in the SERS condition experiments, as peaks could not be 

resolved at those low concentrations. The Raman spectrum of MGO at 633 nm 

excitation wavelength however had to be taken at a concentration of 1µM due to the 

high fluorescence background as the laser excitation wavelength was close to the 

absorption peak of the dye.  

The SERS intensity for the different AgNP sizes were monitored at two different 

Raman peaks for each analyte used (see figure 5-6). The Raman shift of 1361 cm-1 

(in-plane bending and aromatic C-C stretching) and 1508 cm-1 (aromatic C-C 

stretching) for R6G were used, while for MGO 1365 cm-1 (N-C stretch) and 1395 cm-

1 (C-C and C-H in-plane motion aromatic) and for TP 997 cm-1 (in-plane ring 

breathing mode) and 1022 cm-1 (in-plane C-H bend) were used[186,187].  
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Figure 5-6 SERS intensities for the different AgNP sizes with the different analytes used at both 

633 nm and 785 nm laser excitation wavelengths. 

These bands were chosen as no shift in frequency is observed when going from the 

Raman spectrum of the neat analyte solution to the spectrum taken under SERS 

conditions, that is the frequency of the vibration chosen are not effected by the 

adsorption to the surface of the nanoparticle (see figure 5-7). It is to note however 

that the SERS spectrum of TP has a few changes when compared to neat TP. These 

changes are due to the adsorption of the molecule to the silver surface[186,188]. The 

band at 917cm-1 in the Raman spectrum which is attributed to the bending vibration 

of the S-H bond is no longer detected which indicates that the TP is chemisorbed on 

silver surface by the breaking of the S-H bond. Further evidence of TP is S-bonded 
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to the metal surface is the shift of the 1092cm-1 peak (ring-breathing mode coupled to 

the ν(C-S) mode) further down to 1068cm-1 [188](see figure 5-7). 

 

Figure 5-7 Raman and SERS spectra of R6G, MGO and TP. 65 nm AgNP’s were used as the 

SERS substrate. A laser excitation wavelength of 785 nm was used with a 20 seconds exposure 

time and 5 accumulations. For visualisation purposes the spectra have been baseline corrected 

and offset on the Y-axis. 

The extinction spectra (figure 5-8), size (figure 5-9) and zeta-potential (figure 5-10) 

of the AgNP’s were measured before and after addition of the analytes. The DLS 

shows different particle size for the different samples of AgNP’s produced, for which 
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after most analyte addition no significant shift in the nanoparticles’ extinction spectra 

were observed and the DLS data show no significant increase in the hydrodynamic 

diameter. The zeta-potential for all different sized AgNP’s produced show that stable 

particles are produced as the zeta-potential is around -30mV, due to the citrate layer 

that is adsorbed to the nanoparticle surface. A slight decrease in zeta-potential can be 

observed suggesting that the analytes has adsorbed to the surface without causing 

any aggregation of the colloid (see figure 5-10).  

 

Figure 5-8 (a-c) Normalised extinction spectra of 17 nm AgNP before (___) and after (---) 

addition of MGO, R6G and TP respectively. (d) Normalised extinction spectrum of 50 nm AgNP 

before (___) and after (---) addition of TP. Analyte concentration used for all spectra was the 

same as in the SERS experiment, 1.6x10-6 M. (Inset) Respective analytes without AgNP. 
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Figure 5-9 DLS size measurement of the different AgNP sizes before and after addition of 

MGO, R6G and TP. 

 

Figure 5-10 Zeta-potential measurements of the different AgNP sizes before and after addition 

of MGO, R6G and TP. 



 

  120 

 

On the other hand when TP was added it is interesting to note that for the larger sized 

nanoparticles aggregation occurs as a red-shift is observed in the extinction spectra, 

aggregation was also confirmed by the DLS data and the zeta-potential 

measurements. (see figures 5-8 to 5-10). 

For the samples where no aggregation occurred after addition of the analyte as 

expected[184], the SERS intensity and the G value increases with particle diameter as 

electromagnetic enhancement increases with size (see table 5-2). For TP addition an 

increase in intensity and G value was also observed however contribution by 

aggregation for the larger sized nanoparticles affected the SERS intensity. 

Nonetheless the fact that an increase in enhancement factor was observed for all 

three different analytes suggests that SERS intensity is not only probe dependent. 
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Table 5-2 The Analytical Enhancement Factor G of MGO, R6G and TP for the different 

nanoparticle sizes at 633 and 785 nm laser excitation wavelengths at the different Raman peaks 

monitored. Highlighted are the maximum enhancements obtained. Blank cells signify no SERS 

peak could be obtained. 

Analyte 
(Absorption 

Max.) 

NP 
Size 

Raman 
Peaks 

AEF 

 Laser λ 

Raman 
Peaks 

AEF  

Laser λ 

MGO(621 nm) 

(nm) (cm-1) G  

633 nm 

G  

785 nm 

(cm-1) G  

633 nm 

G  

785 nm 

17 

1365 

0.6 - 

1395 

4.5 2.8x102 

26 6.4 3.3x101 3.3x101 8.0x102 

50 1.0x102 9.9x102 3.7x102 7.7x103 

65 2.2x102 5.0x103 5.8x102 3.4x104 

 

R6G(524 nm) 

(nm) (cm-1) G  

633 nm 

G  

785 nm 

(cm-1) G 

633 nm 

G  

785 nm 

17 

1361 

- - 

1508 

- - 

26 - - - - 

50 8.1x104 4.3x104 1.3x105 - 

65 3.7x106 8.1x105 3.9x106 8.7x104 

 

TP 

(nm) (cm-1) G 

633 nm 

G 

785 nm 

(cm-1) G  

633 nm 

G 

785 nm 

17 

997 

4.9x103 1.9x103 

1022 

1.7x104 7.9x102 

26 1.8x104 8.8x103 6.4x104 2.5x103 

50 1.1x106 1.9x105 1.6x106 8.8x105 

65 4.4x106 2.3x106 5.8x106 1.1x107 
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MGO, which absorbs at 621 nm is close to the 633 nm laser wavelength used and an 

enhancement can be seen for all nanoparticle sizes. On going to a longer laser 

wavelength (785 nm) spectra can be still be obtained for most nanoparticle sizes, 

with enhancement increasing with size. It is to note that the enhancement at 785 nm 

is greater than at 633 nm laser excitation, this can be due to the dye being resonant at 

633 nm and some degree of photobleaching of the dye occurs which in turn reduces 

the SERS intensity. When using R6G however which is off-resonance with both laser 

wavelengths used enhancement of the Raman spectra at the concentration used in the 

experiment can only be seen for larger sized nanoparticles, this can be attributed to a 

reduced adsorption efficiency of the dye molecule due to the lack of colloid 

activation by NaCl as suggested by Kneipp et al.[165]. A higher enhancement factor is 

given at 633 nm laser excitation wavelength close to R6G absorption maximum 

though still being off-resonance rather than at a longer 785 nm wavelength.  

For TP (a good Raman scatterer molecule) SERS spectra were obtained for all of the 

peaks monitored, even for the small sized nanoparticles where no aggregation 

occurred upon addition of TP. Enhancement factors are high even for smaller sizes of 

AgNP when TP is used. This can be due to the adsorption of the molecule through 

the formation of a thiol bond between the silver and sulfur. If it is assumed that the 

benzene ring of TP extends out of the AgNP surface, the Raman modes which are 

aligned with the local field are favoured hence a larger enhancement factor for the 

peaks observed, even at small silver nanoparticle size. For the larger nanoparticles 

aggregation played an important role in enhancement of the Raman peaks hence the 

enhancement cannot be solely related to the size of the nanoparticles.   
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This study shows us that for non-aggregated SERS experiments larger AgNP’s are 

ideal for both on- and off-resonance setups, whereby the larger SERS intensities and 

enhancements are given. 

5.4 Conclusion 

A simple and fast method for the production of spherical, monodispersed 

nanoparticles of tuneable size by the selective reduction of AgNO3 on silver seeds 

with HQ was reported. The different sizes produced (17 nm, 26 nm, 50 nm and 65 

nm) were characterised. The results obtained show that this method produced 

monodispersed spherical nanoparticles. Using a PDDA-functionalised silicon wafer 

solved the nanoparticle aggregation and thus facilitating nanoparticle size 

measurements from the SEM images obtained. The well characterised nanoparticles 

were then used to calculate the AEF for three different analytes at 633 nm and 785 

nm laser excitation wavelength. It was found that in SERS conditions and in on- and 

off-resonance condition the maximum enhancement factor was obtained with the 65 

nm AgNPs. These particles have the potential for being used for other diagnostic 

purposes in off-resonance and in-resonance setups, as their optical response can be 

modified by the simple tuning of their size. In light of these results in the following 

chapter will investigate using dye-labelled oligonucleotides, nanoparticles larger than 

65 nm to see if SERS intensity would continue to increase in size. 

.



 

  124 

Chapter 6: Effect of Nanoparticle Size on SERS 
Response of Dye-labelled Phosphorothioate 
Oligonucleotides  
6.1 Introduction 

In chapters two and three it was concluded that SERS analysis of phosphorothioate-

modified DNA are dependent on the position and number of modifications, the 

concentration and the type of aggregating agent used. In this chapter the effect of 

AgNP size on phosphorothioate-modified ssDNA is investigated. Already SERS 

analysis for dye-labelled oligonucleotides and small reporter molecules obtained in 

chapters four and five have shown that an increase in AgNP size leads to a decrease 

in LOD and an increase of the AEF. Building on the work done four different sizes 

of monodispersed AgNP’s are produced using the method reported in section 5.2.2 to 

assess the effect of nanoparticle size on the SERS response of dye-labelled 

phosphorothioate-modified oligonucleotides. A larger AgNP was prepared in this 

study to see if it will translate into a larger SERS intensity or if other factors such as 

inelastic scattering[45] will hinder the output. In addition AgNP’s were characterised 

using a nanoparticle tracking analysis (NTA) system and the results compared to 

other methods used in previous chapters. 

6.2 Experimental 

6.2.1 Chemicals and materials 

 Silver nitrate (AgNO3, ≥99%), hydroquinone (C6H6O2, ≥99%), trisodium citrate 

dihydrate (Na3C6H5O7
 . 2H2O, 99%), sodium borohydride (NaBH4, 99%). All 
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chemicals were purchased from Sigma-Aldrich and used without further purification. 

Oligonucleotides were purchased from Eurofins (Germany) and purified by HPLC. 

All water used was doubly distilled (18.2 mΩ cm). 

6.2.2 Synthesis of AgNP 

The synthesis of four different sized batches of nanoparticles were prepared using the 

seeded growth method used in section 5.2.2, where by varying the sodium 

borohydride reduced AgNP seed concentration, different sizes of AgNP can be 

produced by the hydroquinone reduction of AgNO3. The only difference is that the 

seed concentration range used was between 0.0045 nM to 0.072 nM as to prepare 

larger nanoparticles than the ones used for the investigation in chapter 5, however the 

procedure used was the same.  

6.2.3 Instrumentation and measurement 

6.2.3.1 Nanoparticle tracking analysis 

Using a Nanosight LM10 instrument with NTA software the concentration and 

particle size was measured. The following is the method used to perform the analysis 

of each nanoparticle sample. The Nanosight chamber was cleaned with a series of 

ethanol and water washes to remove any nanoparticle stuck to the glass. The 

chamber was then dried out using dry nitrogen. Each nanoparticle sample was diluted 

by a factor of a 1000. This was carried out using a serial dilution, as to have an ideal 

concentration of about 1x108 to 25x108 particles/mL which is roughly about 20 to 60 

particles in the camera view. The samples were then injected using a syringe into the 

chamber making sure that there are no air bubbles trapped. Using the microscope the 
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interrogation area of the laser beam was chosen. In general this is close to the 

‘thumbprint’ like area produced by the laser beam. The focus was then set so that the 

under low camera capture and gain settings only the focused particles can be seen in 

that position. The gain and shutter were then adjusted making sure not to lose any 

particles. The nanoparticle movement was then recorded for 60 seconds. Before the 

captured video recording was analysed the detection threshold was set to 192 and the 

blur to 5x5. The brightness and gain were adjusted to get a black background and 

then the detection threshold was set to auto and the gain adjusted to get a tracking 

cross on every particle after which the video was ready to be analysed. 

6.2.3.2  UV-Vis spectroscopy 

The extinction spectra of the colloids were recorded using a Varian Cary 300 Bio 

spectrophotometer, right after the preparation of each nanoparticle size over a 

wavelength range of 300-700 nm. The baselines were recorded using doubly distilled 

water and the samples were diluted accordingly to remain in the absorption response 

limit of the spectrometer.  

6.2.3.3 Scanning electron microscopy 

A sample from each nanoparticle preparation was prepared on a polycation 

functionalized silicon wafer. The wafer was first cleaned using water and ethanol, 

then dried in a nitrogen flow. The wafer was then placed in an oxygen plasma 

cleaner for 60 seconds. PDDA (30 µL) was dissolved in 1 mM NaCl (1 mL), the 

solution was used to coat the clean wafer by spotting the wafer with the solution with 

a pipette and then leaving it for 30 minutes under a water-saturated atmosphere. 

After this step it was washed off and dried in a nitrogen flow. Each AgNP (100 µL) 
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sample was put onto the PDDA-functionalized silicon wafer for 15 minutes under a 

water-saturated atmosphere. The sample was then washed off and dried in a nitrogen 

flow. Using a scanning electron microscope (FEI Sirion 200 ultra-high-resolution 

Schottky Field emission gun), eight ‘snapshot’ images were taken for each sample. 

From the images obtained the diameter was calculated using Image J[156], an image 

processing and analysis software. An automated method was used to measure the 

particles, whereby the particles must have a range between 10 nm – 100 nm and the 

circularity of the particles must be around 0.8 – 1 (where circularity is defined as 

Circularity = 4π(Area/Perimeter2)) as to avoid any aggregates that might be present. 

Before the particles were measured the images were converted to grey scale 8-bit 

images, enhanced by binary contrast enhancement (thresholding) and the scale was 

calibrated. More than 600 particles were measured for each size as to have 

statistically significant results. 

6.2.3.4 Dynamic light scattering and zeta-potential measurements 

The size and zeta-potential of the different sized AgNP’s were measured using a 

Malvern Zetasizer (Nano-ZS) instrument. The standards for size were Nanosphere 

size standards 20 nm (± 1.5 nm, Lot. 339300) and 40nm (±1.8 nm, Lot. 33306), 

while the standard for the zeta-potential used was zeta-potential transfer standard (-

68mV ± 6.8mV, Batch No. 051001). 
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6.2.4 SERS measurement 

6.2.4.1 Instrumentation 

Spectra were recorded at 532 nm excitation wavelength using an Avalon Instrument  

Ramanstation R3. The laser power was 100 mW and the spectra were recorded with 

an exposure time of 5 x 1s in a PMMA cuvette. 

6.2.4.2 Limit of detection studies 

Concentration studies were carried out on the unmodified (O1) and modified (O2, 

O3) oligonucleotides by diluting them with water to various concentrations. The 

samples were prepared for SERRS analysis as before by adding 7 µL of TAMRA-

labelled oligonucleotide, 10 µL of 0.1 mol dm-3 spermine, 175 µL of water and 175 

µL of 0.02 nM silver colloid. The samples were analysed 10 min after the addition of 

the silver colloid. Each concentration was analysed 5 times, with a 2 s exposure and 

5 accumulations. The average peak height of the strongest peak (1650 cm-1) in the 

spectrum was plotted against the concentration of the dye-labelled oligonucleotide 

after being normalised to a hexane standard. This was repeated for every silver 

colloid size. The LOD was calculated using equation 6-1 

𝐿𝑂𝐷 =
𝜒!" + 3𝜎!"

𝑚  

Equation 6-1 

where χBL is the mean of the blank sample measurements, σBL is the standard 

deviation of the blank sample baseline and m is the gradient of the calibration line. 
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6.3 Results and discussion 

The method used for the preparation of the different sized nanoparticles is the same 

one used in chapter 5. As demonstrated before one can control the size of the 

nanoparticles produced and in this experiment larger nanoparticles were fabricated 

by reducing the initial seed concentration. The AgNP’s were characterised with UV-

Vis spectrometer, DLS, and SEM and their zeta-potential measured. As shown from 

the SEM images (see figure 6-1), extinction spectra (see figure 6-2) an increase in 

size was obtained. All particles produced had a negative zeta-potential (see table 

6-1). The size obtained by DLS and SEM were compared to the results obtained by 

the nanoparticle tracking analysis nanosight (see table 6-2). It seems that DLS and 

nanosight give a larger size than those obtained by the analysis of the SEM images. It 

is to note that nanosight operates for particles between 10 to 1000 nm, and in our 

measurements of the seed the analysis was not possible.  
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Figure 6-1 Sample SEM images of seed and AgNP’s (a-d) produced by the seed growth method. 

Images a to d correspond to average sizes of 33, 46, 65, and 94 nm respectively. Note that scale 

bars in images a to d are 500 nm. 
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Figure 6-2 Normalised extinction spectra of seed and seed grown nanoparticles corresponding to 

SEM images in figure 6-1. 

Table 6-1 Zeta-potentials for AgNP’s 

 Zeta potential  

Seed -36.1 mV ±2.5 

NP A -40.0 mV ±2 

NP B -39.8 mV ±1.8 

NP C -25.2 mV ±0.3 

NP D -30.9 mV ±0.6 
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Table 6-2 Comparison of nanoparticle sizes obtained by different characterisation methods. 

 SEM  DLS  Nanosight  

Seed 21 nm ±14 14 nm ±0.1 - - 

NP A 33 nm ±11 28 nm ±0.7 52 ±10 

NP B 46 nm ±13 61 nm ±4.3 67 ±29 

NP C 65 nm ±23 85 nm ±1.8 92 ±38 

NP D 94 nm ±32 103 nm ±5.1 114 ±40 

 

Using the absorbance from the extinction spectra and extension coefficients[155] of 

the different sizes (SEM sizes) of AgNP’s, the concentration of each batch was 

obtained using the Beer-Lambert law. The concentrations obtained by nanosight 

were close to the ones obtained from the extinction spectra, hence one could use 

nanosight directly for estimating the extinction coefficients of Ag and Au 

nanoparticles. 

Table 6-3 Comparison table of concentration obtained through the nanoparticle’s extinction 

spectra and Nanosight. 

 Ext. Coeff Conc. (Uv/Vis) Conc. (Nanosight) 

NP A 2.23e+10 0.7 nM 0.6 nM 

NP B 3.98e+10 0.14 nM 0.11 nM 

NP C 6.66e+10 0.05 nM 0.04 nM 

NP D 1.17e+11 0.02 nM 0.03 nM 
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The four different sized nanoparticles were then used to see the effect of size on the 

SERS response on a dye-labelled oligonucleotide. All four batches were diluted to 

the same concentration and after mixing with the oligonucleotide and the aggregating 

agent, they were analysed. As can be seen from figures 6-3, 6-4 and 6-5, where 

SERS intensity was plotted against particle size, the intensity increases with size. 

However on further size increment the intensity decreases. The highest intensity was 

recorded at 65 nm (NP C) for all concentrations. This trend can be attributed to the 

fact that as the spherical nanoparticles increase in size, scattering and radiation 

dampening is increasing as well which results in lower Raman signals. 

 

Figure 6-3 SERS intensities of O1 oligonucleotide (20 PO) at various concentrations with the 

different AgNP sizes at 532 nm laser excitation wavelength. 
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Figure 6-4 SERS intensities of O2 oligonucleotide (20 PS) at various concentrations with the 

different AgNP sizes at 532 nm laser excitation wavelength. 

 

Figure 6-5 SERS intensities of O3 oligonucleotide (10 PO/10PS) at various concentrations with 

the different AgNP sizes at 532 nm laser excitation wavelength. 
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In chapter 2 when using a final spermine concentration of 2.72 mM and 0.3 nM of 

citrate reduced AgNP the unmodified DNA (O1) gave a lower LOD (1.1 x 10-12 mol 

dm-3) than the chimeric DNA (O3) (3 x 10-11 mol dm-3). However when using AgNP 

(0.02 nM) produced by the HQ seed-growth method, the chimeric DNA (O3) gives a 

better LOD than the unmodified DNA (O1) as seen in table 6-4 for all the 

nanoparticle sizes used. Apart from the lower nanoparticle concentration used in this 

chapter, the other difference is the method of nanoparticle preparation which could 

effect the surface chemistry. Further studies are needed to determine the effect of 

different nanoparticle preparation might have on the SERS response of 

phosphorothioate-modified DNA. For O2 all phosphorothioate-modified 

oligonucleotides as in chapter two shows an increase in the LOD when compared to 

O1 and O3 for NP B and NP C. This continues to affirm that an increase in 

phosphorothioate linkages does not result in a better LOD when using spermine as an 

aggregation agent. As for the relation of LOD with size as expected the lowest LOD 

was obtained by NP C (65 nm). The LOD for NP 1 (33 nm) could not be calculated 

as few data points (<4) were obtained.  

Table 6-4 Limit of detection of the 3 labelled oligonucleotides with different nanoparticle sizes. 

Oligo NP A 

LOD/mol dm-3 

NP B 

LOD/mol dm-3 

NP C 

LOD/mol dm-3 

NP D 

LOD/mol dm-3 

O1 - 2.0x10-12 1.8x10-12 6.0x10-12 

O2 - 4.6x10-12 3.0x10-12 - 

O3 - 1.7x10-12 1.5x10-12 1.6x10-12 
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6.4 Conclusion 
 

In chapter five it was found that from the four different nanoparticle sizes produced 

(17 nm, 26 nm, 50 nm & 65 nm) the largest AEF was obtained from the 65 nm silver 

nanoparticles. In this chapter a larger silver nanoparticle size (94 nm) was produced 

and the effect on SERS intensity when using TAMRA-labelled oligonucleotides was 

investigated. The different AgNP sizes prepared re-confirmed that an optimal size for 

DNA SERS detection is achieved at around 65 nm, as a further increase in size leads 

to lower SERS intensity and higher LOD. This trend was seen for both unmodified 

and phosphorothioate-modified DNA. Furthermore it was found that the chimeric 

phosphorothioate-modified oligonucleotide (O3) gives a lower LOD than the 

unmodified oligonucleotide when using HQ seeded growth AgNP. This encourages 

further investigation on the use of phosphorothioate-modified DNA as SERS probes. 

Furthermore in this chapter a NTA system has proved itself to be a versatile system, 

comparable to other nanoparticle characterisation techniques used giving both 

nanoparticle size and particle concentration.  
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Chapter 7: Conclusion and Further Work 
 

This thesis was set about to investigate the effect of phosphorothioate-modified DNA 

and silver nanoparticle size on the quantitative enhanced Raman scattering. Further 

knowledge on both the SERS probes and SERS substrates helps in improving the 

limit of detection of DNA which is an important aspect of diagnostic tools to be used 

in commercial applications. In light of the fact that SERS has been effectively used 

as a quantitative technique for the direct analysis of dye-labelled oligonucleotides 

[117,122], in chapter 2 phosphorothioate modified oligonucleotides were investigated 

on the assumption that the LOD will be improved due to the known affinity of sulfur 

towards silver surfaces. Using different aggregating agents it was concluded that 

LOD is improved with modified DNA compared to unmodified DNA when using 

inorganic salts as aggregating agents. However when using spermine the LOD is not 

improved when using phosphorothioate modified oligonucleotides. Further 

investigations showed that by decreasing the spermine concentration and using a 

chimeric DNA (having both phosphodiester and phosphothioate linkages) the LOD is 

decreased compared to a normal dye-labelled oligonucleotide. These results show 

that when spermine is used as aggregating agent the LOD depends on the number of 

modifications done, their position in the oligonucleotide and the spermine 

concentration. Furthermore using phosphorothioate modified polyadenine 

oligonucleotides that the DNA actually adsorbs through the P-S bond. These results 

prompted further investigations on the effect of SERS signal when phosphorothioates 

modifications are used in dsDNA. It is known from previous studies that ssDNA and 

dsDNA have different adsorption to silver nanoparticle surfaces, hence dsDNA gives 
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a lower SERS intensity signal compared to ssDNA[150]. In chapter 3 results have 

shown that a chimeric dsDNA gives a higher intensity than a ssDNA with all 

linkages modified, in stark contrast to when unmodified DNA are used. The lower 

melting temperatures of phosphorothioate modified DNA indicates a lack of 

stereoregurality and flexibility of the duplex which causes a different interaction of 

spermine with DNA, leading to a decrease in SERS intensity.  

After the effects of phosphorothioate modification on SERS were investigated the 

focus was turned onto the SER substrate. In chapter four, different sizes of 

nanoparticles were produced using the Lee and Meisel method[67] and the Lundahl 

method[81]. The LOD of three different dye-labelled oligonucleotides was obtained 

for the different sizes of silver nanoparticles. From this preliminary study it is noted 

the importance of the dye-species. Apart from the dye being in- or off-resonance 

with the laser excitation wavelength, the charge of the dye is also important. Since a 

negatively charged AgNPs were used positive dye Cy3.5 gave better LOD. The 

methods used to prepare the different sizes of AgNPs were not ideal, as they were 

polydispersed. Chapter five addresses this issue and a simple and fast method for the 

synthesis of spherical monodispersed nanoparticles of tuneable size by the selective 

reduction of AgNO3 on silver seeds with HQ was introduced. Using this nanoparticle 

synthesis method the AEF was calculated for three different analytes MGO, R6G and 

TP. It was concluded that AgNPs with a diameter of 65 nm gave the highest 

enhancement factor. The study on nanoparticle size was continued in chapter six, 

using both unmodified and phosphorothioate modified dye-labelled DNA, whereby it 

was found that an increase in particle size above 65 nm leads to a lowering in SERS 
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intensity and an increase in the LOD. It was also shown that chimeric 

phosphorothioate modified oligonucleotides (O3) gives a lower LOD when 

compared to the unmodified oligonucleotide.  

The work done on the use of phosphorothioates as SERS probes and the different 

size of AgNPs to find the correlation between SERS enhancement and size, gave us a 

clear picture that to develop any biodiagnostic tools the factors effecting the analysis 

such as chemical modifications, aggregation agent, nanoparticle size etc., have to be 

understood. Any future work on the use of phosphorothioate oligonucleotides in 

SERS based DNA detection should thus be focused on understanding better the 

interaction between the polyamines and the modified DNA. Apart from studying 

other configurations of phosphorothioate modification in oligonucleotide (such as 

staggered PS-PO linkages) and their interaction with polyamines in a SERS 

experimental configuration, molecular modelling studies backed up by NMR and 

crystallographic studies of phosphorothioate-modified DNA would be essential to 

propose adequate mechanisms for the phenomena observed in our studies. The 

possibility of using the phosphorothioate modification as a means of functionalising 

silver and gold nanoparticles should be looked into and compared to other 

functionalization methods such as the use of thiol and thioctic acid modifications of 

oligonucleotides. 

This corpus of study lays the ground for further work in SERS in the quest to 

optimise SERS based biodiagnostic assays, as it shows the consequences and also the 

pit-falls when changes are made to the SERS substrate and probe/analyte. 
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Appendix A 
Table 0-1 Reagent amounts used to prepare the different nanoparticle sizes in chapter 5 & 6 

Sample	   0.1M	  

AgNO3	   H2O	  

AgNP	  Seed	  

(µl)	  

0.1M	  

Citrate	  

0.03M	  

Hydroquinone	  

NP1	   100	   5200	   4800	   22	   100	  

NP2	   100	   8498	   1280	   22	   100	  

NPA	   100	   9138	   640	   22	   100	  

NP3/NPB	   100	   9618	   160	   22	   100	  

NP4/NPC	   100	   9698	   80	   22	   100	  

NPD	   100	   9738	   40	   22	   100	  

 

The molar concentration of the analyte bound to the surface of the different sizes of 

AgNPs in the SERS experiment was calculated as follows; 

First the mass of one AgNP was calculated: 

𝑴𝒂𝒔𝒔  𝒐𝒇  𝑵𝑷 =   𝝆 𝟒
𝟑
𝝅𝒓𝟑      Equation A1 

where ρ is the density of silver (10.49 g.cm-3) and r is the nanoparticle radius. 

From the mass of each nanoparticle, the moles of silver per particle can be obtained: 

𝑴𝒐𝒍𝒆𝒔  𝒐𝒇  𝑨𝒈  𝒑𝒆𝒓  𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆 = 𝑴𝒂𝒔𝒔  𝒐𝒇  𝑵𝑷×𝑵𝑨   Equation A2 

where NA is the Avogadro’s number (6.02x1023).  

The number of atoms per particle can thus be calculated: 

𝑨𝒕𝒐𝒎𝒔  𝒑𝒆𝒓  𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆 =𝒎𝒐𝒍𝒆𝒔  𝒐𝒇  𝑨𝒈  𝒑𝒆𝒓  𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆×𝑵𝑨 Equation A3 
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from which the particle density (particle/L) can be obtained from the Ag+ 

concentration used during the synthesis: 

𝒑𝒂𝒓𝒕𝒊𝒄𝒂𝒍  𝒅𝒆𝒏𝒔𝒊𝒕𝒚 = 𝑨𝒈 ×𝑵𝑨
𝑨𝒕𝒐𝒎𝒔  𝒑𝒆𝒓  𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆

    Equation A4 

therefore the surface atoms (mol/L) is obtained: 

𝑺𝒖𝒓𝒇𝒂𝒄𝒆  𝒂𝒕𝒐𝒎𝒔 = 𝟒(𝑨𝒕𝒐𝒎𝒔  𝒑𝒆𝒓  𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆)𝟐 𝟑×(𝑷𝒂𝒓𝒕𝒊𝒄𝒍𝒆  𝒅𝒆𝒏𝒔𝒊𝒕𝒚)
𝑵𝑨

  Equation A5 

From which Mmonolayer can be calculated: 

𝑴𝒎𝒐𝒏𝒐𝒍𝒂𝒚𝒆𝒓 =
𝑺𝒖𝒓𝒇𝒂𝒄𝒆  𝒂𝒕𝒐𝒎𝒔

𝑺𝒖𝒓𝒇𝒂𝒄𝒆  𝒂𝒕𝒐𝒎𝒊𝒄  𝒄𝒐𝒗𝒆𝒓𝒂𝒈𝒆  𝒐𝒇  𝑨𝒏𝒂𝒍𝒚𝒕𝒆
   Equation A6 

where the surface atomic coverage of analyte for R6G and MGO is approximately 

5.96 and for TP its approximately 4.47. The monolayer coverage on the different 

sized nanoparticles used is plotted in Figure 5-5  

 

 


